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Characterizations of the Ranges
of Some Nonlinear Operators
and Applications to Boundary Value Problems.

H. BREZIS (*) - L. NIRENBERG (¥*) (***)

dedicated to Jean Leray

Introduction.

This paper is concerned with techniques for attacking nonlinear partial
differential equations, in particular, boundary value problems for semilinear
equations.

One of the basic tools for treating such problems is the Leray-Schauder
degree theory, in particular the Schauder fixed point theorem. This theory
works within the category of compact operators. When compactness is not
available, monotone operators have proved to be useful in treating certain
classes of equations. By now there is a rich literature on this subject and
its applications (see [Bré-2], [Bro-1] which also contain many further refer-
ences). Depending on the applications in mind various attempts have been
made to combine monotone operator theory with topological methods in case
there is also some compactness (see Browder [Bro-1], Leray, Lions [Le-LiJ).
This paper may be regarded as a contribution in that direction though the
only topological tool we use is the Schauder fixed point theorem.

Our paper is in some sense the outgrowth of two others: [La-La] by
Landesman, Lazer and [Br-Ha] by Brézis, Haraux. [La-La] is concerned
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‘with the Dirichlet problem for a function u#(x) in a bounded domain Q
in R* with smooth boundary 9£:

@® Lu 4 gu) = fl®) in 2, % =0 on 242,

where L is a second order linear elliptic operator. Assuming g to be
bounded [La-La] presents sufficient conditions on g and f which are almost
necessary for the existence of a solution. The results have been extended
in various directions by quite a number of authors (see Williams [W],
Hess [He-1-2], Fuéik, Kudera, Neéas[F-K-N], Nirenberg[N-1-2], De
Figueiredo [DeF-1-2], Kazdan, Warner [K-W], Dancer [Da-1-2]) where fur-
ther references may be found: They seek sufficient conditions for solvability
of nonlinear equations like (1) which are also close to being necessary.

In this paper we develop some general methods for attacking equations
in a Hilbert space (with scalar product (,) and norm | |) of the form

(2) Au 4+ Bu=feH

where A is usually a linear operator: D(4A)c H — H, and B is a nonlinear
map of H into H. These are then applied to semilinear boundary value prob-
lems. The papers cited above also treat equations of the form (2) (some
in more general frameworks). We have tried to present results of sufficient
generality so as to include many of the cited extensions of [La-La]. Some
of the known results are however not contained here. In particular there
are stronger results in case (2) arises from a variational problem, see for
instance Ahmad, Lazer, Paul [A-L-P], Rabinowitz [Ra-3].

If A represents an elliptic partial differential operator under suitable
boundary conditions then 4-1, if it exists, is compact, and one may rewrite (2)
in the form w 4 A—*Bu = A-'f. The more interesting case however is
that in which N= N(4) = ker 4 0. For A elliptic, N is finite dimen-
sional. In case A is self adjoint one also has

3) R(A) = N(4)*.

We will seldom require 4 to be self adjoint but we will always suppose that (3)
holds (see however Remark I1.2); then we have the orthogonal decomposi-
tion:

H=H®H,=PH®P,H, H, =R4), H=DNA4)),

and A-*: H, —> H, is then compact.
In characterizing the range R(4 + B) of A + B most of the abstract
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results take the form

(4) E(A + B) ~ R(4) + E(B)

or more generally,

@) R(A -+ B) ~ R(A) + conv R(B)

‘where « conv » denotes the convex hull, and § ~ T means the sets § and 7
have the same interiors and the same closures. In this respect our results
are natural extensions of those of Brézis, Haraux [Br-Ha] which are con-
cerned with relation (4) for 4, B monotone. (It is not true in general
that (4) holds for all monotone operators even in finite dimensions. For
instance, in the plane, if 4 — — B — the operation of clockwise rotation
by 7/2 then R(A4 + B) =0 so that (4) does not hold.) In [Br-Ha] are presented
various sufficient conditions for (4), together with applications to boundary
value problems. Here we do not assume that 4 is monotone but we require,
for instance as in Theorem I.1, that A—1: R(A) — R(A) is compact. In fact
(and this is important in the applications to hyperbolic problems) we usually
do not assume that N(A) = H, is finite dimensional but we still require com-
pactness of A—': R(A) — R(4).

Our method of proof of solvability of (2) for feInt R(A) -+ conv R(B)
begins in a rather customary manner. With the aid of results for maximal
monotone operators, and the Schauder fixed point theorem, we solve Ve > 0

SPZUg—*—.Aus—l—Bu.s:f,

where P, is the orthogonal projection onto H,. Then, with the aid of (es-
sentially) energy estimates we obtain bounds for |u.| independent of s—the
most difficult part being the estimate of |P,u.|. In obtaining the bounds
for all solutions #. we adapt an argument of [Br-Ha] which makes use of the
principle of uniform boundedness. The corresponding bounds for [u.| are
therefore not obtained constructively; we have no knowledge of their size,
just of their existence. Our view is that the techniques and tricks in the
proofs are perhaps of more interest than any of the particular results—which
have been devised for certain applications and admit many variations.
The abstract results are presented in Chapters I-IIT, the applications
in IV, V; we now give a brief description of the results. In Chapter I we
treat nonlinear terms B which are monotone and, in our main result of the
chapter, Theorem I1.10, we permit 4 to have a nonlinear, monotone com-
ponent 4,. A is not required to be monotone; its degree of non-monotonicity
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is measured in some sense by a positive number o< oo which, in case 4 is
linear, is defined as the largest positive constant « such that

(5) (4, 0> — |du  VueD(4);

monotonicity corresponds to « = oco. The nonlinear terms we allow are not
only to be monotone but are required to satisfy restrictive growth condi-
tions as |u| — oo (depending on «). For example, a simple case of the basic
condition (1.14) is: for some positive y < «,

(6) (Bu — Bw, u)>—’1; |Bu|2— C{w), Yu,we H

where C(w) is independent of «. This is automatically satisfied if R(B) is
bounded; it implies in turn that |Bu| = O(|u|) as |u| - co. We say that a
nonlinear operator B is bounded if it is bounded on bounded sets.

In order to give the reader some initial idea of the main result (which
is somewhat technical) we begin, in § 1.1, with a special case, Theorem I.1,
which, though simple, still has interesting applications. In I.2 we present
one—for the nonlinear wave equation

W — Uy, + g2, 8, ) =0

for which we seek solutions periodic in time., The main result is presented
in 1.3 together with a first variant Theorem I.14 and another in 1.5. In 1.4
we drop the compactness assumption on 4-1, and replace it by a kind of
Lipschitz condition (1.28).

Chapter IT introduces a device which is useful in determining whether a
given fe H belongs to the interior or closure of R(A) + conv R(B)—in par-
ticular when dim H, < co. This is the recession function of B:

"N J 5(v) = lim inf (B(tu), ) ,

t—+ oo
U->v

which is defined for any B, not merely monotone. Various properties of J5
are described, in particular (Proposition 11.3): if B = 90y is the gradient of
a convex function y then
(8) J5(u) = lim (B(tu), u)
> -} O
= Iym(v) = sup (¢, )
defin peR(B)
= lim i) .

t—+ oo i
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Then, in I1.2 the recession function is used to investigate E(4) -+ conv R(B).
For example, (Cor. I1.7) if A is linear with N(4) = H, finite dimensional,
and B is monotone and satisfies (6), even in a weaker form, then, for
given fe H,

9 fe R(4 + B) < J5(v)>(f, v) Vve N(4),
(10) feInt R(A + B) < Jx(v) > (f,v) VYvelN(A4), v+#0.

Our methods for treating (2) apply also to non-monotone B, as we show
in Chapter ITI assuming usually that 4 is linear and dim N(4) < co—prov-
ided we require a condition like (6). We establish the arrows < in (9)
and (10) in a number of cases, Theorems IT1.1-2 and their corollaries. The
results in Chapter ITI do not rely on those of Chapter 1.

In Section IT1.3 we consider a particular class of nonlinear operators B

of the form

Here H = L*(2) where Q is a bounded domain in R" with smooth bound-
ary 080; set
g.(@) = liminf g(x, w), ¢_(x) = lim sup gz, ) .

Uy—> -1 o0 U—>— 00

If g bas small linear growth as |u| — oo we present sufficient conditions on f
to be in the closure or interior of R(A 4+ B). These are like the right-hand
sides of (9) and (10), except that Jx(v) is replaced by

fg+” +fg—” .

[v>0] [v<01

(For convenience we usually omit the element of volume dx in the integrals.)
In case A is monotone, i.e. &« = -} co, we also permit ¢ to have arbitrary
growth in «, in one direction, i.e. we require

ug(®, u) > — c(@)|u] — d  with e(x)e L*, dx)e L,

¢, d>0. Under some additional conditions we obtain (Th'm. II1.6) a solu-
tion w e L(£2) of

Au + gz, u) = f(@)
where A is the closure of A in L!x L.

In Appendix A we collect a number of useful facts about monotone oper-
ators and gradients of convex functions. In particular, Proposition A.4
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relates condition (6) with the growth of B as |u| — co, while Proposition A.5
deals with a modified kind of Lipschitz condition as used in section I.4. In
Appendix B we describe without application, or proof, since it is somewhat
tedious, a still more general form of Theorem I.10 which includes both mono-
tone and non-monotone nonlinearities.

Turning to the applications, Chapter IV presents several applications to
semilinear elliptic boundary value problems

Lu+ go, w) = f@) in Q

in which w#(x) may represent a vector (u',...,u")(x). L is a linear elliptic
system. For simplicity we have confined ourselves only to the Dirichlet
problem, supposing # has zero Dirichlet data on 0. It will be clear that
the results may be extended in various directions. To describe one result
(see Theorem IV.8), consider the system

v + v + ¢, = E@x)e C°(Q)
—Aw — hw + ¢, = n(®) e C°(2)

v=w=0 on 902

where ¢ is the convex function
(v, w) = [1 4+ a20® 4 b20* + c2w? + dw']t

and a, b, ¢, d are constants, d > 0. Here A, is the first eigenvalue of — A
and 7 is some other eigenvalue; let 4 be the eigenvalue of — A just preceding 4.
Then there is a solution (Z)) € 0°(2) of the system provided

(@) 0 <b<i(A—4),
or

() b=0 and af[fv[ >f§v Yoe N(4 4 1), v+0.

In Chapter V we treat parabolic and hyperbolic equations confining
ourselves to simple model problems. For parabolic equations of the form

u;— A4+ g, t,u) =0 in £, 4 =0 on 92

we treat the initial boundary value problems as well as others. Section V.2
takes up a semilinear hyperbolic equation (with dissipation) in n-dimensions
for which we find solutions which are periodic in time, with prescribed period.

Further bibliographical remarks, in addition to those in the text, are
made after Appendix B.
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CHAPTER 1 Monotone nonlinearities.
CHaPTER II The recession funection.
CHaprEr III  Nonmonotone operators B.
Cuarrer IV Elliptic equations.

CHAPTER V Parabolic and hyperbolic applications.
AprrPENDIX A Some properties of monotone operators and gradients of convex
functions.

ArpPENDIX B More general form of the main result.
BIBLIOGRAPHICAL REMARKS.
BIBLIOGRAPHY.

CHAPTER 1

MONOTONE NONLINEARITIES

I.1. Simple versions of the main result and some corollaries.
I.2. Applications to nonlinear wave equations.

I.3. The main result.

I.4. A «noncompact» variant of the main result.

I.5. Another variant.

In I.1 we describe—without proof—simple versions of our main result
and ‘we derive some corollaries. Their use is illustrated in 1.2 where we solve
nonlinear wave equations with periodic boundary conditions. Most of our
applications are presented in Chapters IV and V. In I.4 we consider a variant
of the main result, in which the compactness assumption is replaced by a
Lipschitz condition. In contrast with most other proofs in the paper, the
proof does not rely on the Schauder fixed point theorem. Another variant
is given in L.5.

I.1. Simple versions of the main result and some corollaries.

Throughout the paper the following class of linear operators will play
an important role. Let H be-a real Hilbert space.

PropERTY I. Let D(A)c H — H be a closed linear operator with dense
domain and closed range. Assume that

N(A) = N(4*) (or equivalently R(4) = N(4)*).
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A is therefore a one-one map of D(A) N R(A) onto R(4). Assume further-
more that the inverse

A1 BR(A) — R(A) is compact.

Operators A satisfying all these conditions will be said to have Property I.
H has an orthogonal decomposition H = R(4) ® N(4). For wue H

we set 4 = u, + 4, = Pyu -+ P,u or sometimes % = Zl with u, € B(4),
2

u, € N(A). Since there is' a positive constant o, such that op|u,|<|Adul,
ue D(A), we have

1
(Auy u)>— [Au]jtn|>— o [Au|* weD(4).
0
Throughout the paper we denote by o the largest positive constant such that
1
(Au, u)>——; [Au|2  VYueD(A4).

(We have « = - oo iff (Au,u)>0 Yue D(4).)
In case A = A* then « is the first positive eigenvalue of — A.
Assume B: H — H is a (nonlinear) operator satisfying

For some positive constant y < «,

(1.1) 1
(Bu — Bw, u)>; |Bu|2— C(w), Vu, weH

where C(w) depends only on w.

This artificial looking hypothesis should be viewed as an assumption
about the behavior of B at infinity and not as a coerciveness assumption.
It implies

. |Bu|
lim sup—|<y

Jul—>00 [u

and, conversely, it can often be derived from the behavior of B at infinity.
This is true in particular for gradients of convex functions (see Appendix A,
Propositions A.1, A.4, A.5, A.6). Note also that any monotone operator with
bounded range satisfies (1.1) since (Bu — Bw, u)> (Bu — Bw, w).

TEEOREM 1.1. Suppose A has Property I. Let B be a monotone demicon-
tinuous (i.e. B is continuous from strong H into weak H) operator satisfying (1.1).
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Then
R(A 4 B) = R(4) + conv R(B)

(conv denotes convex hull).

THEOREM I.1'. Suppose A has Property I and for some r >0, A + rI
is invertible. Let B be a monotone demicontinuous operator such that

|Bu —ru|

(1.1 lim 0.

Jul—>eo jul

Then A - B is onlo.

We omit the proofs—Theorem I.1 and 1.1’ are special cases of The-
orem I.10—and proceed with some consequences. [To derive Theorem 1.1’
from Theorem 1.10 take S = rI on H, and note that (1.14) holds since

(Bu — Bw, v — v) = (Bu— ru + ru — Bw, 4 — v)

>rulz— C(v, w)|u]| — |Bu — ru||u — v|

1
>4 luf — C(, )5 [Bu— ruf* — C(0, 0, 7)

for any ¢ > 0. Finally (1.1') implies that B is onto, since B~* maps bounded
sets into bounded sets.] We study in I.5 the case where N(A - rI) = {0}.

CoROLLARY 1.2. Under the assumptions of Theorem 1.1, ¢f H,c R(B)
(which is the case when |Bu| — oo as |u]| — o), then A + B is onto.

CorOLLARY I1.3. Assume A has Property I. Suppose B is demicontinuous
and B = 0y is the Gateaux derivative of a convex continuous function v, that is

p(u + ) — p(u)

(Bu.,'u):}irzl ; y yveH.
Assume
lim sup [Bo) <Z
v}—>oc0 o] 2"
Then

R(A + B) =~ R(4) + conv R(B).

Corollary 1.3 follows from Theorem I.1 and Proposition A.4.
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CoROLLARY I.4. Assume A has Property I. Suppose B is demicontinuous
and B = oy, p convex. Assume

(1.2) lim sup M<fz‘.

fv]=>c0 "vlz

Assume furthermore that for some B >0 and 6 >0
(1.3) p(v) — p(0)>d6, VvelN(4), v =ER.

Then there is & solution we H of

Ay + Bu =0.
In particular if lim y(v)/|v] = -} oo, then A 4 B is onto.
[v|—c0
VEN{A)

Proor. Assumption (1.2) implies (1.1) (see Appendix A, Proposition A.1).
Since o is convex we see from (1.3) that
d|v] .
p(v) — ‘P(O)>f for v € N(A) with jo|>R.
Hence

w(v)>%——0 for all ve N(4).

Thus for any fe H with |f| < §/R, the convex function yp(v) — (f, ») has a
minimum on N(4) which is achieved at a point v,.

Consequently Bw,— fe N(A)* = R(4) which means fe R(4) -+ E(B).
Thus 0 e Int[R(A) + R(B)] == Int[R(A + B)]. q.e.d.

A more general form of this is given in Corollary 1.15.

CoroLLARY I.5. Assume 4 has Property I. Suppose B is monotone demi-
continuous, B = oy, B is onto and

. |Bo|
lim sup ol < oo.

o[—>o00 , l

Then Je, > 0 such that for 0 < [e] < g
A+ eB is onto.

Corollary 1.5 follows from Corollary I.3.
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ReEMARK I.1. In solving equations of the form

(1.4) Aus + SBue = 0

one usually performs a bifurcation analysis about a solution w,e N(4)
satisfying Bu,e N(A)t. Under our conditions, all solutions of (1.4) satisfy
|#e| < constant for |¢| small. Through a suitable sequence &, — 0, 4. there-
fore converges weakly to some %, € N(A) satisfying Bu,e N(A4)+. This will
be clear from the estimates occurring in the proof of Theorem I.10.

If we strengthen condition (1.1) we also obfain a uniqueness result.

COROLLARY 1.6. Assume A has Property I. Suppose B is onto, and satisfies

1
(1.5) (Bu—Bw,u—w)>; |Bu — Bw|?, VYu,weH

with y < a.
Then Vfe H there exists a solution of

(1.6) Au + Bu = |,

and the solution is unique mod N(A). If furthermore B is one-one the solution
i8 unique.

Proor. Note first that (1.5) implies (1.1) with any ¢’ > p. So existence
of a solution # follows from Corollary I.2. If w is another solution of (1.6),
then by (1.5) we have

o

)—1, |Bu — Bwkalc | 4w — Aw] <> |Bu— Bul?.

Since y < a, the desired result follows.

ReMARK I.2. The condition R(4) = N(4)* can often be achieved by a
change of scalar product: Let A: D(A) c H — H be a closed linear operator
with dense domain and closed range. Assume that H = R(A) @ N(4)—a
direct sum not necessarily orthogonal. Any u e H can be uniquely decom-
posed as w = u; -+ u, with %, R(4) and u,c N(4). If we define on H
the new scalar product

<u7 /U> = (uly "71) + (uza '”2)
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then R(A4) and N(A) become orthogonal. The conclusion of Theorem I.1
holds provided B is a monotone operator relative to {, > and satisfies (1.1)
with respect to {, >. In general the conclusion of Theorem I.1 is false if we
assume only that H = R(4) @ N(4) (in place of R(A)= N(4)}) and
that B satisfies the monotonicity assumption as well as (1.1) with respect
to the original scalar product (,). Indeed in H = R? gset

@ -+ y @ 9=+ y)
A - ’ B ==
Y 0 y 9@+ y)
where g is a continuous nondecreasing function on R such that |g| <M. B is
monotone and in fact B = oy (with y(z, ¥) = Gz + y), G'= g). Here

R(4) + R(B) = {({; sy eR(g)} while R(4 - B) is the graph of the func-

tion g((I 4+ g)*); thus R(A + B) is «much smaller » than R(4) -} R(B).

REMARK 1.3. Suppose A satisfies Property I. Let y be a nonconvex C!
function on H such that B = dy has bounded range and y(») — - oo as
[o] = oo, v e N(4). Itisnatural toraise the question whether 0 € R(4 -} B).
The answer is positive when A* — A and (for simplicity) dim H << oo
(see [A-L-P]). The answer is negative in general. Here is an example.
In H ~ R3 set

x Y
Aly)={—=]), @, 2 = k=) cosz + h(y) sinz + f(2)
2 0

where:
f(¢y is a smooth function satisfying

HUIES

=

, and f(f) > 4 oo as [t] » oo,

R(t) is a smooth odd function satisfying 0<h(t)<%}, h(t) = /2 for 0<i<1
and h(?) = constant for > 2. Clearly Bis bounded on R2and (0, 0,2) — - oo
as |g| = oo.
z
CramM. The equation Au -+ Bu = 0 has no solution. Suppose v = {y
2
is a solution. The first two equations state

y 4 h(x)cosz = 0
—x+ h(y)sinz=0.
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These imply a* + y*<} and hence A(z) = h(y) = 4, h(@) = #/2, h(y) = y/2.
Thus

x=1sinz, y=—4cosz.
Inserting these values in the third equation we find
— }sin?z — }eos®z -+ f(z) =0
contradicting the fact that |f|<%.
To conclude this section ‘we describe a result (without proof) in which 41

is not compact. It is a special case of Theorem 1.16 of Section I.4.

