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RANGES OF PERTURBED MAXIMAL MONOTONE
AND m-ACCRETIVE OPERATORS IN BANACH SPACES

ZHENGYUAN GUAN AND ATHANASSIOS G. KARTSATOS

ABSTRACT. A more comprehensive and unified theory is developed for the solv-
ability of the inclusions S C R(A+ B), intS C R(A+ B), where 4: X D
D(4) - 2Y, B: X DO D(B)— Y and S C X. Here, X is a real Banach
spaceand Y = X or Y = X*. Mainly, 4 is either maximal monotone or m-
accretive, and B is either pseudo-monotone or compact. Cases are also consid-
ered where 4 has compact resolvents and B is continuous and bounded. These
results are then used to obtain more concrete sets in the ranges of sums of such
operators A and B. Various results of Browder, Calvert and Gupta, Gupta,
Gupta and Hess, and Kartsatos are improved and/or extended. The methods in-
volve the application of a basic result of Browder, concerning pseudo-monotone
perturbatio..~ of maximal monotone operators, and the Leray-Schauder degree
theory.

1. INTRODUCTION—PRELIMINARIES

In what follows, X is a real Banach space with dual space X* and normal-
ized duality mapping J. We denote the norms of X and X* by | -||. For
x € X and x* € X*, we use the symbol (x*, x) or the symbol (x, x*) to
denote the value of x* at x. Let Y be another real Banach space. Unless oth-
erwise stated, or implied, the term “continuous” means strongly continuous. An
operator T : X D D(T) — Y, is “demicontinuous” if it is continuous from the
strong topology of X to the weak topology of Y . It is “completely continu-
ous” if it is continuous from the weak topology of X to the strong topology of
Y. It is “compact” if it is continuous and maps bounded subsets of D(T") onto
relatively compact sets of Y.

A mapping T : X D D(T) — 2X" is said to be “monotone” if for every
x, yeD(T), ue Tx and v € Ty we have

(1.1) (u—v,x-y)20.

A monotone operator 7 is “strictly monotone” if (1.1) holds with a strict
inequality whenever x # y . It is “strongly monotone” if there exis‘s a positive
constant a such that (1.1) holds with 0 replaced by afx — y|.
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A monotone mapping 7 : X D D(T) — 2X" is said to be “maximal mono-
tone”, if R(T +AJ) = X* for every A > 0. This is equivalent to saying that:
T is monotone and

(u—up, x—x9)>0

for every x € D(T) and u € Tx implies xo € D(T) and ug € Txg.

A mapping 7 : X D D(T) — X* issaid to be “pseudo-monotone” if for every
sequence {x,} C D(T) with x, — x € D(T) and limsup,_, (TX,, X, —x) <
0, we have

(Tx,x—-y)< lipinf(Tx,,, Xn—Y)

for every y € D(T). A mapping T : X O D(T) — X* is said to be “gener-
alized pseudo-monotone” if for every sequence {x,} C D(T) with x, — x €
D(T), Tx, — y and limsup,_(Tx,, x, —x) <0, we have y = Tx and
(Txp, xn) = (Tx, x). It is said to be of “type (S,)” if for every sequence
{xn} ¢ D(T) with x, — x € X and limsup,_,(Tx,, X, — x) < 0, we have
X, — x. It is said to be of “type (M)” if for any sequence {x,} C D(T)
with x, — x € D(T), Tx, — y and limsup,_ . (Tx,, x, — x) < 0, we have
Tx =y . For the basic properties of mappings of monotone type and the dual-
ity mapping J, we refer the reader to Barbu [1], Browder [6], Cioranescu [9],
Pascali and Sburlan [23] and Zeidler [25]. For Hilbert spaces H, the book of
Brézis [2] is also a classical reference.

An operator T : X D D(T) — 2X is called “accretive” if for every x, y €
D(T) there exists j € J(x —y) such that

(u_v,j)zoy

“@

for all u € Tx, v € Ty. An accretive operator T is “m-accretive”, if
R(T+AI)=X forall 1€ (0, o).

For an m-accretive operator T , the “resolvents” J; : X — D(T) of T are
defined by J; = (I +AT)~! for all A € (0, o0). The “Yosida approximants”
T,: X - X of T aredefinedby T, = +(I-Jj).

Some of the main properties of J; and T, are given below:

1. \hx — Lyl <|lx—yl| forall x, y € X.