THEOREM 1.7. Assume A satisfies all the conditions of Property I except
the condition that A~ is compact. Assume B: H — H is demicontinuous,
B = 0y, p convex and satisfies

(Bu — Bw,u — w)<ylu —wl*, Vu,weH with y<<a.
Then

R(4 4 B) = R(4) + conv R(B).

REMARK I.4. In Theorem 1.7, that B = 9y cannot be replaced by the
condition that B is merely monotone, even if we assume

|Bu — Bw|<ylu —w|, Vu, weH with y <a.

Indeed in H = R2 consider

— 1 0 0 ¢
A:( )’ B_—_( ),8#0-
0 0 — & g2

Here B is monotone, one-one and onto. But 4 + B is singular for every ¢
while |Bu|<y|u| for some y << o =1 if |¢| is small.

L.2. Applications to nonlinear wave equations.

To illustrate the results of 1.1 we present a simple application to a non-
linear wave equation in one space variable. We seek solutions which are
periodic in time.
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Consider the equation
1.7) Uy — Ugp + J(@, 8, u) = 0
in Q: 0<#<m, 0<t<2n with the boundary conditions
(1.8) u(0, t) = u(m, ) =0,
for which we wish to find solutions periodic in ¢ of period 2x; g is assumed
periodic of period 2z in {. (We may replace (1.8) by periodicity conditions
in #, period =z, and obtain similar results.)
We assume g is measurable in (», #), continuous in u, furthermore either g

or — g is nondecreasing as a function of 4 and satisfies in our first applica-
tion a.e. (x, %), Yu

(1‘9) 7]|’“| - hl(x’ t) < lg($7 t7 u)l <7lu[ + h2($, t)

where > 0, ky, h,e L®. Assume y<<3 or y<<1 according as g or —g is
nondecreasing.

THEOREM 1.8. Under these conditions the problem possesses at least one
solution in L2 Furthermore if g C° and + g, ,>¢> 0, then there is a C*
solution.

In general if g is smooth, solutions need not be smooth, nor unique. For
instance any function of the form

u = p(t + x) — p(t — x)

with p e L®, sup |p|<k/2 is a solution in case g = 0 for |u|<% Under ad-
ditional hypotheses on g we can get a uniqueness result:

THEOREM 1.9. In Theorem 1.8 if we add the condition
(1.10) lg(z, t, u) — gl, t, v)| <y|lu—v| a.e. (1), Yu,v

with y < 3 or y <1 respectively.
Then the solution of (1.7) is unique mod N(A). If, furthermore, g is strictly
monotone in u for every (x,t), then the solution is unique.
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This contains Theorem II in DeSimon-Torelli [DeS-T] (see also Mawhin
[M-2]) as a very special case. Note that in Theorem I.8 we obtain existence
without assuming any Lipschitz condition on g.

Theorems I.8 and I.9 hold in fact for any period 7' which is a rational
muitiple of & (then the range of 92/ot? — 02/0x? is elosed). This fact as well
as other existence results for equations of this form will be presented in another
paper devoted to periodic solutions for hyperbolic equations under various
growth conditions on the nonlinearities [Br-N].

We give a brief description of the proof without carrying out all details.

Proor or THEOREMS 1.8 AND 1.9. Let H = L*(Q), A= 4 (02/0t® — 0%/0x?)
with the boundary and periodicity conditions, where we choose the -} (resp.—)
sign if g is nondecreasing (resp. nonincreasing) in u. Using Fourier series,
in fact a sine series (in #) expansion for u = Y a sin jze'™, a;, = a;_3,

i<0
80 Au = 4 Y (5 — k*)a;, sin jwe™, as in [Ra-1], one sees easily that
i<o0
k
H, = N(A) is spanned by functions of the form sin jx cos jt, sin jz sin jt,
j >0, that H, = H;, and that A satisfies condition I with ¢ =3 or =1
respectively.

We apply Corollary I.2. Using the left-hand inequality of (1.9) ome
gees that |Bu| — oo as |u| — co. Assumption (1.1) follows from the right-
hand inequality in (1.9) and Proposition A.6. Therefore 4 + B is onto.
Theorem I.9 follows from Corollary 1.6, since (1.10) implies (1.5).

To see that « € C° in Theorem I.8 under the additional conditions on ¢
we rely on known regularity results (see for example [Ra-1] §3): namely
if v = u; + %, %, € R(A), u,€ N(4) then

(i) If u, € H* (i.e. has square integrable derivatives up to order k),
then w,c H**,

(i) If », e H* then w, e H*, k=10,1,2,....

Repeated application of this yields the regularity result. Q.e.d.

REMARK I.5. If (1.9) (or (1.10)) holds with y = 3 or 1 respectively, there
need not be a solution of (1.7); for example the equations

Wig — Upe + 3w = sinxsin2¢ and %, — u,, — u = sinz
have no solutions satisfying the boundary and periodicity conditions.

‘We have used Theorem I.1 in proving Theorems I.8 and I.9 and because
of that we had to restrict y to be small in (1.9). Let us suppose however
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that g satisfies (1.9) with 5 > 0 and some y. For certain functions g (for
convenience, assume g is nondecreasing in %) we may still solve (1.7)—with the
aid of Theorem I.1',

Consider g of the form

g(wa t '“’) =14 + g(wa ta u)

with some positive constant r about which we suppose r == k2 — j2 for all

integers j > 0 and k.
Assume V6 > 0 Jhy(w, t) € L? such that

(1.9) g, £, w) <lul + hya, 1) .

THEOREM 1.8'. Under these conditions on g, (1.7) possesses at least one solu-
tion in L2. Furthermore if g€ C* and g,>¢ > 0 then there is a C* solution.

ProoF. As before we take A = (02/0t* — 0%/0x?), B = ¢ and we apply
now Theorem I.1'. This proves the existence. That # is in C* under the
additional conditions follows as in the proof of Theorem I.8.

Before leaving equation (1.7) we take up one more case. Consider again ¢
{nondecreasing in %) of the form g = ru - §(x,¢, ) with r > 0 but sup-
pose now that r = k2 — j2 for some integers §> 0 and k. In this case r is
an integer, and the set X' of pairs of integers j > 0, %, for which r = %2 — j2,
is finite. With 4 = 02/0¢2 — 0%2/ox® as before, let H, = N(4), and let H,
be the space spanned by the functions sin jx cos kf, sin jrsin kt for §, &
belonging to the set X; H, is finite dimensional.

Finally let H, be the orthogonal complement in H = L, of H, ® H,.
Denote by A; the restrictions of A to the respective invariant subspaces H,,
j=1,2,3. Clearly 4, =0, and A; = — 1.

Concerning § we now suppose Yd > 0 Jh,(w, t) € L* such that

(1.9") |G, 2, w)| < 8lu| + hy(w, 1)

and

(1.9 uf(x, t, w) > — o(x, t)|u| — d(x,1) for ce L2, de L.
Set

d. (@, t) = liminf §(z, t, u), §_(2,t)=limsup §(z,t, »).

u—>+ oo Yy—>— 00
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THEOREM 1.8". Let g satisfy the preceding conditions and suppose

2 7 27 7
[ [ 0a0a +[ [gvawat>0, WoeH, =1,
0 0 ) 00
[v>01 v <0]

then (1.7) has a solution in L2. Furthermore if ge C° and g,>¢> 0 then il
is in C™.

Proor. The proof makes use of a variant of Theorem 1.1, Theorem I.20
of section 1.5. It also uses Prop. I1.4 of Chapter II. Setting Bu = g(«, ¢, %)
we see that Theorem I1.20 with 8 = rP,, gives the desired result provided
(1.33), (1.34) and (1.36) hold. Clearly (1.33) holds in view of (1.9”). In our
case the operator N of that theorem is simply

Nu = §(x, t, u) + rPyu .

Thus (1.9”) implies (1.34). Finally for B = § we see that Jy(v) >J3(v) and
consequently (1.36) holds in virtue of Prop. I1.4 (which uses (1.9”)). The
regularity of the solution under the additional hypotheses is proved as
before. Q.e.d.

Theorem I.8” is related to Theorem III.4 in [Ra-3].

1.3. The main result.

In this section we prove Theorem I.1 in a much more general form; in
particular A may be nonlinear. H is a Hilbert space with an orthogonal

decomposition H — H, @ H,. For an element wec H, we denote its de-
composition by 4 = %, + 4, = P;u -+ P,u or sometimes write u = (Zl)
2

CONDITIONS:

(1.11) 8: H, - H, is a demicontinuous operator with |Su]<ru|+| O, and
A, is an operator: D(4,)c H, - H, satisfying: A, = 4, + § is
one-to-one, onto; ffl_ 1 ig assumed to be continuous from weak H,
to strong H, and

(4,u, u)>——§ [duzt— C  YueD4,),
aolu| < |dyu| + € Yu € D(4,)
for some constants o, o, > 0 and C.

16 - Annali della Scuola Norm. Sup. di Pisa
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(1.12) A4, is a maximal monotone operator:

D(4,)cH,—>H,  with 0eD(4,), 4,0 =0.

4 D(4,)
4, D(4,)

(1.13) B:H — H is monotone demicontinuous and B(0) = 0.

We write
B,(u)
Bu = .
a(%)
(1.14) For some pogitive y < «, and some 7 < ai(y~'—a~')— r, for every

v,we H and every & > 0, there exist k(6) and C(v, w) such that
Yuec H

Set

(Bu— Buw, u— v)>;—l’- 1Byt — Sta]* — 7jus]® — C(v, ) (S|a] + (8)) -

THEOREM 1.10. Under the conditions (1.11)-(1.14),
R(A + B) = R(A) + conv R(B).

REMARK 1.6. In Appendix A we present some conditions under which (1.14)
holds with 8§ =0, v = 0 = 0. Since (Bu — Bw, 4 — v)> (Bu — Bw, w — v)
‘we observe then (with the help of Propogition A.2 in Appendix A) that (1.14)
holds for any 8 and any 7, for any y > 0, in case

. |Byu|? |Byu|
lim =0
lulsoo | [ [ua| ] 4 |us]

for some p << 2.
REMARK I.7. In the situation of Theorem I.1 we take H, = RE(4),
H, = N(4), 4, = A|puyary 4:=0.

The conclusion of Theorem 1.10 tells when the equation Aw + Bu = §
is solvable or almost solvable. Our method of proof consists in treating an
approximate equation: for ¢ >0 '

(1.15) et,, + Aus -+ Bus=f.
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With the aid of the Schauder fixed point theorem we first show that (1.15)
has a solution for any fe H. Next, for certain f, we establish bounds for |u.|,
|4,%.] ete. independent of ¢. Finally we carry out a limit process as ¢ — 0
using a variant of Minty’s trick.

LeMmMA 1.11. For every f € H and ¢ > 0 there exists a solution u. of (1.15).

Proor. There are several steps.

Step 1. For fived u,c H,, there exists a unique solution u, = ¢(u,) of
(1.16) gty + Aguy + Ba(u, + ) = f, .

A, is maximal monotone and B,(u; -+ #,) is monotone demicontinuous in u,.
Their sum is therefore still maximal monotone (see for example [Bré-2]
Corollaire 2.7). Hence (1.16) has a unique solution for each fixed u, (see [ Bré-2]
Proposition 2.2).

Step 2. We claim that VYu, e H,
1
(1.17) (Bru — Suy, ’“1)>-}; |Byu — Suy|* — (v + r)jw|* — C

where « = %, | ¢(u,), and hence
(1.18) |Byu| < C(juy| + 1)

where C is independent of %, but may depend on .
This is based on (1.14) with v =w =0 and é = 1: with u, = ¢(u,),

1

= But— Suaf*< (Bt ) + o] + ] + €
< (Byty ) + (fa— &ty — Aytty; %) + vlw|* + Jus| + C
< (Bythy ) 4 Tt | — elu,f 4 Clug| 4 C

since A, is monotone. This yields (1.17), from which (1.18) follows easily.
Step 3. @ is continuous from H, into H, in the strong topologies. Indeed
let wu;, — u,; we have
EUyn + Az’”/zn _I" Bz(uln + 'uzn) = fz
gy + AUy -+ By, +u) =fp.
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Subtracting and taking the scalar product with #,, — u, we find using the
monotonicity of A4,

eltyn — )% + (Be(tyn + Ugn) — Bo(ty + Us)y  Ugn — %) <O
or, adding an obvious term to both sides,
&|Ugn — )% + (Bihy — Bty %y — Uy < (B1%0y — By, 10 — %y) .
Since B is monotone we find
&|Ugn — Up|? < |Bythy — Byut||thyn — ] .

The desired result follows with the aid of (1.18).

Step 4. Conclusion of the proof of the lemma. To solve (1.15) we have
to find a solution %, of

Ay 4 Bl(ul -+ ‘7)(“1)) =
or

Zﬂh + Bi(uy, + 9) = f, + Su,,
i.e.
U = [‘Tfl[fl + Su; — B, (u, + ¢(w,))] = Tu, .

We shall prove that T has a fixed point.

We show first that T is continuous in the strong topologies: If u;, — u,
then w%,, 4 @(%;.) = %; + @(%,) by Step 3. Because B is demicontinuous
B, (%:n + @(u;,)) converges weakly to B,(u, + ¢(u,)). The conclusion fol-
lows from the assumption on A

We note further from our assumptions that 111’ ! maps bounded sets into
precompact sets and hence T is a compact operator (here we use (1.18)).

Finally ‘we shall verify that

(1.19) Tuy - 2wy, w,€Hy, |u,|=R, Vi>1

provided R is large enough.

From (1.19) it follows by the Schauder fixed point theorem (applied
to P,T where P, is the projection on the ball of radius R) that T has a
fixed point with norm < R.
Suppose Tu, = Au, with 1>1, i.e.

ffl(}-’“fl) + Bl(ul + ‘P(ul)) =f + Su,.
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Taking the scalar produect with iu, we find using (1.11) and (1.17)
A 1, .
” | Byt — Sty |2 < A|fy||wa] + p [4:(Auy)[* + C - (v + 7) Ay [* 4 AC

where u = u; + @(u,).
Therefore for any v'> 7 + 7,

?llelu— Bup2 < |4, + 7 2wl 4+ O()

- R

<= A 4 = (i | + 0)2 + 0()

R

< UI*‘L(M&) 2+ C(o)

for any o> 1/a + (v + 7)ay * (choosing 7'— (r - r) small). Finally
1
'}—}‘ lBlu— Su1|2<GIB1u— Sul— fllz + 0

and since o' (7 r)eg®<<y~! this yields a bound for |B,u— Su,|,
|41(%,)| and then for |u,|. The lemma is proved.

LeMMA 1.12. Under the hypothesis of Theorem 1.10, for

f€ R(A) 4 conv E(B)
we have
EUye—~>0 a8 & —>0.
Proor. Write
f=Av 4+ %tiBw,-, t,>0, >t,=1.
By (1.14) 1

1 .
(Bus— 3 t;Bw;, e — v)>?—} |Bytte — 8 thye)2 — T|tse]? — Olttge] — €

where O is independent of ¢, but may depend on v, wy, ..., w,, ¥, 0.
Replacing Bu. by its expression determined from (1.15), and f— ¢,Bw,
by Av, we fiind

1
(— Aue + Av — etlgey e — 0) + T|Ue]* + 6|u25[>}—; [{Brtte — Sttye|2— C .
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Hence by monotonicity of 4, and by (1.11)

1 & 1 -~
(1.20) ; [Bytte — Stue|® + 5[“26|2<; ,/Ilulelz + ClA %] +
+ Tlulelz + 6Iuge| + C "I“ (ule‘— 'vl, S’uls + .Al'v) .
Looking at the H, component of (1.15) we have

Jﬂ‘le + Byts — Suye = f

and so
| A te| < |Bywe — Suy,| + C,

og|Ue| < |Bywe — Suy | + O .

Inserting these inequalities in (1.20) and recalling that &~ ! (v +r)og 2< p1

we find V6> 0
g fthyo|? < Blttge] + C(5) .

This implies that ¢|u,,| — 0 as ¢ — 0, for otherwise, for some sequence ¢, — 0
Yealtty, | >0>0

and so |u,, | = co. But then if we take 8 < ¢ we find ¢<é - C(d)/|u,, | —J,
contradiction.

LeEMMA 1.13. Under the assumptions of Theorem 1.10, if

feInt[R(4) + conv R(B)]

then |uel, |Bite|, |A u,,| are bounded independent of e.

ProOF. As in [Br-Ha] we use the principle of uniform boundedness but
the argument is a bit trickier. For any h e H with |h|<< some small number
we may write

N
f+h=Av+ 3t,Bw;, >0,3t,=1,
1

v, w;, t; and N depend on h. C(h) will be used to denote various constants
depending on k but independent of e.
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We have
ey, + Aue + Bue— (Av 4 X t,Bw, —h)=0.

Taking scalar product with u, — v we find, since A, is monotone,
(1.21) (B ue) + (Bue— 3 8, Bw;, e — ) < — (AyUhye — A, 9, thye — v;) + C(R)
<§ [dyuge|? 4 CR)| Ayuge| + Oh) + (e — 91y Suge -+ A,0)
<o [l + O, o, 7') + 7 Jug?

for any o¢'<<a, r'>17.
From (1.14) we see that ¥6>0

(1.217)  (hy ue) + }17 [ Bywe — Su1512<0% |Aythe]? + (v 4 ') |ue]?
+ C(h)(S|use| + k(8)) + Clhy &'y 7).

Using (1.11) and (1.15) we see that for any fixed o> 1/ + (v 4 r)/a},
by choosing &' close to « and r' close to 7, -

(1.22) (b ue) + (%_ q) IBytie — Butge]* < (Blthne| + K(8)) O(h) -
We claim that
(1.23) |ue)] <C independent of ¢.
Suppose not; then for a sequence &, — 0,
[t | — o0
By (1.22) V4> 0 3k(6) such that
(1.24) (hy we,) < (O|us | + k() O(h).

For r > 0 set w(r) = %n(f’ {or + k()} so that lim w(r)/r = 0. Since (h, u:)<
< >4 00

<w(|ue |) O(h) we see by the principle of uniform boundedness that
e |/w(|ue, |} < C, a contradiction.

Thus (1.23) is proved.

Choosing b = 0 in (1.22) we find

|Biue| < C  independent of .
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For (1.15) we obtain the desired estimate for |A . |. Lemma 1.13 is
proved. Note that the proof gives no information at all about the size of the
bound for |u.|, just its existence.

We are now in a position to complete the

Proor orF THEOREM 1.10.
(i) To prove R(A + B) = R(A) + conv R(B) we need only show that

if f € R(A) - conv R(B) then f e R(A -+ B). This follows immediately from
Lemma I.12 for our solution . of (1.15).

(ii) To prove that R(4A 4 B) and R(4) + conv R(B) have the same
interior, it suffices to show that any fe Int (R(4) + conv R(B)) belongs to
R(A 4- B). Consider our solution #. of (1.15). We will study the passage
to the limit in (1.15) as ¢ — 0. For a suitable sequence ¢, — 0 we may
assert in view of the bounds of Lemma 1.13 and the fact that ff; 1is con-
tinuous from weak H, to strong H, that

Uye — Uy, Uy, =y, Aju,, —Au,.

2¢eq lep len 1

Set w = u, + «,.
For any & = §; + & with &, e H,, & € D(4;) we have, by monotonicity,

(Buc, — BE, ue, — £)>0
i.e.
(f — enthy,, — Au, — BE, us — £)>0.

Using the monotonicity of A4, we find
(f — BE, e, — &) > £nlthyg 5 Uy, — &) + (Arthy, 5 vy, — &) + (4,85, %, — &)
and going to the limit as &, — 0,
(1.25) (f — BE, u— &) > (Aywny w — &) + (4o&oy u, — &) -
(&) Set & = wu;; then we find
(f. — Bo(uy + &) — Ap&sy us — &) >0

Since the map & — A,& 4 By(u, + &) is maximal monotone, it follows
that

(1.26) fo = Ayuy + Byu .
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(b) If we now set &, = u, in (1.25) we obtain
(fl — By(& + ), u, — 51) > (A%, Uy — &) .

Now use the Minty trick: for w,e H, and { positive, set & = u, — tw,.
After dividing by ¢ we find

(fr — Bilu — tw,) — Ay, w) >0

Letting ¢ — 0 and using the fact that w, is arbirary in H, we may conclude
that

fl"—Blu""'.Al'u/:O.
This together with (1.26) shows that

Au + Bu = f. g
Theorem 1.10 is proved.
One can present many variants of Theorem 1.10 by slight modifications
of the hypotheses. For example here is a result in which we weaken the con-
ditions on B but strengthen those on A.

THEOREM 1.14. Assume (1.11)-(1.13). Assume furthermore that A, satisfies

(1.27) (Asu — A0, 4 — w)>— Clv, w), u,v, we D(4,).
In place of (1.14) assume for some positive y<<a, T<< ai{yt—al)—r
and Y6 >0

(Bu — Bw, u)>% | Byt — Suy|? — Tl |2 — C(w)(S|us| + k(0)) , Vu,w
where C(w) depends only on w, k(8) only on 6. Then
R(A 4 B) ~ R(A) + conv R(B).

Proor. Weindicate the modifications needed in the proof of Theorem I.10.
These occur only in the proofs of Lemmas I.12 and I.13.
In the proof of Lemma I1.12 we have now

1
(Bu: — . t,Bw,, ue) >7—’ |By e — Sty — T|Us|? — 6|tte] — C
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where C is independent of ¢ but may depend on w,, ..., w,, y, . Then we find

1
(A0 — cUge — Aue, us)>; [ Bythe — Stse]® — T|te|2 — Stge] — C .

Hence we obtain
1 1
> Byt — Suge|* + efuty,[2< > [Ayusel? + Oluse] + € -+ (r + 7)[vhge]® + 6]tte]

since (4,u,, — A,v,u,.)>C by (1.27). This is similar to (1.20) and we pro-

2 " 2e
ceed as before.

Turning to Lemma 1.13 we have, to begin with,

(ew,, + Aue + Bue — Av— 3 t,Bw; + h,us) = 0.
Hence

1
(By ue) + (Agtuye — Ay, tse) <& "‘11“15’2 + O()|ws| + C + rlus|?
— (Bue— 3 t: Bw;, ue) .
By (1.27) and (1.11) we find

1, 4
(B, u5)<& [Ayuel* + C(h)lglulel +- O(h) + 7luse[* — (Bue— Y t,Bw;, ue).
Hence, as before for any a'<< a, /> 7

1 1
(hy ) + = Byt — Sl <5 |yl + o
+ C(h){(O|use| + ¥(9)) + C(h, o', T').
This is like (1.21) and the proof of Lemma 1.13 proceeds as before. We con-

sider Theorem I1.14 proved.
Using Theorem I.10 we may prove a more general form of Cor. I.4:

CorROLLARY 1.15. Let A satisfy conditions (1.11), (1.12) with 8 = 0, and
let B be demicontinuous, B = oy, y convex. Assume that for some positive
constant o < ef4,

Cy(uy + u)<olwy|® 4+ O(u,), VYu,eHy, u,€ H,.
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Assume furthermore that for some B >0, 6 >0

p(u,) — p(0)>46  for u,eﬁg, |us| = R.
Then there is a solution uwe H of

Au -+ Bu=0.

In particular if

lim o) _ -+ oo

us€H, qu' -

lug|—>c0

then A + B s onto.

Proor. Proposition A.1 implies (1.14) with § =0, 6 == 0 for some
y < a. Then just follow the proof of Corollary I.4.

L4. A «noncompact» variant of the main result.

We consider A, as in Theorem I.10, with slight modifications. As before
H = H,® H, is an orthogonal decomposition.

CONDITIONS

(1.28) A4,: D(A;)cH,—H, is one-one and onto, A4, 1 is demicontinuous
and VYu, 4'e D(4,) and some o> 0:

1
(Adyu— A0, u—u')>— p |Au— Au'l2.

THEOREM 1.16. Assume A, satisfies (1.28), A, satisfies (1.12) and set

A= (jl) Assume B = (1;1): H — H is demicontinuous, B = oy, p con-
2 2

vex continuous, and
(1.29) (Byu — Byw, u — w)<ylu —w|?, y<a, Yu,wecH.

Then
R(A -+ B) ~ R(A) 4+ conv R(B) .

Furthermore if Aw + Bu = Au' -4 Bu' then w, = u, and Bu = Buw'.
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REMARK 1.8. Assumption (1.29) holds if

|Biw — Byw|<yplu —w| Yu,weH,
or if
(Bu — Bw, v — w)<ylu —w|* Vu,weH

(which is equivalent to |Bu — Bw|<y|u — w| Yu, w by Prop. A.5 and the
remark following it).

CoROLLARY L1.17. Under the assumptions of Theorem 1.16, A 4+ B is onto
if B is onto, A -+ B is one-one if B is one-one.

Proo¥. If B is onto then Int[R(4 4 B)] = Int[E(4) 4 conv R(B)]= H.
Suppose # and «’' are two solutions of )

Au 4+ Bu=f.
We deduce from (1.29) (see Prop. A.5) that
! ! 1

(Bu — Bu'y u—u )>; |Byu— Byu'|?
and therefore, by (1.28),

1 1

= |Byu— Byw' <=~ |4 uy — Ay uif?.

Y o

Thus

1 , 1
;,Al U — A, ’“1|2<; (A u, — 4, u{)P

and 8o A,u, = A,u,, B;u = B,u’. Since 4, is one-one, 4, = u,. We also
have (Bu — Bu',u — ') = 0, which yields Bw = Bu' (see Proposition 2
in [Bré-B]). In case B is one-one it follows that w = /'

COROLLARY 1.18. Let A be as in Theorem 1.16. Assume B: H — H is
demicontinuous, B = 9y, y convex and

nlw — w|*< (Bu — Bw, u — w)<ylu — w|* VYu,weH

with >0 and y << o. Then A + B is one-one and onto.
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REMARK 1.9. If A is linear and satisfies all the conditions of property I
in Section 1.1 except that A-! is compact, then it satisfies the condition of
Theorem 1.16 if we set A, = 4|, 4 qpuy, 42 = 0; Wwe obtain Theorem I.7.
In case 4 is also self adjoint and B is in C* then Cor. 1.18 coincides with a
result of Mawhin [M-4].

In the proof of Theorem 1.16 we shall use

LeMMA 1.19. Under the assumptions of Theorem 1.16, for every &> 0
and fe H, the equation

(1.30) ey + Au -+ Bu = §

has a solution.

Proor. Set A, = sP, + A, so that A is one-one onto and Vo,v'e¢ H
-1 -1, 7 1 7 1 !
(A'v— A7 v,v-—v)>——o—c|vl——vll2—|— g|vz——v2|2.

In addition A;?! is demicontinuous. Equation (1.30) can be written as

= A7Yf— Bu) where Bu = A,u, |+ Bu
or

Mo+ A7'w20.
with

v=f— Bu, Mo=—By(f—v).

M is a maximal monotone operator (since 5 is) and by Proposition A.5,
(1.29) implies

1
(Mv— Mv',o— v )>=|v,—n|> Vv,v'e€ D(M)
Y
(more precisely we have

1
(h—n'yv— '0’)>}—)|v1 — 2 Vhe Mo, Vi'e Mv’).
Set N = M + A]'; N satisfies

1 1 1
(Nv— Nv'yv— v’)>( )|'vl— CARES - [v, — w2 0lp— 0|2 (6> 0).

y «
Therefore N is monotone; in fact N is maximal monotone since ¥ + iI =
=M+ (AL + A") is onto for A>1/x (M is maximal monotone and
(1/x)I 4 A" is monotone demicontinuous). Consequently N is one-one onto.
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Proor or THEOREM I.16. Since B = oy and satisfies (1.29) it follows
from Prop. A.5 that

(1.31) (Bu — Bw, 4 — v) >$ |Byu|2 — C(v, w)
- Vu, v w e H, some y'< «.
Suppose first fe R(A) - conv B(B) and write

f=A4v+4 Y t.Bw;, >0, 3t,=1.
We deduce from (1.31) that

(1.32) (Bu—7f -+ Av, u— v)>}% [Byut—C VYueH.

Let u, be the solution of
(1.30) ew,, + Au, - Bu, =7f.
Setting » = u,_ in (1.32), using the monotonicity of 4,, and (1.28), we find
& 1 1
5 quslz + ;—; IB1u3l2<; I-Aluls_ Al'vllz + C
or
E el 4 5 | Ayt — Fi < [ Aythre — Aymi]2 4 €.
2 yl 1 a i
Since y'<< « we see that
glu,|?<C, |A,%,|<C.
It follows that cu,. -0, and fe R(A -+ B), proving that
R(A) + conv BR(B)c R(A -} B).

Suppose now that some ball of radius > 0 about f lies in R(A) 4
- conv R(B). For any he H, |h| < r, we split

f+ b= Av(h) 4 3 t(h)-Bwh), t()>0, 3 t(h) =1.

We deduce from (1.32) that for our solution u, of (1.30)

(Bu, — f— b -+ Av(h), e — o(R)) > yl |Byuel? — O(h)
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or, as before,
1 1
;}7 [Byuel|® 4 (hy “e)<;|A1ule'— A, v,(R)}2 4 O(h)
i.e.
1 1 .
7 [1tae — Fi]* - (B, us)<; |Artye — A, 03(R)|* + C(R).

Hence
(h,u,)<C(h), VYheH with |hj<r.

and by the principle of uniform boundedness
lu,|<C.

Finally, we have for &, ¢'> 0, by Prop. A.5,

1
77 IBlus - .B]_’u/,gllz< (Bus —_ Bug', ‘ug - ug)
= — (AUe — AUery Ue— Uer) — (EUe — £ Ugr y Ue — Uer)

1
<&‘ [A %6 — Ayt + Cle +¢').

Therefore

1 1
; [AyUye — A,uu:]2<; A U — Aythye|2 + Cle &)

which implies that A u, converges strongly as & — 0. Consequently
%,, — U,. Suppose u, — u, and set u = u, -+ u,. We have 4,u, — 4,u,
and we may now follc;w the argument for passing to the limit as ¢, — 0 in
the proof of Theorem 1.10 and conclude that A + Bu = f. We have proved
that Int [R(A) -+ conv R(B)]c R(4A + B). In the proof of Cor. 1.17 we al-
ready established the last assertion of Theorem I1.16; the theorem is there-
fore proved.

1.5. Another variant.

In condition (1.11) of Theorem 1.10 we required 4, -+ S to be invertible.
With the aid of the recession function borrowed from the next chapter we
will treat a case in which this condition is modified. For simplicity we replace
condition (1.14) by a much more restrictive hypothesis.
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Consider a Hilbert space H with an orthogonal decomposition
H=H ®H,®H,=P,H®P,HPP,H

where H, is finite dimensional. Let S: H, - H, and A,: D(4,)c H, — H,
be operators satisfying conditions (1.11), and let A4,: D(4,)c H, — H, be
as in (1.12). Let 4; be a continuous mapping of H, into H,. Set

4,
A=1{4,
4,
B,
B={B,}: H—> H is monotone demicontinuous, B(0) = 0, satisfying: for
B,

some constants ¢ > 0, V6 > 0, 3C, such that
(1.33) (Byu, us) > o[t — Slu[* — C

Furthermore we suppose the operator

Nu = Bu — Su, + A,u
satisfies

|[Nu — Byu) =0

1.34
(1.34) ]

as |u] — oc.

We wish to solve

(1.35) Au+ Bu=]f

and we shall make use of the recession function (defined in (7) of the in-
‘troduction) of the operator N.

THEOREM 1.20. Let A and B satisfy the preceding conditions. If
(1.36) Jy) > (f,v) VoeH; v+#0
then (1.35) has a solution.
The proof is similar to that of Theorem 1.10 but much simpler in detail

because of the strong hypotheses (1.33), (1.34). First we prove the analogue
of Lemma I.11.
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LeMMA 1.21. For every fe H and ¢ > 0 there exists a solution u = u_ of
(1.37) e(uy + uy) + Au -} Bu=f.

PrROOF. Asin Steps 1-3 of the proof of Lemma I.11 (it is even simpler here)
one sees that for fixed u,e H,, u;e H, there exists a unique solution

Uy, = @1y -+ u) of
&y + Ayt + Byt -+ Uy - ) = fo .
Taking scalar product with =, we find, since A, is monotone,
eltt|* 4 (Bay ) = (fa, %,) -
and it follows from (1.33) that V¥é > 0, 3k, independent of ¢ such that
(1.38) |y} < Slu] + K.
To solve (1.37) we wish to solve

Ayu, 4+ Bl("h + Uy -+ plu, - ’“s)) =h
ey - Azu, - Bs("h + 4y 4 @(u, -+ ’“'3)) =fs

or

uy = A7 [f — Bilts + us + ) + Sun] = To(w + )

Uy = & fy — Astus — By(tty -+ % + @)] = Ts(w, 4+ us) .
The map I'=17,+4T;: H,® H; —~ H, ® H, is continuous in the strong topo-
logies and compact (here we use the fact that H, is finite dimensional). By
(1.34) and (1.38) we see that |T(uy -+ us)|/|uy + us] — 0 as |u; + 3| = oo,
Using the Schauder fixed point theorem we infer that 7 has a fixed point.

The lemma is proved.
Next we obtain estimates for the solution u_ as in Lemma I.13.

LeMMA 1.22. If (1.36) holds, then

Iue! ’ [Blus‘ ? lAlulsl

are bounded independent of e.

17 - Annali della Scuola Norm. Sup. di Pisa
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Proor. Equation (1.37) takes the form

(1.37), ‘11“15 + B,u, — Suls = fl
(1.37), ey, A2u2s+ Bzus = f2
(1.37)s ety  + Agu,, + Byu, = f, .

Using (1.34) and (1.37), we see that |4,u, | < C and hence || < C for some
constants € independent of ¢&. Here we have also used the conditions (1.11).
It follows again from (1.37), that |B,u,|<C.

Now suppose |4,| is not bounded. Then for some sequence of ¢’s we would
have ¢, = |u,| - co and so from (1.38),

ve.—_q:—e—wyeﬂa, o) =1.
€

If we now take the scalar product of (1.37) with v, we find, using the mono-
tonicity of 4, and (1.33)

8([%28]2 + Iuselz) (A~1u1€’ Uye)
1 -+ i + (N(ts’Ue), ’Ue) < (fa, Ve) .

Letting ¢ — 0 through the sequence, we find, in view of the bounds for
[y,]y 14 %,|, and the definition (7) of J,,

Jy(0)<(f, )

which contradicts (1.36). Therefore we must have |4 |< C and the lemma is
proved.

Proor oF THEOREM I.20. We have only to carry out a limit process
in (1.57) as ¢ — 0. This proceeds exactly as in part (ii) of the proof of The-
orem I.10. For a suitable sequence &, —0 we find w, —u,, %, —>u,,
Au,, — Aiuy, u, — u,, and we obtain the analogue of (1.25): for § = &, 4
+ & + &, & e Hyy &€ D(4,) and w = u, + %, -+ s,

(f — BE w — &) > (Aguy, wy — &) + (A6, e — &) + (Aaths, Uy — &) .

We then just follow the remainder of the proof of Theorem I.10.
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CHAPTER IT

THE RECESSION FUNCTION

II.1. . Definition, examples, elementary properties.
I1.2. How to determine R(A4 4 B) using the recession funection.

In Chapter I we have studied geometrical properties of R(4 | B). It
is not always easy in a specific problem to decide whether a given f belongs
to R(4) 4+ R(B) (or to R(4) -+ conv R(B)). We introduce in Chapter II
a new tool: the recession function of a nonlinear operator. It provides a con-
venient way of checking whether fe R(A) - conv R(B) or feInt[R(4) +
-+ conv R(B)]. Hence it leads to a simple analytic description of R(A -+ B)
which is especially useful when dealing with the solvability of nonlinear par-
tial differential equations. The recession function also plays an important
role when B is not monotone; in that case we no longer have R(4A + B) ~
~ R(A) + R(B); nevertheless we can give sufficient conditions for f to lie
in R(A + B) (or Int R(A + B)), expressed in terms of the recession func-
tion of B.

IL1. Definition, examples, elementary properties.

Let H be a Hilbert space and let B be a nonlinear map from H into H.
For w € H we define the recession function

J5(4) = lim inf (B(tv), v) .
>+ o0

The term «recession function » has been used previously in convex analysis
(see [Ro]) to denote lim y(tu)/t, where v is a convex function. As we shall
t—>+ 00

see, (Proposition 11.3), the two quantities coincide when B is the gradient of y.

PropositioN II.1. Jz is a lower semicontinuous function from H into
[— o0, + oo] and Jz(Au) = AJx(u) YA >0 and uc H.

Proor. It is clear that Jj is positively homogeneous of order 1. We show
now that for each ke[— oo, + oo) the set

E = {ue H|Jg(u)<k}
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is closed. Let u, € E be a sequence such that w, —u. Since Jg(u,) <k, for
every n there exists #, > n and u," such that

lu, — w,|<1/n and (B(t,u,),u)<k -+ 1/n

resp. (B(t,u,),%,)<— n in case k = — oo). Therefore ¢, — -+ oo, u, - u
and thus Jy(u)<k.

ReMARK I1.1. Clearly Js(u)< liminf (B(tw), »). In particular J(0) is
{—>+ co

either 0 or — co, since Jp is positively homogeneous.

REMARK I1.2. When B is monotone hm (B tu), u) exists (possibly 4 oo).
Indeed if ¢t > s, we have

(t — 8)(B(tu) — B(su), w) >0

and thus the function ¢ (B(fu), ) is nondecreasing.

ProposiTION 11.2, Assume B is monotone and sublinear i.e. hm |B'v| [lv] = 0.
Then for each uwe H

J () = lifl (B(tu), w) = Im)(u)

where
Ig(u) = sup (pyu) = sup (g, u)

weconv B(B)
denotes the support function of conv E(B).

In particular, Js is conver; in addition, if R(B) is bounded, then Jy is con-
tinuous.

Proor. From the monotonicity of B we have
@.1) (B(tv)-Bx,fu_%”)>o VeeH, Voel, t>0.

Since B is sublinear, for each > 0 there is a ¢, such that| Bw|<d|w| + C,

for all we H (we use here the fact that B is bounded on bounded sets, see

Appendix A, Proposition A.2). It follows that lim |B(fv)|/t = 0 uniformly
>4 00

as o remains bounded. Passing to the liminf in (2.1) a8 2 -« and
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t — 4 oo we find

Js(u)>(Bx,u) VreH, YucH.
Therefore

Jp>Igpy -

On the other hand we always have

(B(tu), w) < Igg)(u)
and therefore
(2.2) Jp(u) < Hm (B(tu), u) <Ixm(u).
t— -+ co

ProrosITION I1.3. Assume B satisfies
(2.3) (Bu — Bo,u)>C(v) VYueH, VwveH

where C(v) is independent of wu.
(Assumption (2.3) holds for example when B = 0y is a gradient of a
convex function with C(v) = (BO — Bv,v)). Then, for each uwe H

Jp(u) = Hm (B(tw), u) = Tk (v) .

t—>+4 o0

In addition if Bc oy with v convex continuous on H, then for each w e H

() = lim 209
t->+ o0 !