2. ||Jix — x| = A Tax|| < Ainf{||y|| ; y € Tx} for all x € D(T).

3. T;is m-accretive on X and ||T3x — Tpy| < %||x —y| foralld > 0,
x, velX.

4, T)xe TJyx forall x € X.

We refer the reader to the books of Barbu [1], Browder [6], Cioranescu [9]
and Lakshmikantham and Leela [21] for facts about accretive operators. For
a survey article on compact perturbations and compact resolvents of accretive
operators, we cite Kartsatos’ paper [16]. We denote by B,(0) the open ball of
X or X* with center at zero and radius r > 0.

The purpose of this paper is to present several range results for various per-
turbations of maximal monotone and m-accretive operators. These results are
of the type S C R(A+ B) and intS C R(4+ B), where S is a fixed subset of
X and A, B are (possibly nonlinear) operators with 4 maximal monotone or
m-accretive. In Section 2 of the paper we study such problems in which A4 isa
maximal monotone operator and B pseudo-monotone. These results are based
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on a very general result of Browder (see Theorem A), involving finitely con-
tinuous pseudo-monotone perturbations of maximal monotone operators. Sec-
tion 3 of the paper is mainly devoted to compact perturbations B of maximal
monotone operators A, as well as bounded and continuous perturbations B
of maximal monotone operators 4 that have compact resolvents. These results
are generalizing and improving certain ideas of Kartsatos [18] by using in part
homotopies introduced in {17]. Kartsatos studied in [18] the above problem, in
the “ m-accretive” case, with § =S| +5,, where the sets 'S;, i =1, 2, satis-
fied two separate conditions involving the operators 4 and B. Here, we have
managed to replaced these two conditions by a single one, improving thus the
relevant results of [18] in the case of maximal monotone operators 4. Numer-
ous results are thus extended and/or improved due to Brézis and Haraux [4],
Brézis and Nirenberg [5], Browder [7], Gupta [13] and Gupta and Hess [14]. In
Section 4, we obtain results for perturbations of m-accretive operators which
parallel those of Section 3. Our results of Section 4 pravide very general “inner
product” conditions for the existence of zeros of m-accretive operators. We
have thus answered in the affirmative a problem stated by Kartsatos in the dis-
cussion of [18], to the effect that the methods of ranges of sums can actually be
used in order to improve results involving the existence of zeros of perturbations
of accretive operators.
The following lemma is due to Browder [7, Lemma 1].

Lemma 1.1. Let X be a Banach space, {x,} a sequencein X, {a,} asequence
of positive constants with a, — 0 as n — oo. Fix r > 0 and assume that for
every h € X* with ||h|| < r there exists a constant C, such that (h, x,) <
anl|lxnll + Cu, for all n. Then the sequence {x,} is bounded.

Lemma 1.2 below follows easily from Browder’s Lemma 2 in [7].

Lemma 1.2. Let {x,} C X and {a,} a sequence of positive numbers tending to
zero as n — oo. Fix r > 0 and assume that for every h € X with ||h|| <r there
exists a constant C,, such that

(h s J) < an“xn” + Ch
SJor all n and some j = j, € Jx,. Then the sequence {x,} is bounded.
The next lemma is due to Prii [24].

Lemma 1.3. A Banach space X is uniformly convex if and only if for each r > 0
there exists a non-decreasing function w, : R, — R, such that w,(p) > 0 for
p>0, w(0)=0 and

(w* —v*, x—y) 2 w(llx —yDlIx -y

forall x, ye B,(0), u* € Jx, v*e Jy.

2. PSEUDO-MONOTONE PERTURBATIONS OF MAXIMAL MONOTONE OPERATORS

We denote by I' the set of all functions § : Rt — R* such that f(r) - 0
as r — oo. For pseudo-monotone perturbations B of maximal monotone
operators A, we have the following fundamental result which is due to Browder
(cf. Pascali and Sburlan [23, Theorem on p. 120] and Zeidler [25, Theorem
32.A)]). This result is an extension to infinite dimensional spaces of the well-
known Debrunner-Flor lemma.

License or copyright restrictions may apply to redistribution; see https://www.ams.org/journal-terms-of-use



2406 Z. GUAN AND A. G. KARTSATOS

Theorem A. Let X be reflexive and C a nonempty closed, convex setin X . Let
A:D(A) ¢ C — 2X" be maximal monotone and B : C — X* demicontinuous,
bounded and pseudo-monotone. Fix s € X* and assume that there exists a point
us € D(A) such that (Bu—s,u—ug) >0 forall ue C with ||u| sufficiently
large. Then there exists x € D(A), such that s € Ax + Bx.

Using Lemma 1.1 and Theorem A, we have the following basic result for the
range of the sum A4 + B.

Theorem 2.1. Let X be reflexive and X* strictly convex. Let C be a closed,
convex set in X . Assume that A : D(A) C C — 2X" is maximal monotone and
B : C — X* is bounded, demicontinuous and pseudo-monotone. Let S be a
subset of X* such that: for every s € S, there exist x; € X, K(s) > 0 and
B = Bs €T such that

(y+Bx —s,x—x) 2 —K(s) = BlixIDllxll,

Jor all x € D(A) with || x| sufficiently large and all y € Ax. Moreover,

(Bx, x = xo) = —Bi(IxIDlx?,
for some xqg € D(A), B, €T and all x € C with |x|| sufficiently large. Then
S CR(A+ B) and intS C intR(4A + B).

Proof. Since X is a reflexive Banach space with X* strictly convex, the duality
mapping J is single-valued, bounded, demicontinuous and maximal monotone
(see, for example, Zeidler [25, Proposition 32.22]). Because of this, we can show
that B +AJ is pseudo-monotone for any 4 > 0. For s € S, let us consider the
inclusion

(2.1) Ax+Bx+—’1;Jxas.

To show that (2.1) is solvable by virtue of Theorem A, we only need to show
that

(Bx+%Jx—s,x—xo)>0,

for all x € C with sufficiently large |x||. To this end, we have
1 1
(Bx + ;Jx—s, X —Xxg)=(Bx,x—Xx0)+ Z(Jx, X —Xx9) — (5, X — Xo)

> ~Bi(llxIDllx ]l + %IIXH2 - (%IIXOH + lIsiDilxll = fIsHllixoll
- X .

as ||x|| — oo because B(r) — 0 as |x|| — oo. Thus, we have the solvability
of (2.1) forany ne Z+.

Let x, be a solution of Ax + Bx+ (1/n)Jx > s foreach ne Z*. We have
(1/n)Jx, = —v, — Bx, + s, for some v, € Ax,, and, assuming that ||x,| is
sufficiently large,

)
('ﬁan y Xn — Xg) = —(Un + Bxp — 5, Xn — X5) < K(5) + B(llxnDllxnll-
This implies

1

1
;lenll2 < S lxslllloenll + BClxalDllxall + Ks),
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which says that (1/n)Jx, — 0. It follows that s € R(4 + B).
Now, we are going to show intS C intR(4 + B). To this end, fix s €

int.S. Then there exists r > 0 such that for any 4 € B,(0) we have s+ h€ S.
Let x, denote a solution of Ax + Bx + (1/n)Jx > s and assume that {x,}
is unbounded. We may assume without loss of generality that ||x,]] — oo as
n — oo. Then

Up + Bx, + %Jx,, - (s +h)=—h, for some v, € Ax,,
and
(X = Xeuh) = (U + Bty = (5 + B), X = Xoun) + 3 (T, X = o).
Hence
(%) = (b Xsun) = (%0, Xn = Xse)
—(Un+Bxy,—(s+h), Xn— Xgp)
< (B, Xg4n) + K(s + h) + Bllxa Dl Xl
- %(Hxnll2 = [ [H1Xs.1411)

< (B Xsen) + K(s+ h) + B{IIXnlDl]xA
1
n

1
< (R Xoen) + K (s + ) + B DIXnll + 5 1Xsnll?

1
(I1xnll? = S xnli? + 1%ell)

for all large n, i.e., by Lemma 1.1, a contradiction to the unboundedness of
{xx}. Thus, {x,} is bounded. Since X is reflexive, C is closed and convex
and {x,} C C is bounded, we may assume that x, — Xo € C. Since B is
bounded, we may also assume that Bx, — yg € X*.