ProoF. From (2.3) we have

(B(tv) — Bz, v)>0_(ta_a_) YeeH, VYoeH, V>0

and consequently
Js(w)>(Bz,w) VreH, YuecH.
Hence
J () > Iz (u) -

On the other hand we always have

Jp(u) < lim inf (B(tu), %) < lim sup (B(tu), w) < Ixgm)(w) .
t—+ o0

t—>+co
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Agssume now that B ¢ oy (the subdifferential 9y of y is a multivalued opera-
tor and we assume that B is a section of 9oy).
We have

p(tu) — p(@) > (Bw, tu — o) VeeH, YucH, Vi>0.
Thus
limM>(Bw, ) VYeeH,VuecH

t—+ oo

(recall that the function ¢ — (y(fu) — 9(0))/t is nondecreasing and so
lim p(tu)/t exists). Consequently
>+ 00

t
tim 2 1s )
t—+ o0 i

On the other hand

p(0) — p(tu) > — (B(tu), tu) VYud H, V¢>0
and therefore

lim ?—(?ﬂ< lim (B(tu), u) . Q.E.D.

t— o0 t—>+ 00

REMARK I1.3. In generalif B is monotone, but not sublinear or a gradient,
it may happen that lim (B(fw), ) < I}z (u). Consider for example in
t—>+ o0

H = R B a rotation by 4 n/2. Then (B(tu), ) =0 while

0 if u=20

I* (u): .
B ‘ + oo if w0

An example.
Let H = L%(2), £2 a measure space. Let g(x, v): 2 x R— R be measur-
able in & and continuous in #. Assume for a.e. z€ Q2 and all ue R:

(2.4) lg(@, w)| <a|u| -+ b(wx) with ae R, be L2,
(2.5) u-g(@, u)> — o(x)|u| — d(x) with ¢ e L? de L.
Set

g,(x) = lim inf gz, w),  g_(x) = lim sup g(x, u)

u—>+ oo U= 0

(so that — e(x)<g,(2) < + oo, — co<g_(x) <e(®)).
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ProPOSITION I1.4. Set (Bu)(z) = g(», w(x)) for we H. Then for each
we H

2.6) Ta(u) > f 9. (z)u(@) do + f 9_(@)ulw)de .

[u>0]1 [%<0]

REMARK I1.4. The right-hand side in (2.6) can be written as {(dropping
the volume element dx, as we often do)

[@. + o +[tg.— oyu—[elu

[u>>0] [ <0]

and thus belongs to (— co, + oo].

Proor. Let v, ¢ L% t, — -+ oo be such that v, — v in L2, fg(w, t0Vn) V0 —>
— Jp(u). Extracting a subsequence we can always assume that v, —u
a.e. and that |v.|<h, Vn, for some fixed function A e L2, We have

10, 9(2, £.0,) > — o(2)1,]0.] — d(x)
and so

’v,,g(ar;, tnvn)>_‘ 0(9’)) Ivn - @>_ k

where k is a fixed integrable function. We write

f’vng(my 1, 0n) =f”ng($7 nn) —|—fv,.g(w, ta¥n) + | 0ng(@, 1,0,)

{u>0] [ <01 [u=01

and note that

on [#> 0]: lim infv,g(z, t,0,)>ug (@),

n—>+ oo
on {u < 0]: liminfoe,g(x,t,v,)>ug_(z),
f—>-+ oo
and
da(x)
t,

f (@ £a02)> f — o(@)on] —

[u=0] lu=0]

We conclude by Fatou’s lemma that

JIa(u) > fg-;»'”' +fg—u .

[u>0] fu<0]
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I1.2, How to determine E(A - B) using the recession function,

ProrosITION I1.5. Let N be a closed subspace of H and let B be a non-
linear map in H. The following conditions are equivalent

2.7 Igp(0)>(f,v) VvelN,

(2.8) fe N< + conv R(B) .
REMARK II.5. Using (2.2) we see that

(2.9) Je(®)>(f,v) VYvelN, v£40

implies (2.8). It is equivalent to (2.8) in case B is monotone sublinear (Pro-
position I1.2) or when B = 0y (Proposition II.3).

REMARK I1.6. When B is monotone demicontinuous then

NI I conv R(B) = N* + R(B) = R(Py+ + B)

(where P, denotes the orthogonal projection on N-).
This follows from Theorem 4 in [Br-Ha] since 4 = P,. is a gradient of
2 convex function.

Proor. (2.7) = (2.8).
Suppose by contradiction, that f¢ N 4 conv R(B). By the Hahn-
Banach theorem there exist £ e H and « € R such that

(& N)>a>(E g9+ k) VYgelN+ YheR(B).
It follows, since N is a linear space that

(£,9)=0 Vge N+
i.e. £e€ N, In addition

Iy (&) = sup (&, h<a<(§])
heR(B)
—3a, contradiction.

(2.8) = (2.7).
It suffices to show that (2.7) holds for fe N* - conv R(B). But, if
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ve N we find

I;E(B)('v) = sup (h,v)>(f,v).
heconv R(B)

ProOPOSITION I1.6. Let N be a finite dimensional subspace of H and let B
be a nonlinear map in H. The following are equivalent

(2.10) Iggy(0) > (f,v) YoeN,v#0,
(2.11) f € Int (N* 4 conv R(B)) .

Proor. (2.10) = (2.11).
Since Ifg)(v) — (f, ) is lower semicontinuous, it is bounded below by a

positive ¢, on {ve N, |[v] = 1}. Thus
I;:i(B)('v)> (f, v) + elv] Voe N .

Therefore it suffices to prove that fe Nt 4 conv R(B), or, equivalently,
that Pyfe Py conv E(B) (Py denotes the orthogonal projection on N). Sup-
pose by contradiction that Pyf¢ Py conv R(B). Applying the Hahn-Banach
theorem in N, we find d£ e N, £+ 0 such that

& N> k) Vhe R(B)
(we are using here the assumption dim ¥ < oo). Thus

(57 f)>I;(B)(§)
—a confradiction.
(2.11) = (2.10).
Let f,eInt[N+ 4 conv R(B)]; since a ball B(f,,r) is contained in
N1 4 conv R(B), we have as in the proof of Proposition II.5

It®) > (o + ro,0)  YoeN, Voe H, jo|<1.

Hence

I} (@)= (fo, ¥) +-7[v] VwelN.
REMARK IL.7. When dim N = oo, the assumption

It @) > (f,0) + 7lv]  VoeN, (r>0),
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does not imply in general that
fe N* + conv R(B).
Indeed, the conclusion would lead to
feInt (N 4 conv R(B)) .
But it may well happen that N+ 4 conv R(B) has an empty interior. For

example we may have N = H, conv R(B) is dense but conv R(B) has an
empty interior; in this case

0 if v=0

IThmv) =
am)(0) {—l—oo it v 0.

Combining Propositions I1.5 and I1.6 with the results of Chapter I leads
to some interesting applications. We mention only one simple example:

CorROLLARY IL.7. Let A: D(A)c H — H be a linecar operator satisfying
Property I of §1.1. Let B: H — H be a monotone demicontinuous operator

satisfying

(2.12) (Bu — Buw, u)>71—) |Bu2— Cw); VYueH, VweH

with y < a. Given fe H, the following conditions are equivalent
(2.13) Js(0) > (f, v) | Yve N(4),

(2.14) \ jeR(4 + B).

In addition if dim N(A) < oo, the following are equivalent

(2.13") Js(0) > (f,v) VoeN(), v+£40,
(2.14") feInt[R(4 - B)].

Proor. (2.13) = (2.14).
It follows from Proposition I1.3 that

I s >(f,v) VYoe N(4).



CHARACTERIZATIONS OF THE RANGES OF SOME NONLINEAR OPERATORS ETC. 267

Applying Proposition I1.5 with N = N(A4) we see that

fe N(A)* + conv B(B) = R(A) 4 conv R(B).

By Theorem 1.1 we know that E(4) 4 conv R(B) = R(4A -}- B).

(2.14) = (2.13).
This follows again from Propositions I1.3 and IL.5.
To prove that (2.13') <> (2.14') 'we use Proposition 11.6 instead of II.5.

ExAMPLE I1.1. Let H = L*2) and let A: D(A)c H — H be a linear
operator satisfying Property I. Let g(x, u): 2 X R — R be measurable in x,
and continuous nondecreasing in u.

Set Bu = g(x, ). Assume for a.e. z€ 2 and all ue R

(2.15) |g(x, w)| <plu| 4+ blx) with y<<a, and be L2.
Set g, (x) = lim g(x, u) (possibly -+ oo).
%—>1 0o
CoroLLARY I1.8. @iven fe L2, the following conditions are equivalent

(2.16) fg+ x)v(x) de —l—fg_ ) v(x) dw>ff z)v(x)de VYve N(4),

[v>0] [v<0]

(2.17) jeR(A + B).

In addition if dim N(A)< oo, the following are equivalent

(2.16') fg+ dw—l—fg~ dw>ff w)de  VYoe N(4), 00,

[v>>0] [v<0]

(2.17") feInt R(4 1 B).

Proor. We apply Corollary I1.7. We know (see Proposition A.6)
that (2.15) implies that (2.12) holds provided y is replaced by any > y.
It follows from Proposition IL.3 that Jyz(v) = lim (B(t), ) and the mono-

t—4 o

tone convergence theorem implies that for every ve H

Ja(v) = [9.(0)v(@)do + [g_(0)o(0) do;

[v>>01 [v<0}

the integral makes sense in (— oo, -} co] since

g.(@)>gx,0)cL* and g_(r)<g(», 0)clL?.
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CaarTER II1
NONMONOTONE OPERATORS B

ITI.1. Abstract theory for nonmonotone B.

II1.2. Au+g(w,u)=fin L.

III.3. Au+ g(w, u)=f, A monotone, g strongly nonlinear.
ITI.4. Au+ g(w, w) = f for systems.

In Section I1.2 we have seen that for some classes of monotone oper-
ators B the condition Jy(v)>(f,v) Yoe N(4), v#0 (resp. Jxz(v) > (f, v)
Voe N(4), v+£0) is equivalent to fe R(4A + B) (resp. feInt[R(4 -+ B)]).
In case B is not monotone, it is no longer true in general that R(4 + B) ~
~ R(A) + R(B). However we shall prove for a large class of nonmonotone
operators B that the condition Jp(v)> (f, v) Yve N(4), v % 0 (resp. Jp(v) >
> (f,v) Yoe N(A), v+#0) is still a sufficient condition for f to lie in
R(A + B) (resp. Int[R(A 4+ B)]). In Section ITI.2-4 this is applied to
H = L* of a measure space and B of the form Bu = g(x, u) for u(z)ec H.

In this chapter we do not use the results of Chapter I.

IILY. Abstract theory for nonmonotone B.

In a Hilbert space H let A: D(A) c H —> H be a linear operator satisfying
Property I with, in addition, dim N(4) < co. In other words A is a linear
densely defined closed operator such that N(4) = N(4*) (*) and

(3.1) {we D(A); |u|<1 and |Au|<1} is compact .

[Clearly (3.1) implies that dim N(4)< co. It also implies that R(4) is
closed and A-1: R(A) > N(A)* is compact. Indeed if f,e R(A) is such
that f, —f, let u, e N(4)* with Au, = f,. Then u, is bounded; otherwise
Un = Un[|u,| would satisfy v, —ov with ve N(4)N N(4)* and |v]=1,
a contradiction. Hence u, —>u and Aw = f, i.e., fe R(4).]

(*) Throughout this chapter one should always keep Remark I.2. in mind—in
case H has a direct sum decomposition H = R(4)@® N(4) which is not orthogonal.
See the example added in proofs.
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THEOREM III.1. Assume B is demicontinuous and satisfies
1
(3.2) (Bv, 'v)>; [Bo|?— Mp}—C, Vy>0,VoeH

where C, depends only on y, and M is independent of y and v.
Let fe H be such that

(3.3) Je(@)=(f,v) VYoeN(4), v£0,

then fe R(A -+ B).
In addition if

(3.4) Je(®) > (f,v) VoeN(4), v#£0
then feInt[R(4A 4 B)].

REMARK III.1. One might ask whether in Theorem ITI.1 the condi-
tion (3.4) may be replaced by the weaker one:

(3.4) feInt[R(A) + R(B)].
This is not the case, as the following example with H = R? shows:
%=1 Bluy) + 3B(w,) = £ .

Here 8 is a C® nondecreasing function: R — R with B(r) =0 for r< 0,
p(ry=2 for r > 1. We have

1 0 0 1
L R P B ]
0 0 B(w,) + 3 Blus) 1

and N(A) is spanned by (2) This example satisfies all the conditions

of Theorem IIT.1-—with (3.4') in place of (3.4)—but it has no solution as
one easily sees.

Theorem ITE.1 is an immediate consequence of our next result in which H
has an orthogonal decomposition H = H, @ H, with H, = R(4), H, = N(4).
For an element uc H we write u = u, + u, = Pyu 4 P,u or sometimes

"= (Z:)-
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TaroREM I111.2. Assume A has Property I with dim N(4) < co. Let
B: H — H be demicontinuous and bounded (i.e. B maps bounded sets into
bounded sets). Assume for a given fe H, Yuec H

(3.5) (Bu — f, u)>51; |Bu|? — plu| — O(|uy] + 1)

for some positive constants y < o, u and C. Suppose
(3.6) Ja(v) > (f, v). Yoe N(4), v 0
then dist(f, R(A + B)) <py|e. Suppose
(3.7) Js(0) = (f, v) + elv] VveN(A), v£0
with ¢, >0 and y << a(l 4 /)72, then feInt [R(A + B)].
Proor. Given &> 0 we shall prove that for every fe H the equation
(3.8) ety + Au 4+ Bu = f

has a solution and then let ¢ — 0.

Stép 1. (3.8) has a solution.
Set A, = eP, + A, A, is one-one onto H and A4;' is continuous from
weak H into strong H. Equation (3.8) is equivalent to

u=A7Yf— Bu) =Tu.
We shall verify that
(3.9) Tus=iuw YuecH, |u|=R, VA>1
provided R is large enough. The Schauder fixed point theorem will then
imply that 7' has a fixed point with norm << R as in Step 4 in the proof of
Lemma 1.11. Suppose Tu = Alu with 1>1, i.e.

eduy, + Adu + Bu = f.

Taking the scalar product of this with « and using (3.5) we find

1 2
efinf + = Buf < 4wl + ] + O(fu] +1).
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Finally we use the fact that

(3.10) |u1|<}- | Au|
20

and 24w = f — B,u, to conclude that |[Bu|<C, |[A(Au)|<C, |u|<C, |uy|< O
(where ¢ may depend on ¢). Choosing R large encugh we see that (3.9) is
proved.

Step 2. For u, a solution of (3.8) we study now the behavior of u_ as
e — 0. Taking the scalar product of (3.8) with u, we find using (3.5)

1 1
8]“28|2+;’ |B“8|2<‘; [Aue|® + pluse] + O(|uge| 4 1)

1 1
<2 [Awf? + plue] + O(| 4] + 1) < [Bucls + pfuad + €

where we fix «’ in p < o'<< a; hence

1 1
(3.11) | tse|? -+ (}—’— 07) |Bue|* <plug] + C .
Using (3.8) again we have
(3.12) 6 use]? -+ (Bue, ue) — (f, ue)<£ 1Au£|2<% Budf* + C.

Combining (3.11) and (3.12) we obtain

1
613) 2l + (5 ) (B, w — (, w) < e + 0

If for a sequence &, —> 0, |u,, | remains bounded, it follows from (3.11) that
|Bu, | remains bounded as well as |Au, |, |u,, |. We conclude (extracting
another subsequence) that », — w and that u satisfies

Au —l—- Bu — f .
In what follows we may therefore assume that |u,|— co as &—0.
From (3.11) and the inequalities |u, |< C|4u,|< C(|Bw,| + 1) we deduce that

lim |4, |/|u,,| = 0. We may extract a sequence ¢, — 0 such that
&e->0

ug"

luZEnl

— 9P

with ve N(4) and || = 1.
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Dividing (3.13) by |u,,| and passing to the limit we obtain

1. 1 1 ©
> i sup s + (- 7)) — 6, on<f.

If (3.6) holds we conclude that
lim sup a,,]uzeﬂ|<l—;},i for every o' with y <a'< «

and so dist(f, R(4 + B)) <uyla.
If (3.7) holds we have

(71—}——0%) c.,<g—, for every o' with y<a'<a
i.e. y>a(l 4+ u/c,)™', —a contradiction.

This means that when (3.7) holds there must be some sequence &, — 0
such that |u,, |<C and consequently fe E(4 -+ B). Clearly (3.5) and (3.7)
are stable under small perturbations of f so that in fact fe Int [R(4 4 B)].

Condition (1.14) in our main result Theorem I.10 of Chapter I is in some
sense weaker than (3.5) in that we permitted an additional term — 7|u,|?
on the right-hand side. In fact we may include such a term here; it is easy
to see that the proof of Theorem III.2 yields the following sharper form:

THEOREM III.2°. Let A, B be as in Theorem I11.2 except that in place
of (3.5) we assume

3.5).  (Bu—f, u)>-71; [Bul? — plu| — C — t|wy|?  for all uec H,
for some positive constants y << o, u and C, and some T << oy(y™— al).
Then (3.6) implies
—1
dist(f, (4 + B)) <’%(1 _Z—Z) ,

0
while (3.7) implies fe Int [R(A + B)] provided
o )
y<oc(1 -+ o +a§) .

Next we describe a eorollary which is useful when dealing with an equa-
tion of the form

Au + Bu + Qu =f
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where B is, for example, a gradient of a convex function, and @ is a per-
turbation « going to zero at infinity. » It bears some relation to Theorem 1.1
(here B need not be monotone, but dim N(4) << o).

CorOLLARY 1I1.3. Assume A has Property I with dim N(4) << oco. Sup-
pose B, Q: H — H are demicontinuous, B is bounded and R(Q) is bounded.
Assume further Yu, we H, V0> 0

(3.14) (Bu— Bw, u))%lBuP — Oju| — C(8, w)(juy] + 1)  for some y <o .

Finally assume that Yu € H, lim (Q(2), 2) = 0. Then

t—>+ o0
2—>U

R(4) -~ conv R(B)c R(A + B + Q)
and
Int [R(4) + conv R(B)]c Int[R(4 4+ B 4 @)].

In particular,
Je(0)>(f,v) YveN(4), v£0

implies fe R(A + B + @), and
Je(®) > (f,v) VeoeN(A), v£0
implies feInt[R(A + B - @)].

Proor. Let fe R(A) - conv R(B), so that f can be written f= Av 4
+ > t,Bw,;, t,>0, > ¢, =1. It follows from (3.14) that Yue H, V6> 0

(3.15) (Bu—f, u)% [Bujt — 8ju] — C(B)(fl + 1) -

On the other hand Yue H, V6 >0 we have
(3.16) (Qu, w)>— Slu| — O(d)(wa] + 1) .

Indeed, suppose the contrary, then there exists d, >0 and a sequence u,
such that

(Qny Un) < — oftha] — n([thra] + 1) -

18 - Annali della Scuola Norm. Sup. di Pisa
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In particular

c
[%10] + 1<7¢ [ttn]

and thus lim |u,] = oo, Hm |u;n.|/|4.] = 0.

n—>co

Extracting a subsequence we may assume that w./|u,| —ve N(4).
Therefore 6,<|[(Qux, %n/lu.|)] = 0, a contradiction.
Combining (3.15) and (3.16) we find Vue H, ¥6 >0

(317)  (Bu+ Qu—f,u)> ;1— |Bu + Quj — 26ju] — C(3)(Ju| + 1)

with y < y'<< a.
Clearly (3.17) implies V6> 0

s> (f, ) — 28]0]  Voe N(4)
ie.
Jrye() > (f, v) Yve N(4).

Therefore Theorem IT1.2 applies and we may conclude that f e B(A 4 B - Q).
In case feInt[R(4) + conv R(B)], we find

To4a®) > (f,9) + o] Voe N(4), 6> 0.

Theorem II11.2 yields feInt[R(A 4 B + Q)].
We conclude with a simple consequence of Theorem III.2.