Since Bx, = —v, — (1/n)Jx, + s, we have, for x € D(A4), y € Ax,

(BXp , Xn — Xo) = (Bxp, Xn — X) — (BXp, Xo — X),
(BXn, Xp —X) < (BXy +Un =Y, Xn — X)
=(s— %an —Y, Xn— X)
= (s—y, X —x),
and (Bx,, Xg — x) — (¥o, Xo — X), where we have used the monotonicity of
the operator A. Thus,
limsup(Bxy , X, — Xo) < (S~ ¥, Xo — X) — (Yo, Xo — X)

n—oo
= (S—J’O—y, iO_X)’
for every x € D(4), y € Ax. We also have inf{(s —yo—y,Xo—Xx): x €
D(A), y € Ax} < 0. If this is not true, then (s —yo—y, Xo—x) > ¢ >0 for
every x € D(A4), y € Ax. Since A is maximal monotone, we have Xy € D(A)
and s —yg € AXg. Let x =Xg, y=5—y9. Then (s —yo—y,Xp—x) =0,
which is a contradiction to the assumed inequality. It follows that
limsup(Bx, , x, — Xp) < 0.

n—oc
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Since B is pseudo-monotone, hence generalized pseudo-monotone, we have
Bxy = yo and
(BXg, Xo — x) < liminf(Bx,, x, — x).
n—00

Now, for any x € D(4), y € Ax,

(s=BXo—y,Xo—Xx)=(s—-y,Xo—x)— (BXo, Xop — X)
> (s—y, Xo—x)—liminf(Bx,, x, — x)
n—00

= lim (s -y, x, — x) — liminf(Bx,, x, — x)

n—oo n—oo
> liminf(s — y — Bx,, X, — X)
n—o00

= lim inf(v, + %Jx,, -y, Xp—X)

n—00

= li'fnirolf(v,, —V,X,—Xx)+ lim (le,, » Xn — X)

n—oo N

>0.

By the fact that 4 is a maximal monotone, we have Xy € D(A) and s — BXy €
AXy. Thus, s € AXy + BXy, which says that intS Cc R(4 + B). We conclude
that intS CintR(A+ B). O

Letting S = R(A) + R(B) in Theorem 2.1, we have the following result.

Theorem 2.2. Let X be reflexive and X* strictly convex. Let C be a closed,
convex set in X. Assume A : D(A) C C — 2X" is maximal monotone and
B : C — X* bounded, demicontinuous and pseudo-monotone. Assume that for
every (u,v) € D(A)x C thereexist x, , € X, K(u,v)>0and B=8,, €T
such that

(y+Bx—yu _B'U, x_xu,v) Z _K(u, 'U) _ﬂ(”x”)”x”’

Jor all x € D(A) with ||x| sufficiently large, all y € Ax and all y, € Au.
Moreover,
(Bx, x — x0) = —Bi(llxIDlIx?,

Jor some xy € D(A), By €T andall x € C with ||x| sufficiently large. Then
R(A+ B) = (R(A) + R(B)) and intR(4A + B) = int(R(A4) + R(B)).

Theorem 2.2 is an extension and an improvement of Theorem 2 of Browder
[7]. Browder assumed that for every v € D(A4), u € X we have

(Bx — Bu, x —v) = —K(u, v) - B([lxIDllx].

This inequality implies both inequalities of Theorem 2.2 by letting x, , = v . In
addition, the operator 4 above is mulii-valued and the domain of the operator
B is not necessarily all of X .

It is quite clear that by choosing different sets S in Theorem 2.1 we can obtain
a wide variety of results involving ranges of nonlinear operators. We provide
below two theorems of this nature. The second one has several corollaries which
we find to be particularly interesting.

Theorem 2.3. Let X  be reflexive with X* strictly convex. Let C be a nonempty
closed convex set in X . Assume A : D(A) Cc C — 2X° is maximal monotone,
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and B : C — X* is bounded, demicontinuous and pseudo-monotone. Assume
that for every xo € D(A) there exist K(xo) >0 and B = By, € ' such that

(Bx, x — xo) 2 —K(xo) — B(llxIDlIxl,
Jorall x € C with ||x|| sufficiently large. Then R(A) C R(A+ B) and int R(A)
CintR(A+ B). '
Proof. Let S = R(A) in Theorem 2.1. Then, for s € R(A4), there exists x; €

D(A) such that s € Ax; . Thus, for every x € D(A) with sufficiently large | x||
and every y € Ax, we have

(P+Bx—5,x=X)=(y—5,X~X5) +(Bx, x — X;)
> —K(xs) — B(llxIDilx]l.
The conclusion follows now from Theorem 2.1. 0O

Theorem 2.4. Let X be reflexive with X* strictly convex. Let C be a closed,
convex set in X . Assume that A : D(A) ¢ C — 2X" is maximal monotone and
B :C — X* is bounded, demicontinuous and pseudo-monotone. Assume that for
every s € X* there exist x;€ X, K(s)>0 and B = B; € I such that

(y+Bx =5, x = x5) 2 —K(s) — B(lxDlx]l,
Jor all x € D(A) with ||x| sufficiently large and all y € Ax. Moreover,

(Bx, x — x0) > —Bu(llx)llxII?,
for some xo € D(A), By €T and all x € C with ||x|| sufficiently large. Then
R(A+B)=X*.
Proof. Let S = X* in Theorem 2.1. O
Corollary 2.1. Let X be reflexive with X* strictly convex. Let C be a closed,
convex set in X . Assume that A : D(A) ¢ C — 2X° s maximal monotone,
with 0 € D(A), and B : C — X* is bounded, demicontinuous and pseudo-
monotone. Assume that for every s € X* there exist K(s) >0 and =B, €T
such that:
(Bx —s,x) = —K(s) = B(ixDlixIl,

Jor all x € C with || x| sufficiently large. Then R(A+ B) = X*.
Proof. Fix s € X* and let x; = xo =0, yo € A(0). We have

(y+Bx—s5,x)=(y—yo, x)+(Bx — (s —yo), x) 2 —K(s — yo) = B({lxIDlIx]l,
for all x € D(A4) with ||x| sufficiently large, and
(Bx, x) > ~K(0) = B(llxIDllxll = =BIxlIx|I*,

for all x € C with sufficiently large |x||. Thus, our conclusion follows from
Theorem 2.4. O

Corollary 2.2. Let X be reflexive with X* strictly convex. Let C be a closed,
convex set in X . Assume that A : D(A) C C — 2X" is maximal monotone
and strongly monotone, B : C — X* is bounded, demicontinuous and pseudo-
monotone. Assume that there exist xg € D(A), B <T such that

(Bx, x = xo0) > =A(IxIDlIx|,
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Jor all x € C with || x|| sufficiently large. Then R(A+ B) = X*.

Proof. For s € X*, x € D(A), let y € Ax and yg € Axy. We have, for ||x||
sufficiently large,

(y+Bx—s,x~x0)=(y—yo, x —Xo) + (Yo, X — Xo)
+(Bx,x—xg)— (s, X —Xp)
> cllx = xol* = Ilyollllx — xoll

= BUxDIx(I? = lisllllx = xol

-

as ||x|| — oo because f(r) — 0 as r — co. Here, c¢ is the strong monotonicity
constant of 4. Thus, Corollary 2.2 follows from Theorem 2.4. 0

It is rather obvious that our results can be viewed as complements of the
basic perturbation result, Theorem A. As Browder noticed in [7], coercivity
assumptions like those of Theorem 2.4 or Corollary 2.1 are considerably weaker
than those of Theorem A, for not only could —-K(s) — B(|lx|])||x|| be negative,
but also —K(s) — S(l|x|)|lx|| could approach —oco as |x|| — oo. Corollary
2.2 says that the coercivity in the problem can be generated by the maximal
monotone operator A itself.

In the following results we assume that ||Bx| vanishes as |x| — oo. The
reader should notice that the various functions g € I' are now replaced by
appropriate functions f = f{x). The proofs go over in this case with some
trivial modifications.

Theorem 2.5. Let X be a reflexive with X* strictly convex. Let C be a nonemp-
ty, closed, convex set in X . Assume A : D(A) ¢ C — 2% is maximal mono-
tone, and B : C — X* is bounded, demicontinuous and pseudo-monotone with
{|Bx|| — 0 as |jx|| — oo. Then R(A) C R(A+ B) and int R(4) C int R(4+ B).