COROLLARY II1.4. Assume A has Property I with dim N(4) < co. Let
B: H > H be demicontinuous and bounded. Assume Yuc H

(B, 0)>3 |Buf— u{ju| + 1)

for some positive constanis y and u. Suppose
Js@) >0 VveN(4), v+#0.

Then there emists Ay > 0 such that for every A with 0< |A| << 4, the equation
Aw + ABu = 0 has a solution.

ProoF. Clearly AB satisfies (3.5) with f = 0 and Ay in place of y, Au in
Place of u. Since J,, = 1J; we see that (3.7) holds with A¢, in place of ¢,.
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Finally, we have 1y << a(l 4 p/¢,)* provided 4> 0 is small enough. Re-
placing A by — 4 we may handle the case 1< 0.

M2, Au- g(x, w)=f(x) in L.

We now restrict ourselves to a special H = L*(Q), 2 a o-finite measure
space, and B of special form. Let A: D(4A)c H — H be a linear operator
satisfying Property I with dim N(4)< oco. Let g(x,u): 2XR —- R be
measurable in #, and continuous in %. Set

(Bu)(@) = g(x, w(x)) ,
g.(@) =liminf g(w,%), ¢ (#)=limsup g(z,n).

u—> oo U—>— o0
Assume
(3.18) u-g{x, u) > — cx)|u] — d)
Yuec R, a.e. x€ 2, ce L2, dec L, ¢>0, d>0
and

(3.19)  |glw, u)|<ylu] + bx) VueR, ae. v, bel? with y<a.
‘We shall sometimes assume

(3.20) J_(@)<g.(@) ae zc
or
(3.21) |g(z, w)|<ylu| +-bx) Vy>0, VueR, ae. v, b eL*.

CoroLLARY IIL.5. Assume (3.18), (3.19) and that one of the assump-
tions (3.20) or (3.21) holds. Let fe Lt If

(3.22) fg+v +fg_v>_[fv Voe N(4), 00
[v>0] [v<<0]
then fe B(A + B).
If
(3.23) fg+v —I—J.g,'o >ffv Voe N(A), v=£0

[v>0] [v<0]
then feInt[R(A 1+ B)].
If g is independent of #, (3.22) clearly implies g_<g,.



276 H. BREZIS - L. NIRENBERG

REMARK III.2. Since g, (respectively g_) can take the value |- oo (re-
spect. — oo), assumptions (3.22) and (3.23) have to be verified only for the
functions ve N(4), v # 0, such that v<0 a.e. on [g, = 4 co] and v>0
a.e. on [g_= — co]. In case, say, g, = 4 oo, assumption (3.22) on f
should read

fg_v>ffv Voe N(A), o»+#0, v<0 a.e.

(respectively for (3.23), fg_v >ffv Voe N(4), v#0, v<0 a.e.)

In many instances the set {v e N(4), v5£ 0, v<0 a.e.} is empty; we can
conclude then that R(A 4 B) = H (since any fe L* satisfies (3.23)). This
is true for example when Aw = — Au — Au, D(A) = H*N H, and 1= 4,
(A, denotes the first eigenvalue of — A with zero Dirichlet data).

‘Without carrying out the proof, we remark, in addition, that if (3.18),
(3.19) bold, and a stronger form of (3.23):

(3.23") fg+v —l—fg_v >fffv +¢ VvelN(4), =1,

{v>>0] [v<0]
for some ¢, > (|f|zs + |¢|zs) (afy — 1)-%, then fe Int[R(4 + B)).

Proor or CoroLLARY III.5. It follows from (3.18) and (3.19) that
1
(3.24) w-gla, 0)> 5 lglo, Wt — e@)u] — ()

Yue R, a.e. z€ 2, for some y'< o, ce L?, de L.
Indeed we have

% glx, u) = ug(@, ) + clu| + d—clu| — d
= |ug(®, w) + olu] + d| — oju| —d
> |ullg(@, u)| — 2¢lu| — 2d

> ; (Ig(@, w)| — b)|g(@, )| — 20ju| — 24

which yields (3.24).
‘When we agsume (3.21) the conclusion follows directly from Theorem ITI.1.
Turning now to the case where (3.20) holds, we shall prove that (3.5)
is satisfied for some y < o and all u > 0, so that we can apply Theorem IIL.2
to prove Cor. IIL5.
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We fix a function 6 € L? such that 6], =1, 6 > 0 a.e. on 2 and, more
precisely, 6(x)>0,>0 on Q, where 2 = {J 2, and meas 2, < oo.

Given u >0, any f satisfying (3.22) can be split as

f="h,+1i,
with h, e L2, jue R(A) and
g_— pub<hu<g, + ud ae on Q.
Indeed set
={heL? g_—ud<h<g, 4+ ub a.e. on Q}.

Note that K = @ since g, > — ¢ and g_<c and thus max{g, — ¢} € K. We
wish, to show that P,fe P, K

Suppose the contrary that P,f¢ P, K. Applying Hahn-Banach in N(4)
we find £e N(4), §+ 0, such that

(f, &>, &) VheK.

In particular

(1, &> [(g, + u0E + [@_— u0)&> 1 + [0l

[£>0] [§<o0l

—a contradiction.
‘We have

(3.25)  (Bu — f, u) = (Bu — hu, %) — (ju, #) > (B — hu, u) — Culth| .

We now split

(Bt — hy, ) _f(Bu— h)u -|-f(Bu~ ha)u -
o,

On O\ 2, we use (3.24) to find
1
[mu—maus [imup—[el + mdui— .
O\ 2, n\g O\ 2,

Fixing n large enough (depending on u) so that

[l + ) < g

N2,
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yields

- (3.26) [@u—hius [mup—pu -

aNae, o,

We now consider f(Bu — hu)u. Since hy—2uf<g, —ub<g, — ub,

on Q,, we find by applymg Egorov’s theorem to the sequence g, (r) =
= Inf g(z, ), that ¥6 >0, 3E c 2, with meas E < 6, and there exists R
uz=k

such that

gl@, u)>hy— 2u8  ae. xze QN \F for u>R.

Similarly we may assume

g@, ) <h,+ 2uf a.e. 2ec Q) \F for u<—R.

Hence

(9@, ) — hp)u> — 2ublu] a.e. ze Q\F, for [u|>R.
Consgequently a.e. xe 2,\E, for |u|>R,
(9, u) — hu) u> |g(@, w) — ha|u] — 4ublu|
> 060, 4) — bl (900, )] — 8) — 4uu]
> lota, Wt — 4udju] — @
with y <y'< e« and d'e I*.

By (3.19) a similar inequality holds for a.e. xe 2.\ F and |u|<R, so that
in fact we find for a.e. v Q,\ ¥, YueR,

" 1
(3.27) (9(; u) — hu) u> 7 lg(e, u)[® — 4pblu| —
Finally we write

f(Bu—h,, u_f(Bu——h,, u—l—fBu—hu)u

@ 2,\E

We estimate the first integral using (3.27) and the second integral using (3.24)
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so that

Jmu—myus [iBuie— supmi— oro)

Q. \E Q,\E

1
f(Bu— h,,)u>'7 leuP——f(lc[ + [hul) ] — C(8) .
E E E
Choosing & > 0 so small that meas F < 6 impliesf(|c[ + |hul)? < u? we find
E
1
[@s—nausZ [ —ppwi .
E 4 E

Thus we obtain

(3.28) f(Bu_ h,‘)u>§7 f|Bu|2 — Buju|— C.
Q.

n

The desired result follows by combining (3.25), (3.26) and (3.28).

IIL.3. Au+ g(», u) =f, A monotone, g strongly nonlinear.

Let H = L*{2) and suppose A:D(A)c H - H has Property I with
dim N(4) < oo and o = -} oo, i.e. (4u,u)>0 Yue D(A). If g(x, u) sabis-
fies (3.18) and

|9z, u)| <y|u| + b{x) ae. e, VueR
for some y < oo, then, as we know by Theorem III.2,
(3.22) = fe R(A + B)
(3.23) = feInt [R(A + B)].

When o = -+ oo, we may use a different technique to handle «strongly »
nonlinear equations—that is g(z, ) growing faster than linearly in w.
Assume now that meas. £ < oo and

(3.29) A:D(A)c H — H is a linear maximal monotone operator. Thus H
has an orthogonal decomposition H = R(4) ® N(4); we write

U= Uy + U, W, € B(A), uy€ N(4).



280 H. BREZIS - L. NIRENBERG

(3.30) The set {ue D(4); |lu|, <1, |Au|,<1, (Au,u)<1} is relatively
compact in L' (and therefore dim N(4)< co).

(3.31) There is a constant C such that |u,|,<C(|4u],. + (du, u)})
Yu € D(A).

(3.32) g(z, u): 2 xR — R is measurable in », continuous in % and YR > 0

hg(x) = sup |g(=z, w)| € LY(D),
lul<R
(3.33) w-glx,u)>—cluj—d ae xe2, YueR
with ¢>0, d>0, ce L°, de L.

THEOREM IT1.6. Assume (3.29)-(3.33) hold. Let fe L” be such that (3.23)
holds. Then there exists w e L* with g(z, w) € L, u-g(z, w) € L, which is a solu-
tion of

Au +- glw, u) = f(x)

where A denotes the closure of A in Ltx I

ReMark I11.3. If we strengthen (3.31) to
(3.31') fuy] 2 < O(| Au|| ;2 + (Au, w)})  Vue D(4),

we may take fe L? instead of L*, and assume (3.33) with ¢ € L2 (instead of
c¢e L*). In addition the solution % lies in L? and satisfies du + g(», u) = f
where 4 denotes the closure of A4 in L2 x L (the proof is essentially the same
as the proof of Theorem III.6). (3.31') holds if R(A) is closed in L% and
(Au, uw — v) > — C(v) Yu, v e D(A), by Proposition A.7 (for example, 4 = A*
or A trimonotone).

Proor or THEOREM IIL.6. Set g.(z, u) = T, gz, w) where

n z2>n
T,z = 2z if pl<n n> 0 integer
—n if 2 <—mn

Clearly (3.33) implies

U-gu®, u)>—cluj—d ae 2z, YuecR.
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There exists u, € D(4) solution of
1
(335) % Uy —I_ A/ll/,, + gn('”’ un) == f(ﬂ'})

the existence follows from the Schauder fixed point theorem applied in L

to the equation

"= (% I+ A)_l(f—— gx(, u))) .
Multiplying (3.35) by u, yields
(3.36) ;lbfu + (A%ny Wa) + (Uay Gul®y %)) <[ fllz= | %alse -

On the other hand, by (3.33) we have
U g, u) > |4||g.(2, )] — 2¢|u] — 24 ae. 22, YuecR.
Therefore

w Jot -+ [alonte, wl< 01t + 1)

Splitting f |%,|1gn (2, #.)] into f + f we see using (3.32) that YR >0

lual <R Jun|>R

2 Jt o+ Bflae, wl <l + om).
Thus

R
2 Jos o+ B[l <ol + 0@ + ks
and since ||u,|;.<C|u,|,, we obtain YR >0

R| Au,| 1< O, ]| 1 + O(R)
that is

3.37) [Aw, | <e|w,): + Cle) Ve>0.
Going back to (3.36) we find

(3.38) (Awu,, u,)<Clu,|,.+ C.
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Combining (3.37) and (3.38) and using (3.31) leads to
(3.39) lsl o< e, + Cle)  Ve>0.

CLAIM. |uy,|;: remains bounded as m — co. If not let [u,, [, — oo
and set v, = u,/||Uy,| .. It follows from (3.39) that v, — 0 in L'; next
— v in N(4) with ||»]|;. = 1. Finally setting ¢, = |u,,|,. we find

172”),;

f Vufn (@, Ea00) < ffv,, .

Passing to the limit as in the proof of Proposition I1.4 yields

fg+v + f g <ff'v
[v>>0] [v<0]
—a contradiction.

Therefore |, . remains bounded, as well as |uy,] 11, | A%,| ., (4%,, %,),
|9.(x, w,)||z: and |u,g,@@, u,)| ;. It follows from (3.30) that w, — w in Lt
and thus g, (», u,) — g(x, u) a.e.

We shall deduce from Vitali’s convergence theorem that g, (z, u.) —
— g{z, w) in L. We have only to verify that the integrals f ga(2, u,) are
uniformly absolutely continuous. By (3.32)

1ga(®, )| < halz) + %—I lgn(®, w)] VR>0, a.e. z€, YueR

and so

f 190y )| < f ha(o) + f g0, )] < f @) + 5 <e

provided meas. F < J (first fix B large enough so that O/R < ¢/2 and then
so small that [hy(@) < &/2 for meas. B < §).
;i

The conclusion follows directly.
Thus we find Au + g(x, u) = f. Q.E.D.

L4, Au+ g(x,u)=f for systems,

Corollary ITI.5 admits a partial extension to systems. Set H = (L*?,
u(w) = (u'(z), u*(@), ..., " (x)) and let 4:D(4)c (L)Y - (L*)¥ be a linear
operator having Property I with dim N(4)< oo. Let gz, u): QxRY -~ RY
be measurable in # and continuous in . Set (Bu)(x) = g(x, u(x)). In place
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of g, we consider now the recession function J, of g, that is J,: 2 x R¥— R
is defined by
Jo(@, §) = lim inf g(z, tn) 7 .

>4 co
n->§

Assume for some fiwved ¢ € L* and for every y >0

1
(3.40) u-g(=, u)>; lg(@, w)|* — e(@)|u| — d,(z)

a.e vecf, VueRY, dyec .
If fe (LY is such that

(3.41) f J,(x, v(e)) do > f fo  VYoeN(4), vs£0
[v#0]
then
fe R(A + B);
if in addition
(3.42) f J,(x, v(@)) do > f fo  VoeN(4), v£0
them [v#0]

feInt[R(4 + B)].

Proor¥. We apply Theorem III.1. Note that as in the proof of Pro-
position IL.4, (3.40) implies

J5(v) > fJ,(w, v(x))de VYve H
lv£0]}

(the integral f J,(%, v(x)) dr makes sense in (— oo, 4 oo] since J,(z, v(x)) >
[v#0]
> — c(m)|v(z)| a.e. xe Q).

Ezxample I11.1. Suppose G(z, u): 2 X R¥ —> Ris measurable in x, convex (!
in u. Set g(»,w) = D,G(x, u): 2XRY — R¥. Assume Y6 >0

(3.43)  |g(z, u)| <Olu| + hy(@) a.e. e 2, Yue RY with h,e L?

then (3.40) holds (see e.g. the proof of Proposition A.4 with w = 0). In this
case it is in fact sufficient to assume that (3.43) holds for some 0 < af2
(apply Corollary IL.7).

In case o = - co we may also handle «strongly nonlinear » systems.
For example Theorem III.6 can be generalized as follows (here we assume
meas. £ < o0).



284 H. BREZIS - L. NIRENBERG

THEOREM III. 6'. Assume A: D(A)c (L)Y — (L) is a linear maximal
monotone operator satisfying (3.29)-(3.31). Assume g(x, w): Q@ XR¥ — R¥ s
measurable in x, continuous in w and satisfies

(3.44) For some fized ¢ L” and for every R>0
u-g(x, u) > Rlg(x, u)| — olu| — dy(x) a.e. 22, YuecRY, d, e L.

Let fe (L®)N be such that (3.42) holds, then there exists w e (LYY such that
lg(e, w)| € L, w-g(x, u) € L', solution of the system

where A denotes the closure of A in L x L.
We omit the proof. It is quite similar to the proof of Theorem III.6.

ReMARK II1.4. Suppose G(z,u): 2xRY - R is measurable in g,
convex C'in u. Set g(x, u)= D, G(x, u). Assume g(x,0) e (L=)¥ and VR >0

ha(@) = sup |g(x, u)| € L

lul<R

then it is easy to check that (3.44) holds (proceed as in the proof of Propo-
sition A.4).

REMARK ITI.5. If we strengthen (3.31) asin Remark IT1.3, then we may
take fe L? and c¢e L? in Theorem III.6'.

CHAPTER IV

ELLIPTIC EQUATIONS

IV.1. L monotone; resonance at the first eigenvalue.

1V.2. Resonance at the first eigenvalue for second order equations.
IV.3. Resonance at any eigenvalue for self adjoint L.

IV.4. Elliptic systems.

In this chapter we shall apply our abstract results (except in Theorem 1V.4)
to semilinear elliptic equations of the form

Lu + g(@,u)=f.
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In IV.1-3 we treat several scalar equations; it is clear that many variants
and refinements of these models can be given. In the last section we treat
elliptic systems.

In the scalar case we take L to be a strongly elliptic operator of order 2m
with coefficients in C°(Q) though it is clear from the proofs that little regularity
is required when dealing with generalized solutions. For simplicity we con-
fine ourselves to zero Dirichlet data, but many other boundary conditions
could be imposed. As usual we denote by Hj the H™ closure of C°(2). We
may consider L as an unbounded linear operator L: D(L)c H — H where
D(L) = H*" N Hy. Clearly L is closed, R(L) is closed, N(L) is finite dimen-
sional.

Tn Section IV.1 we assume that L satisfies

(4.1) (Lu,w)>0 YueD(L).

Therefore L is maximal monotone (since AI + L is onto for large positive 4,
by Garding’s inequality). Also we have R(L) = N(L)* and thus L has
property I of I.1 with « = 4 oo. Zero is therefore the first eigenvalue of L
when N(L) = {0}.

We treat nonlinearities of the form Bu = g(x, u(x)) where g: 2 XR - R
is measurable in , continuous in w%; set

¢, (@)}=lim inf g(x, ) , g_(x) = lim sup g(z, u) .

>+ 0o U—>— 00

In IV.1 we consider two cases, g has at most linear growth in u, or g has
unlimited but one sided growth (for example g(x, u) >0 for >0, g<0 for
%<0, but no other growth condition is imposed on g). In the second case
we obtain only weak solutions and the results are related to those of Me-
Kenna, Rauch [McK-R] and De Figueiredo, Gossez [DeF-G].

In IV.2 a different method based on sub and supersolutions yields the
existence of smooth solutions for second order equations. In IV.3 we treat
non-monotone self adjoint L, for example L = — Au— A, u, with 1, an
eigenvalue of — A other than the first one.

Finally in TV.4 we treat some special elliptic systems for pairs of scalars

U = (Z;)’ for example with linear part of the form

+ 442 0 ) ( 0 ——A-—ﬂ)
or .
( 0 + 4+ ul A+ AT 0



286 H. BREZIS - L. NIRENBERG

For the nonlinear term B = g(x, %) we take a gradient operator or a mono-
tone operator which is o(|u|*) . Four different types of examples are presented.

IV.1. L monotone; resonance at the first eigenvalue.

Assume

4.2) lg@, )| <Olu] + bx) a.e xe, VueR
for some 6 >0 and be L2,

4.3) u-g@, u)>— c(@)ju| — dz) a.e ze, VueR
with ¢e L?, de L1, ¢>0, d>0.

ProrosITION IV.1. Assume (4.1)-(4.3). Let fe L2

If
(4.4) fg+v+fg_v>ffv Yoe N(L), v 0
[v>0] [v<<0]
then f e R(L + B).
If
(4.5) fg+v +fg_v >ffv Yoe N(L), v 0
[v>>0] [v<0]

then fe Int [R(L 4 B)].
In addition if b e L™, f € C*, g € C* then the solution u of Lu -+ Bu = fis C*.

Proor. In the proof of Cor. III.5 we have seen that (3.18), (3.19),
i.e. (4.3), (4.2), imply (3.24); existence therefore follows from Theorem III.2.
The proof of the regularity of the solution is a standard bootstrap argument.
Let we H*™ N Hy be a solution of Lu -+ Bu =f. If m > n/4 it follows
that « is Holder continuous. Then all (x, ) derivatives of g are bounded.
Continuing in this way we find easily with the aid of the Schauder esti-
mates that we C°. If m < n/4, it follows from the Sobolev inequalities
that we L” for 1/p = % — 2m/n (if m = n/4, ue L?, Vp < oo). From (4.2)
we deduce that g(x, u) e L®. By the elliptic regularity theory we infer that
u € H®™?, Applying Sobolev once more we find that either  is Hélder con-
tinuous or belongs to L? with 1/¢ = 1/p — 2m/n = 1 — 4m/n. Continuing
this way we see that « is continuous and then as before u is necessarily in *.
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We now drop the growth restriction (4.2) and prove the existence of
generalized solutions.
Asgsume

(4.6) YE> 0, sup|g(x, u)|eLlr.

lu|<R

PROPOSITION IV.2. Assume (4.1), (4.3), (4.6). Let fe L% If (4.5) holds,
then there exists a weak solution we Hy, of Lu 4 Bu = f with w-g{w, u) e L*
(so that g(w, u) € LY).

Proor. It relies on Theorem IIT.6 (or more precisely Remark IIL3).
Here we have in fact

(4.7) |ul%m < O[(La, w) +|Lu]Z]  Vue D(L) N R(L).
Indeed by Garding’s inequality

|4 gn< O[( L, w)* + |u]]  VYue D),
and (4.7) then follows provided we can show that
(4.8) %)% < C((Lu, w) + |Lu|2) VYue D(L) N R(L)

for some constant C. Assume (4.8) does not hold. Then there is a sequence
w, € D{L) N R(L) with

w,|zo =1 and (Lu,,u,) + |Lu,|% —0.
In virtue of Garding’s inequality above we see that
[#,]|z»<C independent of = .

Consequently a subsequence, still denoted by w,, converges strongly in L2
to some function » e Hy and since |Lu,| ;. —0 we see that we N(L), i.e.
% 1 R(L). But we R(L) and |u|,. = 1-contradiction; (4.8) is proved and
so is (4.7).

REMARK IV.1. Using (4.7) it is not difficult (via the same proof as in -
Theorem III.6) to verify that we need only assume fe L? and ¢e L? (c oc-
curs in (4.3)) where p is such that H?c L* (i.e. p =1 for m > n/2, p>1
arbitrary for m = n/2, and p = 2n/(n 4+ 2m) for m < n/2).
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CororLrLARY IV.3. Assume now that g(x,w) is non decreasing in w,
9(x,0) =0, g(-,u)e L', Yue R and for some constant C, |g(x,— u)|<
< Olg(x, w)| a.e. € 2, Vue R (for example ¢ may be odd in «). Then the
operator Auw = Lu -+ Bu with

D(A) = {u e Hy; ug(x, w) € L', Lu + g(», u) € L?}

is maximal monotone in H. Here Lu is meant in the distribution sense; for
u € D(A) we see that g(x, u) € L' and hence Lu e L.

PrROOF. A is monotone, i.e. Yu, v € D(A)

(Zw — Lo, u— v) + [[g(z, w) — (o, v)]@ — 1) > 0.
o

By hypothesis, the first term is non-negative and we have only to verify
that the integral is well defined—which is easy to do using the conditions
on ¢ since |g(w, w)-v| <max(g(x, u)-u, g(,v)-v, |g(x,—v)v]). To prove
that A is maximal, it suffices to show that given any fe L2 we can solve

%+ Lu + gle,u) =f.

We are reduced to Proposition IV.2 with 7 + L in place of L. Since
N(I 4+ L) = {0}, (4.5) holds for any fe L* Q.e.d.

REMARK IV.2. Assume g is C®. If g has a «mild » polynomial growth,
it is a straightforward bootstrap argument (as in the proof of Proposition IV.1)
to show that fe C° implies # € C*. In the general case we don’t know any
regularity result, and in fact we believe that the solution need not be smooth
except when L is of second order—see the next section.

IV.2. Resonance at the first eigenvalue for second order equations,

In this section we consider I of second order and permit g to have un-
limited but one sided growth in w. Here we make use of sub and super-
solutions of the equation and consequently we can treat the most general
elliptic second order operator

Mu=—3 a’u,, + 3 du, + au
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with coefficients in C=(2); a” is positive definite. We consider Dirichlet
boundary conditions % = 0 on 9. The first eigenvalue 1, of M (i.e. with
smallest real part) is real and, as is well known, the eigenspace is spanned
by a function v, > 0 in . Let w, > 0 be the corresponding eigenfunction
for the adjoint operator M* — 4,. Writing M — 4, = L, we wish to solve

4.9) Lu + g(@,u) = f(®), =0 on 24.

Since we may add a constant to 1, we may assume a(x)>0 in £; then 1, > 0.
Assume

(4.10)  wu-glz, u)>—c(@)|u] ae e, YueR

with ee L?, p >», ¢>0, v = max(1, n/2) .

(4.11) YR> 0, suplglxz,welr p>w.

lul<R

THEOREM IV.4. Assume (4.10), (4.11). Let fe L” be such that

(4.12) f g W, > f fw, > f g1,

then there exists a solution we C N H} of (4.9). Furthermore if g C° and
f€ C=, there is a solution u e C=.

Condition (4.12) is very close to conditions §, in Kazdan, Warner [K-W];
consequently the theorem is almost contained in their Theorem 2.5.

Proor. By considering g(w, u) — f(x) we may always assume that f = 0.
We will construet a supersolution % >0, i.e. w will satisfy

Lu + gz, #)>0 in Q, u>0 on 082.
Let
hj(w) = Inf g(w,u) j=1,2,...

ueC(2)
u22§v,

Clearly h; is an increasing sequence and as j — oo, h(x) — ¢.(¥) a.e. in Q2
so that fh,,.w1 —>fg+w1. Fix k so large that fhkw1> 0. Since —e<h,<
<g(z, kv,) we have h, e L”.
Setting
B — Jhiw,
Jows

19 - dAnnali della Scuola Norm. Sup. di Pisa
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we find
i) 7, > 0,

ii) there exists a solution w,e H, N C (since p >») of
Lty = — hy + By .
For uw = u, + ¢ + pv,, with £ >0, y> 0 to be chosen, we have
Lt = —hy,+ by + (@ — A)e.

Now choose ¢ = ﬁk/ll' and then u so large that %> ko, (this is always possible
since %, + ¢ >0 on a neighborhood of 9Q2). Thus Lu + g{w, %) >— M
~+ ae + k., >0. Similarly we construct a subsolution u<0.

The existence of a solution # of (4.9) with v <% <% is quite standard.
We sketch a proof: Set

w(x) if ul@)<r
T@,r)y={r if u(x)<r<ux)
u(x) if r<u(x).
Using the Schauder fixed point theorem we see that there exists a solution
we Hy N H*>® (so  is continuous) of
(4.13) Mu + f(», T(x, u(x)) =0 in 2, =0 on 022,
where

f@,r) = — Air + glz, 7).

We claim that w(x) <%(r). Suppose u > % somewhere. In the set £ where
the function w = u — % is positive, w is a generalized solution of

— S d'w,, + 3 dw, = — (L + g(@, @) —aw<0 in O, w=10o0n2d30.

By the generalized form of the maximum principle, see for instance The-
orem 2 in Littman [Li], it follows that w<0 in 2, i.e. w<% in Q. Similarly
% >4 and therefore (4.13) leads to (4.9). In case g and f are in C* one shows
in the usual way that ue C*.

ReMARK IV.3. The proof of Theorem IV.4 does not rely on our abstract
results. If we restrict ourselves to a self adjoint case, say to M = — 4,
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we can give an alternative proof of the theorem. First we apply Proposi-
tion IV.2 to obtain the existence of a generalized solution u e H} of (4.9)

such that ug(x, ) € L. Next, a bootstrap argument yields 4 € . Indeed,
multiplying (4.9) by |%|* 2% we obtain

(=01 () < [Calul + e

(the integration is justified by a truncation of the function |u|®2u).

Noting that
oul: [2 9 2
~2 4 )= |- — a2
i (800,.) [q 0x; i ]
and using Sobolev’s inequality we find

w7230 < O [ (halul + lol) gt

‘where

Thus for r = ¢2*/2,
lullgr < O(hyf]ge + lo] zellulzz)

(provided g<p). Starting with ¢ = 2 we end up with v e L*. Finally we
multiply (4.9) by (u — k)*, £>0 and obtain

f]grad (w — k)+12<f(21|u| + le])(w — k).

Since A,ju| - |¢] € L and p > we may proceed as in Stampacchia [Sta],
Chap. 4, to conclude that e L®. The second method is more involved
than the first one, but it shows that every generalized solution is smooth pro-
vided all the data are smooth.

REMARK IV.4. As a direct consequence of Theorem IV.4 we obtain
the following. Assume (4.10) (4.11) and that fe L?, p > ». Let u(z) e C(£2)
with u<4,in Q, us 4,. Then there exists a solution u € Hy N H>® of

My —pu+gl@,u)=f in Q, u=10 on 0f2.
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Indeed we write the equation as
My — 2qu + §(@, u) = f

where § = ¢ + (4, — p)u, so that now fg‘iwl = 4+ oo and (4.12) therefore
holds for §.

IV.3. Resonance at any eigenvalue for self adjoint L.

We assume now that + L or — L is a (scalar) self adjoint elliptic operator
of order 2m with zero Dirichlet boundary condition. Thus L can be viewed
as a self adjoint (unbounded) operator L: D(L)c H — H where H = L¥Q)
and D(L) = H* ()N Hy(£2). Clearly L is closed R(L) = N(L)*, N(L) is
finite dimensional and L—1: R(L) — R(L) is compact (in other words L has
Property I).

We denote by o the largest positive constant such that (Lwu,u)>
> — (1/e)|Lu|?, Yu € D(L) and we assume that « << 4 oo (the case o = + oo,
i.e. (Lu,u)>0, Yu € D(L), has been considered in previous sections).

Example (a). Lu = — Aw — Au, D(L) = H?* N H} for some 4> 1, (the
first eigenvalue of — A), then « = A — 4 where 4 is the nearest eigenvalue
of — A strictly less than 4.

Example (b). Lu = Aw -+ Jw, D(L) = H* N HL, J real, then ¢ = 1— 1

where 1 is the nearest eigenvalue of — A strictly greater than 1.
Let g(x, u): 2 xR > R be measurable in # and continuous in u. Set

(Bu)(@) = g(z, u(®)), g, (#) = lim inf g(z, u), g_(v) = lim sup gz, u) .

%—>+ oo Y—>— 00
Assume
(4.14)  |g(w, u)| < y|u| + bx) ae e YueR, y<a bel?,

4.15)  w-glx, u)>— c(x)|u] — d(x) a.e. xcQ, VuecR, ceL?, de L'.

Given f e L our purpose is to solve Lu 4+ Bu = f. We prove «roughly » that

(4.16) fg+v +fg_v>ffv Voe N(L), v+ 0

fv>0] [v<0]
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implies fe R(L + B) and

(4.17) fg+v +fg_v >ffv Yoe N(L), v 0
[v>0] [v<<0]
implies fe Int[R(L + B)].
Unfortunately we have not been able to establish a result of this generality.

‘What we prove is that the conclusions hold if we add one of the following
conditions:

(4.18)  |g(w, w)|<ylu| + b (x) ae wel, YuecR, Vp>0, b el>.
(419) g_(r)<g.(x) ae.in Q.

TarRoREM IV.5. Assume (4.14) and (4.15) and one of the condi-

tions (4.18) or (4.19). Then (4.16) implies f € R(L + B), and (4.17) implies
feInt[R(L + B)]. In addition when f € C* and g<c C®, then we C™.

ProoF. The existence part is a straightforward consequence of Corol-
lary II1.5. Regularity is proved as in Proposition IV.1.

CoroLLARY IV.6. Assume (4.14) and (4.15) as well as one of the condi-
tions (4.18) or (4.19).

Assume in addition that there exists w, € L2 such that g(z, u,(x)) € N(L)*
and

(4.20) 9.(@) > gz, (), g_(®) < g(@, uo(®)) a.e. on Q.

Then there exists w e D(L) solution of Lu -+ Bu = 0; furthermore if ge C%,
then u e C=.

Proor. We apply Theorem IV.5. We have Vve N(L), v=£0

fyw +fg_v =f(g+ — 9@, w))v +f(g_ — g(@, u))v>0.

[v>0] [v<0] [v>01 [v<0]

ReMARK IV.5. In case L satisfies a unique continuation property, meaning
that v= 0 is the only v € N(L) which vanishes on a set of positive measure,
then the result of Corollary IV.6 holds with (4.20) replaced by
(4.20') 9.+(@) > g(m, m(@)) ,  g_() < (@, up(x))

a.e. on some set F c 2 of positive measure.
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Exgample: Bu = g(z, u) = a(z)g,(w) with >0, ae L=, a = 0, g, continuous
nondecreasing in u, g;(+ o0) = £ oo, |g@, u)|<ylu| + C, YueR, y< a.
Then L 4 Bis onto L2 Cor. IV.6 contains (essentially) Theorem 2 of Berger,
Schechter [ B-S].

IV.4. Elliptic systems.
For elliptic systems of the form

Au + gl@,w) = f(z) in Q

under suitable boundary conditions, with 4 an elliptic operator acting on
w = (ul, ..., u"), it is clear that we may find suitable extensions of the results
of Sections IV.1 and IV.3 for functions g satisfying (3.40), (3.41) and (3.42).
We may simply apply Cor. II1.5 as adapted for systems at the end of §TII.2,
as well as Theorem III.6’ and the related remarks.

Rather than restate these results for systems we shall take up some
others—confining ourselves to rather simple systems for a pair of scalar func-

tions u = ZJ . It will be clear that these, in turn, permit a great variety
of extensions and modifications.
Example IV.1. Assume - L or — L, - M or — M are scalar, strongly

elliptic, operators having Property I in L*Q) with D(L)=D(M)= H*"NH.
(They might even have different orders.)
v Lv
Set A wl = 3w
D(4)= (H*™ N H™? and «= min(x;,a,) (where (Iv,v)>— (1/oy)|Lo|?,
Vv e D(L), (Mw, w)> — (L/ay,)| Mw|* Yw € D(M)).

so that A has Property I in H = (L%)? with

Set B Y (P where
w Puw

(v, w) =f(1 + a0 4 b2t 4 2wt 4 d*wt)ide
2

and a, b, ¢, d are nonnegative constants, i.e.

__atv 4 2b%® ctw -+ 2d*w?
PETIE T

Assume

(4.21) max(b, d) < }o .
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TaEOREM IV.7. There exists a solution u = (:’0) e D(4) of

Au—[—Bu=f=(i)

in each of the following cases:

(4.22) b>0 and d>0,

4.23) b>0, d=0 oand cf1w| >fnw Ywe N(M), w0,
424) b=0, d>0 and aflv] >f§v Vo € N(L), » #0,
4.25) b=0, d=0

and

J‘\/azv2 + czw2>f£v +nw VoeN(L), Ywe N(M), (':Jv);ﬁ 0.
Furthermore v, we 0 if & ne C=.

Example. Lv = Av + Av, Mw = — Aw — uyw so that o« = Min(i1— 4,
¢ — u); see examples (a) and (b) in §IV.3 (we set u = — oo in case < iy,
the first eigenvalue of — A).

Proo¥r. We have ¢(u)<plu|2+ C for any ¢> max(b, d). By Proposi-
tion A.1 we see that B = O¢ satisfies (2.12) with y << . We may there-
fore apply Corollary I1.7. Notethat Jz(u) = lim @(tu)/f (see Proposition I1.3)

{—+ oo

and thus for # = (:}) =£ (0 we find

if 5>0,d>0

+ oo or b=0,d>0, w%0

or b>0,d=0,v+%0,

Ialu) = ool if b=0, d> 0, w=0,

of | if 5>0,d=0,v=0,
[VarpP + ewlr it b=0, a=0.

The smoothness of «# is proved as in Proposition IV.1.
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REeEMARK IV.6. Let
Qa, v, 1) = (

q(@, v, w)

): QxR -~ R:
(@, v, w)

be measurable in 2, continuous in v, w and such that

Sunp’ (la(x, v, w)| + |r(x, v, w)]) € L.

V,WE.

Assume

lim g(z, tv, tw) =0 ae. xcf, VveR, v£ 0, YweR

{—>- o0

lim r(w, to,tw) = 0 a.e. €, VveR, YweR, w==0.

t—+ oo

Then the equation Awu -+ Bu - Qu = f has a solution provided one of the
conditions (4.22)-(4.25) holds. It suffices to apply Corollary I11.3.

Erample IV.2.

We discuss now an example where B still has linear growth—but not
small with respect to one of the unknowns.

L and M are the same as in Example IV.1 and we assume in addition
(Mw, w)>0 Ywe D(M) so that « = o, (since o, = + o0).

Assume B is the same as in Example IV.1, but in place of (4.21) we
assume only

(4.26) b< }a

(and no assumption about d).

THEOREM IV.8. There exists a solution w = (Z;) € D(A) of

Au—l—Bu:f:(i)

provided one of the conditions (4.22)-(4.25) holds.

H,= {(g), ve R(L)}

H,=— {(z)), veN(L) and we LZ}

Proor. Set

80 that H = (L?)® has an orthogonal decomposition H = H, ® H,.
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Clearly A, = Ly npqy 18 one-one onto with compact inverse, while
U ——

w|]  \Mw
On the other hand we have Ye >0

A, is maximal monotone.

pu)<(®d 4 g2+ Clw) VYueH
and in particular
() < (b + &)|u,? + Clu,) VueH
which implies (see Proposition A.1l) that
(Bu — Bw, % — v)>% IByuf2— Cv,w) Vu,v,weH

for some y < a.
Thus Theorem I.10 applies and we find

R(A 4+ B) ~ R(A) 4 conv R(B) .
Finally we conclude with the help of Propositions I1.5 and I1.6 that

Js(u) > (f,u) VueN(4), wuz#0=feR(A+ B)
Je(w)> (f,u) VYueNA), u=0=fecInt[R(A | B)].

REMARK IV.7. In Theorem IV.8 M need not be linear. For example
suppose M is a (nonlinear) maximal monotone operator in L2 with

M0 =0. Assume d>0 and 0<b < }a then the equation Au -+ Bu = f
is solvable provided (4.22) or (4.24) holds.

Proor. Theorem I.10 still applies and we find
R(A 4+ B) ~ R(A) + conv R(B) .
If 5> 0 we have @(u) > d|u|2 Yue H and some 6 > 0. Thus B is onto and so

A -+ B is onto.
We consider now the case b = 0. By assumption

af|v| >f5w Voe N(L), v 0
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and so
ajlv[ —f§v>cof|v[ Vv e N(L), some ¢,> 0.

Let a — ¢, < ¢’<< a 8o that
a,’f]v[ —f&v>c{, [v] Voe N(L)

with ¢, = a'— a + ¢, > 0.
On the other hand we have Vve L2, Ywe L2

o(v, w)>a,’f|v| + (5f|w[2 for some 6>0.

Thus for any e L?
(v, w)——fév—fnw>c.§ﬁv] —]——g w2—C YveNXL), Vwe L.
Minimizing ¢(v, w) —va —fnw over N(L)xL® we see that

(8 (YD
1=(0)e (")) + ey Ry + Remy

and in fact feInt[E(4) - R(B)] g.e.d.

Bxample IV.3.

We discuss now an elliptic system of the form Au -} Bu = f where B
is still monotone—but is not a gradient operator.
Let @(v, w) be a O function satisfying ¢,,>0, ¢,,<0 and

oale)=( )

v
Assume A =
w

2
lim 12l ol o

Wi+ iwi>oo (9] T+ |w]

Lo
Mw
c L? — L* has Property I with dim N(L) <+ oo, and M: D(M)c L — L? is
a linear maximal monotone operator with closed range, and dim N (M)<< + oo.

: D(A)cH -~ H, H = (L*)* where L: D(I)c

THEOREM IV.9. Let fe H be such that

lim (B(tu), ) > (f, ) VYueN(4), u=x0.

t—>+ o0

Then the equation Aw -+ Bu = f is solvable.
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Proor. We use the same orthogonal decomposition H = H, ® H, as
in the proof of Theorem IV.8. B is monotone since the quadratic form

associated with ( z’”’ (;”“’) is positive semidefinite.
T $owy T Youw

On the other hand Ve > 0 we have
lpo| + ol <e(lv] + |w]) + C, VoeR, YweR.