Proof. For xo € D(A), x € C with | x| sufficiently large and y € Ax we have

(Bx, x —xo) 2 —|[Bx[|llx = xoll = —llxoll = i Bx/lllx]-

By the assumption that ||Bx|| — 0 as |x|| — oo and Theorem 2.3, we have the
result. O

Theorem 2.6. Let X be reflexive with X* strictly convex. Let C be a closed
convex set in X . Assume that A : D(A) ¢ C — 2X" is maximal monotone and
B: C — X* is bounded, demicontinuous and pseudo-monotone with ||Bx|| — 0
as ||x|| — oo. Furthermore, assume that for every s € X* there exist x; € X,
K(s)>0 and B = ps; € such that

V=5, x—x5) > —K(s) = B(IxIDlIxl,
Jor all x € D(A) with || x| sufficiently large and all y € Ax. Then R(A+ B) =
X*.
Proof. Given s € X*, we have
P+Bx—s5,x=Xx)2(y—5,x—X)+(Bx, x—Xxy)
> —K(s) = BUlxIDIlxl — 1 Bxx]l — 1 Bx{|llxsl
= —K(s) — [IBx{lllxsll = (B(lIxI) + 1 Bx|Dlx]l 5
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for all x € D(A) with sufficiently large ||xi| and all y € Ax. Also, for every
Xo € C s .

(Bx, x = xo) > ~||Bx|Ix|l - I|Bx]lIxo]l > ~[| Bx[lllx[}*,

for all x € C with sufficiently large | x| . By the assumption that ||Bx|| — O
as ||x|| — oo and Theorem 2.1, we have X* C R(4+ B). O

Letting B = 0 in Theorem 2.6, we obtain the following corollary.

Corollary 2.3. Let X be reflexive with X* strictly convex. Let A : D(A) C

X — 2% be maximal monotone. Assume that for every s € X* there exist
xs€X, K(s)>0 and B =B €T such that

=5, x-x) 2 -K(s) - B(lxIDIlxIl,
Jorall x € D(A) with ||x|| sufficiently large and all y € Ax. Then R(A) = X*.

The “coercivity” inequality for A4 in Corollary 2.3.is weaker than the usual
coercivity condition for this type of results. See, for example, Theorem 2.10 of
Pascali and Sburlan [23] or Corollary 32.27 of Zeidler [25].

It is clear that more results could be derived from Theorem 2.1. For example,
if welet A =0 and S = X* there, we have a surjectivity result for a bounded,
demicontinuous and pseudo-monotone operator B. We omit the details of such
an investigation.

3. COMPACT PERTURBATIONS AND COMPACT RESOLVENTS
OF MAXIMAL MONOTONE OPERATORS

In this section we assume that 4 is maximal monotone and that either B
or the resolvent (4 + J)~! is compact. We start with a useful lemma.

Lemma 3.1. Let X be reflexive with X* strictly convex. Assume that A: X D
D(A) — 2X° is maximal monotone. Let xo € D(A) and Jy(x) =
J(x — xo). Then, for every A > 0, the operator (A + AJy,)"': X* — D(A)
is everywhere defined, single-valued, demicontinuous and bounded. Furthermore,
if X is locally uniformly convex, this operator is also continuous.

Proof. The proof that (4 + AJy)~! is everywhere defined, single-valued and
demicontinuous is almost the same as that for the operator (4 + AJ)~!, which
can be found, for example, in Pascali and Sburlan [23, p. 112]. Thus, we omit
1t.

To show that (4 + AJy,)~! is bounded, it suffices to show {(4 + AJx,)"'ya}
is bounded for any bounded sequence {y,} < X*. To this end, let x, =
A+ leO)“y,,. Then y, = v, + AJ(xn, — Xxp), for some v, € Ax,. Fix vy €
Axy. Then we have

A(J (Xn — X0) , Xn — X0) = Wn» Xn — Xo) — (Un, Xn — Xo)
= (Vn, Xn — X0) — (Un — Vo, Xn — Xo) + (Vo, Xn — X0)
which, by the monotonicity of 4, implies
Mlxn = X0l < (yall + Nlvol)lIXa — Xoll,

i.e., the boundedness of {||x,]|}.
If X is locally uniformly convex, it is well-known that J is of type (S.). In
order to show that (4+AJy,)~! is continuous, let {y,} € X* with y, — yo € X*
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and let u, = (A + AJyx,)"'yn, uo = (4 + AJx,)"'yo. Then, for some v, € Au,
and Vg € Auo .
(Vn = Yo, tn — tp) = (Un + AJ (Un — X0) — (Vo + AJ (4o — X0)) , Un — Uo)
> A(J (un — x0) — J (4o — X0) , Un — Xo — (4o — Xo))-
Since y, — yo and (A4 + AJy,)"! is demicontinuous we have u, — uo. Thus,
(yn — Yo, Un _uO) — 0 and
lim sup(J (u, — Xo), n — Xo — (g — Xo)) < 0.
n—oo
Since J is of type (S,), u, — X9 — Uy — X9, Or u, — Uy, completing the
proof of the continuity of (4 + AJy,)~!. O
The results of this section improve the maximal monotone analogues of var-
1ous results of Kartsatos in [18] involving m-accretive operators A.