Thus in particular we find

2
lim |Byu|? 4 | By _
tul—>co ]
H

Ue

0

and therefore Theorem I.10 yields R(A 4 B) =~ R(A) -+ conv R(B) (see
Remark I1.6). Also Jy(w) = Iy (u)= lim (B(tu), w) by Proposition IIL.2.
>+ o0

From Proposition I1.6 we conclude that

I} gy(w) > (f,w) Vue N(4), u=0
implies
feInt[R(4) + conv R(B)].
Example 1V 4.

Assume -+ L or — L is a strongly elliptic operator of order 2m, L: D(L) C
c L* — L* with D(L)= H* N Hy. Let g,h: R >R be continuous non-
decreasing functions.

THEOREM IV.10. Let f = (j) € (L>)? be such that

g.v —l—fg_v >f§’v Vv e N(L*), v= 0

fv>01 [v<0]
(4.27)
h, w +fh_w >f77w Ywe N(L), w=£0.
[w>0] [w<<0]

Then there exists a solution u = (ZJ) € (L?)? of the system

Lw + glv) =&
— I*v -+ bw) =9

with vg(v) € L', wh(w) € L, where L and L* denote the L x L* closures of L
and L*.
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Proor. We apply Theorem III.6’ with

v Lw
A():( ) D(A) = (H» N Hr)?.

w — L*vp

Clearly A is maximal monotone; indeed A* = — A so that {Adu, 4> =
= {(A*u, u) = 0. Hence A is maximal monotone since 4 is closed and
A, A* are monotone (see [Bré-1]).

We rely on the following known facts

a) The sets
foe D(L*); o u<, [ L*o] <1}

and
{we D(L); |w|,<1, |Lw|,<1}

are relatively compact in L2,

b) L? has orthogonal decompositions:
IL2=RL)ON(IL*) and H=RI*P NIL).

Set v = vpy + Vyweys W= Wye + Wyy-
Then we have
loagyllzs <ClL*v|,  Yve D(L*)

n<O|Lw|, VYweD).

| Wy

Properties (3.30)-(3.31) follow from a) and b).

Example. Given le R, & ne L™, there exist ve ¢ and we L* solu-
tions of the system

—Aw—Aw 495 =& on Q
(4.28) Av + v +wd=19%n on Q
V= w=>0 on 202.
System (4.28) can also be solved by a different method. Indeed let V and W

be reflexive Banach spaces. Let A: D(A)c W— V' be a linear densely
defined closed operator. Let A*: D(A*)c V— W' be its adjoint. Set

v Aw
A():( ):D(A)chW—>V’><W’
w — A*v
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where D(A) = D(A*) = D(A*) x D(A). Clearly A* = — A so that (Au, u) =
= (A*u, uy = 0, Yue D(A). It follows (see [Bré-1]) that A is maximal
monotone. Thus if B is any monotone demicontinuous coercive operator
from VX W into V' x W', then A 4+ B is onto.

In particular if we choose V = L¢, W = L4 Aw = — Aw — Aw with
D(A) = {we It N W25 and v = 0 on 02} so that v = — Av — Av, with
D(A*) = {ve Lt N W43 and v = 0 on 082}, we see that (4.28) has a unique
solution in D(A*) x D(A) (uniqueness is obvious since B is strictly monotone).

EHrample IV.5.

Assume - L or — L is a strongly elliptic operator of order 2m, L: D(L) C
c L — L* with D(L) = H*" N H}.

Let g, h: R — R be continuous nondecreasing functions such that

lim g—(Q_—_lim M:o.
frl~>co T >0 T
TaeorEM IV.11. Let f = d € (L?)? be such that (4.27) holds. Then there

Ui
exrists u — (Z)) € D(L*) x D(L) solution of the system

LIw +g(v) =§
L*v + hw) =7 .
Proor. Set H — (L3, A |° | = (¥ with D(4) = DI* xDE) so
) o P \w] T \L* o

that A has Property I with dim N(4)< oo.
We may apply Corollary IL.7 (here (2.12) holds with any y > 0). On the
other hand

Jp (Z}) =J‘g+v —}—fg_v +fh+w —}—fh_w .
[v>01 v<01 [w>0] [w<0]
CHAPTER V

PARABOLIC AND HYPERBOLIC APPLICATIONS

V.1. Parabolic equations.
V.2. Nonlinear telegraph equations.

In the preceding section we have always taken A to be an elliptic partial
differential operator. However, our results apply equally well to parabolic
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equations and to hyperbolic time periodic equations with dissipation. A few

simple illustrations are presented here.
If V.1 we consider

w,— A4 — A+ gl@, t,u) =0
and treat first the initial boundary value problem. We then consider the
problem of finding solutions periodic in time, assuming A is an eigenvalue
of — A, the first or some other eigenvalue. Finally we treat a parabolic
system with initial and terminal conditions.

V.2 is concerned with hyperbolic equations involving dissipation, such
as the nonlinear telegraph equation

Wy — (4, — AU + ou, + gz, t,u) =0, for ze 2; u= 0 on 9L.

We seek solutions which are periodic in time.

V.1. Parabolic equations.

Example V.I. Initial boundary value problem for a parabolic equation

%?—Au—}—g(w,t,u):O in 2x(0,T)=¢
(5-1) w(@,t) =0 on g2x(0,7)=2
w@, 0) =0 zel.
Agsume
(5.2) gz, t,u): @x(0, TYxXR —> R is measurable in (z, 1),

continuous in % and

VR>0  Sup |glx,t, w)| € LYQ)

lul<B
(5.3) w-g(@, 1, u)> — o(@, 1)|u] — d(@, 1)
a.e. (x,t), Yu, ce L¥Q), d e L(Q) .

THEOREM V.1. There exists u € L*(0, T; HY) N L=(0, T'; L2) with ug(x, 1, u) €
€ LYQ) which is a generalized solution of (5.1).
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ProoF. We apply Theorem ITI.6 (or rather Remark IT1.3) in H = L*@)
with

D(4) = {u € L¥0, T'; H2 N H}), %—ELZ(Q), wx,0) =0 x¢c Q} .

Clearly A is maximal monotone, N(4) = {0}, and
(4w, w)> ol ul|rormy YueD(A), some ¢, > 0.
On the other hand, the set
{ue D(A); |u]pe<1, [Au]g<1, (4w, w)<1}

is relatively compact in LY(Q) (see [B-H-V]). Therefore (3.30) and (3.31)
hold. Remark III.3 yields the existence of a generalized solution « e L*Q).
The additional properties u e L*0, T'; H;) and ue L*(0, T'; L?) are easily
established by a direct argument.

REMARK V.1. Under slightly stronger assumptions we may construct
bounded sub- and super-solutions; a bootstrap argument yields then u e C*
when all data are smooth. Assume

(5.4) VR>0 Sup gt u)|elQ) p>n-1,

lul<R

(6.5 u-g(w,t, u)>— clz, t)ju| a.e. (z,1), YueR, ce LP(Q), p>n+ 1.

Then (5.1) has a solution % e L*(Q). Indeed we construct a supersolution
#%>0. Let u, be the solution of

ou,

E‘f— Auy = e(x,t) on Q
Uy t) = 0 on
Uo(z, 0) = 0 on 0.

Since ¢ L*(Q), p>mn -+ 1, u,c C(Q). Then @ = u, + u (with gz chosen
large enough so that u>0) satisfies
ou

R AU 4 g(@, t, u) = o(x, 1) + g(@, , U) >0

(by (5.5)).
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Example V.2. Periodic solutions in time; resonance at 1.

Congider a simple model problem:

.E;_?_Au—llu—}—g(w,t,u)z() in @
(5.6) u(w, t) = 0 on X

wz, T) = u(x,0) on Q

where A; denotes the first eigenvalue of — A with zero Dirichlet boundary
condition.

THEOREM V.2. Assume (5.2), (5.3) and

(5.7) fg+'vl >0 >fg_'v1 .
Q a

Then there exists a generalized solution
we L0, T; HY) N L>(0, T; L?) of (5.6) with ug(x, t, u) € LXQ).
Proor. We apply again Theorem II11.6 (or rather Remark IIL3) in
H = L*¥Q) with

ou
Auzﬁ-—— Au— du,

ou

D(4) = {u € L0, T; H* N HY), —

eL*Q), ulxT)=w0), ve -Q}

so that N(A) = {Av;; A€ R}.

REMARK V.2. Here again, as in the proof of Theorem IV.4 we may
construct bounded sub- and super-solutions under the agsumptions (5.4), (5.5)
and (5.7), and thus obtain the existence of a bounded solution w for (5.6).

Ezample V.3. Periodic solutions; resonance at 2.

Let L be a self adjoint strongly elliptic operator of order 2m, L: D(L)cC
c L? - L* with D(L) = H* N HY, and let o be the largest constant such
that (Lu, u)> — (1/e)|Lu|? Yu € D(L).

Consider the problem

Z_;‘ + Lu + g(@, t, w) = f(x,1)  in Q
(5.8) w(-,t) e HY Vie (0, T)
w(z, 0) =ulx, T) wef.
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THEOREM V.3. Assume (4.14) and (4.15) and one of the conditions (4.18)
or (4.19) (where x is replaced by (x,1)). Assume

f g.v + f g_v >ff-v Voe N(I), v+#0.
[(x.t)eQiv>0]1 [(x.1)eQiv<0] Q

Then (5.8) has a solution. In addition if fe C° and gc C°, then u e C™,

Proor. Set H = L¥Q), Au = ou/dt + Lu with

D(A) = {u e 10, T; H*», N H7Y), %EB(Q), w(z, T) = u(z, 0), weQ}

Clearly N(A) = N(A*) = N(L) (since L is self adjoint).
Also, the set {uec H; |u|;<1, |Au|gz<1} is compact in H, so that A has
Property I. In addition we have

(A, u)>-§ |[4ulz  VueD(A)

(since |Au|%yg) = [0w/|3sq) + |Lut|3sq) and in fact « cannot be increased
since the inequality is true in particular for u € D(L) independent of ¢ (and
then it says (Lu, u)> — (1/«)|Lu|?). In other words we have proved that 4
and L have the «same «». We may therefore proceed as in the proof of
Theorem IV.5. The proof of the regularity of the solution is a standard
bootstrap argument (as in the proof of Proposition IV.1 except that we rely
now on the L” estimates for parabolic equations (see [L-S-UJ).

Example V.5. A parabolic system.
Consider the system

%’—Aw—}—v"* =& onQ
ov
(5.9) A +w =y onQ

v(z, ) = wx,t) =0 on X
v(z, T) = w(z,0) =0 on Q.

Systems similar to this oceur in control theory (J. L. Lions, personal com-
munication).

THEOREM V.4. Qiven & ne L™(Q) there exists ve€ L8(Q) and we LY Q)
generalized solutions of the system (5.9).
The proof is similar to the one in Example TV.4 and is left to the reader.

20 - Annali della Scuola Norm. Sup. di Pisa
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V.2. Nonlinear telegraph equations.

We now apply our results to a linear hyperbolic operator 4 with dissi-
pation of the form

Au = u, + Lu 4 ou,

acting on time periodic (period 2x) functions u(x, ). Here L is a linear self

adjoint elliptic operator in space variables # with coefficient independent of ¢

on a compact manifold £, or on a bounded domain £ c R" with suitable

homogeneous boundary conditions on # (say Dirichlet boundary conditions);

o 7 0 is a real constant. Furthermore u(x,?) might be vector valued.
Let

A< 0< i< < <A< A<

be the eigenvalues of L (zero may be an eigenvalue of multiplicity d) with
corresponding orthonormal (in L*)) eigenfunctions ...w_;, w,, w,, ....
Since we may expand 2m-time periodic functions on £ in the form

(6.10) w(@, 1) = Y, a;w;(w) exp [ikt]  a;_r = @5,

the action of 4 on such functions is easily determined. Take H = L*(2X
X (0, 27)), 27 time periodic. Then

(5.11) Au = a5,(A; — k* + iok)w;(x) exp [ikt] .

Clearly N = N(A) is finite dimensional, spanned by w,(x),..., w,(®), and
R(A) = N(4)t. Furthermore for f | N(4),

(5.12) f =2 euw;(x) exp [ikt] ,
'we have
(5.13) Af=3 A—_-k”’—;m w,() exp [ikt] -

Since |4;] — oo a8 |j| — oo we see that 4~ is a compact operator; A satis-
fies all the conditions of Property I with o = the largest positive number
such that

oa(A;— k%) + (A, — k)2 + 0?20 Vi, k
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i.e.

2k2
“"——inf kz—}s;—’—]?g‘:_—l* .

ik

Ag<k?

‘We may then apply our results to nonlinear equations of the form
(5.14) Au 4+ Bu= u, -+ Lu + ou, + g{=, t, u) = f(z, t)

where g, f are periodic in ¢ of period 2z. We assume N 5= {0}; the case
N = {0} was treated in a very extensive way by Prodi[P].

We deseribe some results for the scalar case; the extension of Cor. IIL.5
at the end of § II1.2 may be applied to systems. In the following all condi-
tions on integration refer to £ X (0, 27). Suppose g measurable in z, con-
tinuous in # and ‘

(5.15) g, t, w)| <ylu| + b (#,1), some y>0, b,e L.

(.16) u-g(®, t, w) > — c(x, t)|u| — di=z,t), oelL? delt.
Assume also that for

g.(x, t) = lim inf g(x, t, w), g_(x,?) = lim sup g(=, ¢, u)

u—>+ 0o U—>—

we have, for some ¢, > 0,

(5.17) ffg+wdmdt +Hg_wdxdt>fffwdmdt

[w> 0] 1w<0]
+ c.,[mwpdmdt]* Vwe N .
THEOREM V.5. In each of the following cases (5.14) has a generalized solu-
tion:
(i) g_<g, and (5.15) holds with some y << a.
(i) (5.15) holds for every y > 0.

Proor. Apply Corollary IIL.5.

Example V.7. Consider L = — A — 5 on a square Q: 0<2,<m, j =1,2
in the plane, acting on real functions u(x, t) which vanish on 9£2. The eigen-
values of L are all positive and of the form 7% - s2 — 5, r, 8€ Z_ (positive
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integers). Then N consists of functions of the form a sin 22, sin #,

-+ bsin @, 8in 2x,. If ¢ = + 1 it is not difficult to verify that o = 2.
Consider the corresponding nonlinear telegraph equation on the square

(5.14")  wy + u, — A, u— du + g, t, u) = f(,t) w =20 on 02.
Then, in each of the following examples, the equation (5.14') has a solution:

%3

(i)g=01+u2’

0 < 0 < 2; f arbitrary in L2,

(ii) ¢ = tanh—1u (L4sinu); feN-L.

A
(1 + i

3
(iii) g = 1_—|—%W -+ sinw®, C> }, f arbitrary in L2,

REGULARITY. It is natural to ask if the solutions in Theorem V.5 are
smooth—in case g, f, the coefficients of L and 90, are in ¢°. In low dimen-
sions we can show under some mild additional assumptions that they are,
and we sketch a proof—assuming zero Dirichlet boundary conditions on 2£2.
We shall suppose L of order two, but the discussion extends also to higher
order operators. We shall make use of the fact that for functions of the form

w(x) = z U, 0,(2)
the H! norm in £ is equivalent to
[Z lusf2(x + 14,)]F

First we investigate the regularizing properties of A-* represented by (5.13).
For f = > ¢jw;exp[ikt]e L? we see easily from (5.13) that u = A-'f
satisfies

2n

(5.18) [ [l + 3t + ) dsdt <o i3
0 Q

But in fact we may assert that

(5.19) [l + 3t P+ W) ao< o3 Ve
Q
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For the left hand side

L= 14 A+ R
<O22008 2 71— 1 ok’

1451+ k#0

)

and the result then follows easily from the inequality

©0 1 2
kz (iiklf—%< C(0) = constant independent of 1 for Ae R,
=1 —_

(5.20)
whose proof we omit.

A gimilar argument yields the following: If fe H™, m > 0 an integer,
then # = A-1f belongs to H™ and in fact

(5.9) f S Drupdo<Olili Vi

o lal<sm +

In Theorem V.5 our solution w e L?, and hence g{(z, ¢, ) € L?; % has the
form A-V[f(x,t) — g(x, t, u)](mod N). Since the functions in N are C%, it
follows from the preceding that » c H({2) for each t.

CLAIM. For n = 1 our solution u e C°(2x[0, 2x]).

Proor. Since uc HYQ), Vt, » is continuous in # for each ¢, and also
bounded. It follows then that g(z,t, u(x,?)) € H*. Applying the preceding
again we find e H? and so u(z,t) is continuous.

We may differentiate the equation with respect to ¢ and find that w,
satisfies

(5.21) Au, + g, + g u, = f;, u,= 0 on 08Q.

Repeating the preceding argument we find %, is continuous in « for each ¢,
uniformly in t—in particular «,is bounded. It then follows that g, 4 g,u,c H!
and so u,c H2 Differentiating the equation (5.14) with respect to x we
may solve for #,., in terms of other third (and lower order) derivatives of u,
and thus conclude that », € H2. Henece %,, 4, are continuous. And so on—via
repeated differentiations of the equation, first with respect to ¢, then with
respect to z, and repeated application of this argument.

CratMm. Under the additional hypotheses:

(5.22) lgl <C@ 4+ Jul), lgul<C
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our solution in Theorem V.5 belongs to C™ in case n<3. The same conclusion
holds for n = 4 if in addition we require

(8.23) 19, 190y 19ul<CAA4]u]), gl <C.

Proor. We know that v € H*. Under the new conditions on g we con-
clude that g(z, ?, u(z, t)) € H* and hence u € H2. As before u, satisfies (5.21)
and hence by (5.19), uy, ., € L3(82) Vi. Then, for each i,

f |Lu|*dr<C independent of ¢.
2

It follows from the standard estimates up to the boundary for elliptic oper-
ators, that

f |, ., PdB<C  Ve.
Q2
Thus

(5.24) f1D2u|2dw< c Vi

For n<3 we may infer that u(z, t) is uniformly Hélder continuous in
the x variables—in particular |u| is bounded while for n = 4 we find that
u e L*(£2) Vp < oo, Vi&. Furthermore by the Sobolev inequalities we know
that for n<4 wu(z,t) e Ly(Q) V.

Differentiating the equation (5.14) once more we find u,, satisfies

(6.25)  Auy + gy + 29,,% + 9% + 9% =fy =0 on Q.
Since u,ec L* it follows that

gu + 2gm,“’t + guu“% + guutte L2

and hence

(5.26) f (e + 3 Jthee,|) do< C Ve,

2

As before we find [|Lu,|2dw<(C V¢ and so
C

(5.27) f e, 2dE<C Vi
Q2
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Again from elliptic theory we infer from the inequality || Lu| 3o, < C, V¢ (here
we’ve used (5.26-27)) that

[theprdas0 Ve

2

For n<3 we conclude that u, and wu, are Hoélder continuous in z, in
particular they are bounded. And so on for »<3.

For n = 4 we infer that » is bounded and uniformly H¢lder continuous
in z; also w,, u, € L*(2) Vp < oo, Vi, and u, e L), Vi. Differentiating
the equation again we find %, = 0 on 98 and

Auyy = fuy — (g + 394, + 3G ¥ + Guna ™ + 34,y +

+ 39,,%%, + g4yl L*.
Hence
'f(luttttlz + {unmlz)div< ¢ V.
2

From (5.25) it follows that
f |Lugrde<C V¢
2

and hence by elliptic theory

[t ram<0 Vi
2

Differentiating (5.21) with respect to  we find
and again by elliptic theory

f iy 2d0< € V.
2

Differentiating (5.14) twice with respect to x variables we find

| Lu| grgy<C Vi
and hence
|’“|H‘(m <0 Vt.
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It follows that w,, u, are continuous in #. And so on. We consider the
claim to be proved.

For » — 5 we can prove that the solution is in C* under a slight further
strengthening of the conditions in the case » = 4, but the proof is more
complicated. For n>6 we do not know whether solutions are necessarily
regular.

APPENDIX A.

Some properties of monotone operators and gradients of convex functions.

We have collected in this appendix some technical properties of mono-
tone operators and gradients of convex functions.

Suppose H has an orthogonal decomposition H = H, ® H,. We write
U = U, + Uy, = Pyu - Pyu.

ProposiTiON A.l. Let B C 0y, ¢ convex continuous on H. Set B, = P, B.
Assume for some 0 << a/4

p(u)<Olw,|® 4 C(u,) Vuel

where C(u,) depends only on w,. Then for some y << o we have
(A.1) (Bu — Bw, u — v)>% |B,u|? — C(v, w) Vo, w, ue H.

Proor. Supposing B,u < 0, set & = B,u/|B,u|. By the convexity of v,
we have for 1 >0

p(v 4 AE) — p(u) > (Bu, v — u) + 1|B,u|

p(u) — p(w) > (Bw, 4 — w)
w(w) — y(v) >(Bv, w—v).
Adding
p( + A8) — p(v) > — (Bu — Bw, w — v) — C(v, w) + A|Byu| .
Since

p(v + A8) <O0lv, + AE|* 4 C(v,)
we find
A|Byu| < (Bu — Bw, u — v) + 04% + 20|v;] + C(v, w)
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that is

Bu——Bw,u;v) -+ C(v, w) 162,

|BLu| — 26|'01]<(

Minimizing the right-hand side with respect to 1> 0 yields

|Byu| — 260]v,) <2VO[(Bu — Bw, u — v) + C(v, w)]

and (A.1) follows easily. Q.e.d.

Throughout this Appendix we denote by P an orthogonal projection
operator in H.

ProPOSITION A.2. Assume B is a monotone operator and set B, = PB.
Then
sup [B,v| = sup |Byv|=u.
wI=R

<R

Proor. For v € H with |v| < R we wish to show that |B,v| <u. Assuming
B,v+#0, set £ = B,v/|B,v|. Then the function r(1) = (B(v -+ 4£),&) for
%€ R is nondecreasing. Let 0 < i, be such that |[v -+ 1,£| = R.

We have r(0)<r(4,) i.e. |Buw|<|B(v + 4:8)|<pu.

PROPOSITION A.3. Assume B is a map from H into itself and set B, — PB.
Let &> 0. The following are equivalent:

for some y << o
(A.2) 1
(Bu — Bw, 4 — v)> ; |Byul2 — C(v, w) VYu,v,weH
(Bw — Bw, # — v)>— C(v, w) Vu, v,we H
(A.3) and for some y <«
(Bu—Bw,u——w)>?—1, [Byu|2 — C(w) Vu,we H .

ProoF. Since (A.2) = (A.3) ftrivially, we have only to show that
(A.3) = (A.2). For every ze H,

(Bw — Bw, u — (w + 2)) > — C(w, 2)
i.e. ‘

(Bw — Bw, 2)<(Bu — Bw, w — w) -+ C(w, 2) .
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Choosing z = (v — w)/e, with 0 <e <1 we find

(A.4) (Bu — Bw, v — w)<e(Bu — Bw, u — w) + C(e, v, w) .
On the other hand

(B# — Bw, 4 — v) == (Bu — Bw, 4 — w) + (Bu — Bw, w — v)
= (1 —¢&)(Bu — Bw, u — w) -} ¢(Bu — Bw, 4 — w) + (Bu -— Bw, w — v)

>= —— 1Byl — (1—#)0(w) + (Bu— Bu, v— ) — Cle, v, w)
+ (Bu — Bw, w — )

by (A.3) and (A.4),

1—e

|Byult — (1 — &) C(w) — Cl(e, v, w) o

This yields (A.2) for an appropriate choice of ¢.

PROPOSITION A.4. Assume BcC oy with y convexr continuous and sel
B, = PB. Assume for some a >0

. Biv| «
A5 lim su |—’—<—.
(A.5) oo p Wl <2 |

Then for some y < a we have

(Bu — Bw, v — v)>-71; |Byw|2 — C(v, w) Vu,v,weH.

ProorF. We have, by Proposition A.2,
|Biv|<0Olv| + C VveH, 0<af2.

But for u = u, + u,,
ld 1
i) — ) = [ i -+ ) 1< [|Bton +
0 0

1
V]
< |'u1|f[6t[u1| + 6|u,| + Oldt = 5 [ug|* 4 Oluy||us| + Cluy| -
0
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Therefore
(A.6) pu)<0'lu)® + Clus)  Yu, 6'< /4,

and the result follows from Proposition A.l.

REMARKE. We do not know whether the conclusion holds if (A.5) is re-
placed by lim sup |B,9|/|v| < .
>

Proposition A.4 and its proof are closely related to Proposition 4 in [B-B].

PROPOSITION A.5 (*). Assume B = 9y, y convex continuous B is demi-
continuous, and set B, = PB. Assume for some y >0

(A.T) (Byu — Byw, u — w)<ylu —w|* Yu,weH.
Then
(A.8) (Bu — Bw, u — w)>51; |Byw — Byw|? Yu, w e H

and also for any y'> v,

(A.9) (Bu — Bw, u — v) >% |Byu|t— Cp(v,w) Vu,v,weH.

REMARK. Proposition A.5 implieé in particular that for B = oy, pe (!
convex, the following are equivalent

(Bu — Bw, u — w)<ylu — w|? Vu,we H
|Bu — Bw|<y|u — w) Yu,we H
(Bu——Bw,u—w)>% |Bu— Bw|? Vu,weH.

The equivalence of the last two conditions is due to Baillon, Haddad [Ba-Ha},
gee also Dunn [Du].

ProOF: Property (A.9) follows from (A.8) since B is trimonotone (see

Proposition A.3). Thus we have only to establish (A.8). We decompose the
proof in 4 steps.

(*) We thank J. B. BairLron for some useful suggestions concerning this result.
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Step 1. Suppose M is a bounded linear operator which is self-adjoint,
positive semidefinite. Then

(PMu,u)<ylul? VYueH
implies
(Mu, u)>% |PMui> VYueH.
Proor. By Cauchy-Schwarz we have
(Mu, Pv)<(Mu, w)(MPv, Pv)}} VYu,vecH.
Choosing v = Mu yields

[PMu|? = (Mw, PMu) < (Mu, u)(MP Mu, P Mu)}
= (Mu, w)}(PM(PMu), PMu) < (Mu, u)t4}|PMu|. Q.e.d.

Step 2. Assume (A.7) and furthermore dim H < co, and wis C2. Then (A.8)
holds.

ProoF. Choosing w = w — tv in (A.7), dividing by t* and passing to
the limit as ¢ — 0 we find

(PMv,v)<ylp|? WweH

where M — B’(u) is positive semidefinite and self-adjoint.
Thus by Step 1,

(M, v) >71/ |[PMej*> VveH.

Finally

1
|Biu — Byw|? = ‘ fPB’(w + t(w — w)) (v — w)d?
[1]
1
<f|PB'(w 1 t(u — w)) (w — w)|2dt
(43

1
<yf(B’(w + t(u — w))(u — w), u — w) dt
0

= y(Bu — Bw, 4 — w) .
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Step 3. Assume (A.7) and furthermore: dim H < oo and ¢ is CL
Then (A.8) holds.

Proor. Let g, be a sequence of mollifiers on H tending to the delta
function. Set y, = g, % v, B, = 0y, = g, % B. Clearly

(PBou — PB,w, u — w)<ylu —w|* Vu,weH
and thus Step 2 yields
(B,u — B,w, u— w) >% |PB,w — PB,w|* Vu,weH.

As n — co the desired result follows.

Step 4. The general case.

Let X denote the finite dimensional space spanned by w, w, Bu, Bw,
Pu, Pw, PBu, PBw. Note that P(X)c X and therefore P(X')c XL, Set
Py = orthogonal projection on X. Clearly P, commutes with P. Set
@ = p|x 8o that ¢ is convex and

dp(@) = PxBxr for zeX.
For x,y€ X we find since P and P, commute
(P op(w) — P op(y), » — y) =
= (PPxBx — PPxBy, x — y) = (PBx — PBy, z — y) <yl — y|2.
By Step 3 applied to ¢ and P in X we derive Vo, ye X
1

(Pp(@) — o9(y);, ©—y) > |P op(w) — P op(y)|?

i.e.
(Bx — By, x — y)>)1—l |PPyBx— PP, By|?.

In particular

(Bu — Bw, u — w)>;}|PBu — PBw[*. Q.e.d.

PrROPOSITION A.6. Let 2 be a measure space. Let o>0. Assume
9@, u): 2 XR > R is measurable in x and continuous nondecreasing in u.
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Suppose
lglx, w)| <O|u| 4 h{z) a.e. 2z, YueR

with 0 << a and he L2
Set (Bu)(x) = g(, uw(x)). Then for some y < a
1
(Bu — Bw, u — v) >; |Bu| — C(v, w) VYu,v,weL?.

Proor. Clearly it suffices to prove that for some y <

(Bu — Bw, u — w)>:7]BuP—~ C(w) .

But
(Bu— B0, u—w) = [lg(0, 4)— g(0, w)]]u — |
2

> [lota, 0 — gte, ]| L =20 — o 20
2

>% |Bu|* — C(w)|Bu| — C(w). Q.e.d.

PRrROPOSITION A.7. Assume A: D(A)c H — H is a linear mazimal mono-
tone operator with dense domain and closed range R(A).
Assume

(A.10) (Au, u —v)>0(w) Vu,ve D(A)

(this holds for example if A is trimonotone).
Then there exists >0 such that

(Au, u)>Blu, |2 VYue D(4)
where u, denotes the orthogonal projection of u on R(A).
PROOF. A|p4ynr I8 One-one and onto R(A4).
A R(4) - R(A)
is a bounded operator and so there exists C such that

[o]<ClAv| Vve D(4) N R(4).
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On the other hand (A.10) implies (see [Br-Ha] Proposition 1) that there
exists C such that

|(Av, w)| < O(Am, w)t[|v]2 + |4v|®]} Vue D(4), Voe D(4).
In particular for ve D(4) N R(4) we find

|(4v, %)| < C(Au, u)}|Av|,
ie.
|(w, w)| < C(Au, w}|lw| VYue D(A), Ywe R(4).
This yields
[u] < C(Am, u)? .

APPENDIX B.

More general form of the main result.

In Theorem I.10 the nonlinear terms A4,, B were required to be mono-
tone. We now present a more general result in which we permit additional
terms which need not be monotone but which are required to satisfy con-
ditions somewhat like those in Chapter III. The results and proofs are then
a mixture of those of Chapter III and of Theorem 1.10. The conditions in
the results are technical and rather complicated, and they are presented
without applications, but with the thought that they may prove useful in
later work.

The getup is the following: H is a real Hilbert space with a given ortho-
gonal decomposition

H=H@pH,=P,H®P,H.
Conditions:

(i) 8: H, —» H, is a demicontinuous operator with |Su|<r|u| -+ C
and A, is an operator: D(4,)c H, — H, satisfying 4, = 4, + 8
is one-one and onto; 4! is continuous from weak to strong and
Yue D(4,):

(4,u, u)>-——§ |[dyulr— €
aolu) < | A u] 4 €

for some constants «, «, >0, and C.
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M,
into H, Sc H,, M(0) = 0 satisfying: for each wu, e H, the map
uy > M,(u, + u,) is maximal monotone; for each u,e€ H,, M, is
demicontinuous in ;. Furthermore

(i) M = (M1 is a monotone operator mapping D(M)=H,®d S

For some constant p, > 0, 7,>0, V6> 0, Vv e H, Jk(d),
C(v), such that Vue H

(B.1)
1
- [l < (M — Mo, u—1) + Tl + C@)3u] + ()
1
(iii) B = i‘ : H — H is a monotone demicontinuous operator with
2
B(0) = 0 satisfying
For some y,> 0, 7,>0, Y6 > 0, Yo, we H, 1k(4), C(v, w)
such that
(B.2) 1
)j‘ |Byu — S, | < (Bu — Bw, u — v) + To|u,|* + C(v, w)(0|u] + k(9))
2

YueH

(iv) @ = (gl): H — H with G(0) = 0 satisfies
2

(B.3) V6> 0, 30(8) such that |Gu|<d|u| + C().

G, is continuous from strong H,; X weak H, — weak H;;

@, is continuous from strong H, X weak H, — strong H,.
Furthermore, G, is compact, while @, satisfies:
For some y, >0, 7,0, Y6 > 0, V2, ve H, 3k(9), C(z, v) such that

(B.4) % 16l < (Gu— G2y 1w — v) + Tl + Oz, 0)(Olu] - (), Vu.

We always assume that y = y, + 9, + 9, and v =7 + 7, + 7, + 75 satisfy
1 71
-+ =<-.
a oy Y

(iv') Same as (iv) except that (B.4)is assumed to hold only for z = » = 0.
With N = M + G - B, we are interested in solving

(B.5) Ayu, + Nu=feH.
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THEOREM B.1. Under hypotheses (i)-(iv)
R(4,+ M + G 4 B) ~ R(A,) + R(M) + R(G) -+ conv R(B).
THEOREM B.1'. Under hypotheses (i)-(iii) and (iv'),

R(A;+ M + @ + B) ~ R(4,) + R(M) + conv E(B).

Next we give some conditions on f so that (B.5) has a solution. Assume
that we have an orthogonal decomposition of H,:

H,=H,®H, with dimH,< co.
Conditions on f:

(v) For every heHl®H; with |k| < r for some r > 0,
f+ he R(A,) + R(M) + R(G) + conv R(B).
(v') For every he H, ® H, with |h|<r,
f + ke R(A,) + R(M) 4 conv R(B) .
For ve H, recall the recession function

Jn(v) = lim inf (N (tu), u) .
t—t?oo

(vi) For every ve H,, v+ 0,
Jy(©) > (fy, ) .
THEOREM B.2. Under conditions (i)-(vi),
feInt R(4,-}- M + G + B).
THEOREM B.2'. Under conditions (i)-(iii), (iv'), (v') and (vi),
feIntR(4, + M + G + B).

We confine ourselves to a brief sketch of the proofs which are similar to
that of Theorem I.10.

21 - Annali della Scuola Norm. Sup. di Pisa
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LEMMA B.3. For any ¢ >0 and any fc H there is a solution of
(B.G) 8“25 + Alus —I“ Nus = j.

The proof is a bit different from that of Lemma I.11; the solution u is
obtained as a fixed point of a compact transformation T defined as follows:
For v = v, -+ v, define u, € H, as the solution of

ety + (M, 4 By)(vy 4+ ) = fo — Gyv..
Then set
Wy = A;I[fx — (M, + By)(v, + u,) — G4v]

and finally define w, € H, as the solution of
ew, + (My 4 By)(uy, 4 wy) = f, — Gyo .

The mapping v —w = Tv is well defined and one easily sees that a fixed
point of T is a solution of (B.6). Next one verifies that T is compact and
continuous and finally that for R sufficiently large

Tv£iv VveH, |vo]=R, Viz1.

Then T has a fixed point in |o| << R. The proofs of these facts are similar
but more involved than the corresponding proofs for Theorem I.10.
Next by an argument similar to the proof of Lemma 1.12 one proves

LEMMA B.4. Under the hypotheses (i)-(iv), if f € R(4,) 4+ R(M) + R(G) +
-+ conv R(B) then for any solution wu. of (B.6), cu,e —0 as ¢ — 0. If we
assume (1)-(iv') we obtain the same conclusion provided fe R(A,) -+ R(M) 4
-+ conv R(B).

Then one has the analogue of Lemma I1.13 with similar proof:

LEMMA B.6. Under conditions (i)-(vi) (or conditions (i), (i), (iii), (iv'), (v')
and (vi)) any solution wu. of (B.6) satisfies |ue|, |Aiue|, |Miue|, |Biuel,
|Gyue| < C independent of «.

Finally, to prove Theorems B.1 (and B.l’), the statement about. the
closures of the ranges follows immediately from Lemma B.4. The state-
ment about the interiors is precisely the assertion of Theorem B.2 (and B.2')
in the case H”"= 0, in which case condition (vi) is empty.

By a passage to the limit argument as ¢ — 0, similar to the proof of The-
orem 1.10, one proves Theorems B.2, B.2'.
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BIBLIOGRAPHICAL REMARKS

Chapter I. Results concerning the almost equality R(4 4 B)=~ R(4)+ R(B),
for monotone operators 4 and B have been first proved in [Br-Ha]. Generalizations
are given by BROWDER [Bro-2], Gupra-Hess [G-H], CaLvERT-GUPTA [C-G].

The decomposition device H = H, @ H, has been extensively used in bifurcation
theory and nonlinear problems at resonance i.e. equations of the form Au 4 Bu=f
where A is a linear noninvertible operator; we refer to the expository papers and
notes of CEsari[C] and Mawmix [M-1], NIRENBERG [N-3] on the alternative
methods, see also OSBORN-SATHER [0-S]. For other results concerning time periodic
solutions of nonlinear wave equations we refer to Rapinowirz [Ra 1-3], DE Simon-
ToreLLI [De S-T}], MawHIN [M 2-4], VEJvopa [V], HAaLE [Ha), Lovicarova [Lo]
and [Br-N7] which contains an extensive bibliography.

Chapters 1I and II1. Corollary II.7. and Theorem IIL.l. bear some similarity
with results of FucCik [F 1-2] and Fu¢ik-KulERA-NECAS [F-K-N1; their definition
of the weak n-subasymptote for a nonlinear operator is related to the notion of
recession function—however the exact relationship is not clear.

The measure theory argument we use in the proof of Theorem III.6. is originally
due to Strauss [Str]; it has been widely applied.

Chapter IV. Nonlinear elliptic equations with resonance at the first eigenvalue
have been considered by Lions-StaMpAccHIA [L-8], ScHATZMAN [Sch], HEss [He-1]
under the name of «semi-coercive» problems. Recent contributions include the
works of DE FiGUEIREDO [DeF-1-2], DE F1GUEIREDO-GOSSEZ [DeF-G], MCKENNA-
RavucH [McK-R] (results related to Propogition IV.2.) and KazDAN-WARNER [K-W]
(for second order equations). Since 4 is monotone, the results of [Br-Ha] can also
be applied. Nonlinear elliptic equations with resonance at any eigenvalue: the first
result goes back to LANDEsMAN-LazER [La-La] (for a simple proof, see Huss [He-2]).
Related results and generalizations have been given by many authors: L. NIREN-
BERG [N-1-2], DANCER [Da-1-2], BERGER-SCHECHTER [B-S], SCHECHTER [Sche], WiL-

L1AMS [W]. Foudix [F-2] (with an extensive bibliography), and AMBROSETTI, MAN-
cinI [A-M].

Chapter V. Resonance problems for nonlinear telegraph and parabolic equations
have also been studied by MawHIN [M-2-4].

Added in proofs. — We describe a simple example showing how the results of
Chap. III apply in case H = R(A4) @D N(4) is a direct sum which is not orthogonal.

Let H=I2(2) and let A: D(A)cH—H be a densely defined closed operator
with R(4) closed, dim N(4)=1 (for simplicity), {ueD(4), ju|<1 and [du|<1}
is compact and H = R(4) @ N(4) (but not orthogonal). Assume N(4) is spanned
by v, with fv?,: 1 and N(4*) is spanned by w, with fvowoz 1. Assume v, 0
a.e. in Q.

Let g(x, u): 2x R—~R be measurable in z, continuous in u and satisfies:

lg(z, w)| < b(x) a.e. z, VueR with bel?,

g.(w) = Iixf g(z, u) exists for a.e. z.
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If

f 9w+ f Gr Wy <0< ( g+ Wo+ f 9-Wo
[9o>0] {Pe<0] [ve>01 (o <0]

then the equation Au + g(z, ) = 0 has a solution. Indeed E(A4) and N(4) become
orthogonal for the new scalar product

9> = [fat [1os

where
f=htfs 9=+ /> fi- g€ B(4), far g2 N(4).

We may therefore apply Theorem III.1. Note that

J g(v,} = lim inf {g(z, tu), u) = liminf {g(x, tu), v,> =

t— 400 t—>+ oo

U->Vg U—>Ty
= lim inf g(x, tu) wy = '[ g, Wy + f g- Wy .
bt [vs>0] tre<0]
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