In the following three results we assume that 4 has a compact resolvent, i.e.,
(A+J)~! is compact. Actually, if this is true, then the relation

(A4 + udy,) "' (x) = (A/@) A + J) 7 (1) x) = (A + (/W) Txy) " (1/A)X),
for A>0, u>0 and xg € D(4), shows that (A4 + uJy,)~" will be compact,
for every A > 0, u > 0, if we show this fact for (4 + AJy,)~', 4 > 0. An
analogous statement for (14 + uJ)~! can be shown the same way. Let {y,} C
X* be bounded and x, = (4 + /IJXO)‘ly,,. Then y, € Ax, + AJ(x, — xp) =
Axy + I Xy + (AJ (Xn — x0) — JXx,) , implying

Vn — (A (Xn — X0) — I xn) € (A + J)xp
and
Xp=(A+ J)—l(yn = AJ(Xn — X0) + J Xn).
Since (A+AJy,)~! is bounded, we have that {x,} and {y,—A(J(x,—X0)—J Xn)}
are bounded. Thus, the compactness of (4 + J)~! implies that the sequence
{x,} lies in a compact set. It follows that (4 + AJy,)~! is compact.

We now state and prove our first result involving compact resolvents of the

operator A.

Theorem 3.1. Let X be reflexive and locally uniformly convex with X* strictly
convex. Let A : X D D(A) — 2% be maximal monotone with (A + J)~!
compact and B : D(A) — X* continuous and bounded. Furthermore, let S C X*
be such that: for every s € S there exist x; € D(A), K(s)>0 and B =p€T’

such that
(3.1) (v+Bx —s,x—x5) 2 —K(s) = B(llxIDIlxIl,

for all x € D(A) with ||x|| sufficiently large and all v € Ax. Then S C
R(A+ B) and intS C intR(A + B).

Proof. Given s € S, there exits x; € D(A) such that (3.1) holds. We consider
the inclusion

1
(3.2) Ax+;l~J(x—xs)+Bxas,
or, equivalently,

(3.3) y+B(A+%Jxx)‘_'y—s=0.
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Since the operator (4 + 1J.)~! is compact and B is continuous, we have that
B(A+ %st)‘l : X* — X* is compact. By the Leray-Schauder theory, (3.2) and
(3.3) are solvable if all solutions of '

y+t [B(A + %Jxx)"y - s] =0
are uniformly bounded with respect to ¢ € [0, 1].

Assume that this is not true. Then there exist sequences {y,} C X* and
{tm} C (0, 1] such that

1
Ym+im [B(A + ;st)_lym - S] =0
and [[ym|l — oo. Letting X, = (4 + 1J,)7 1y, , we see that

1
Ym = Um + —’;J(xm — Xs),
where v,, € Ax,,, and
1
Um + ;J(xm —Xs) +tmBxm —tms =0,
implying
1ymll = lltm(Bxm — S| < [|BXmll + [Is]l.
Since B is bounded, ||ym| — oo implies ||xn,| — oco. Since

1
;J(xm —X5) = —Upm — tmBXm + tysS,

for some v,, € Ax,,, we use the monotonicity of 4 and our coercivity assump-
tion to obtain

1
;l'”xm - xs“z = —tm(Um + Bxm — 5, Xm — Xs) = (1 = tm)(Um s Xm — Xs)

S K($) + BUxmIDIxmll = (1 = tm)(Vs , Xm — Xs)
< K(s) + BUlxmIDNxmll + Nvslllxm — Xsll 5

for some v; € Ax; and all large m. This contradicts the fact that ||x,,|| — oo . It
follows that (3.2) and (3.3) are solvable.
Now, let x, be a solution of the inclusion
Ax + %J(x - Xs5)+ Bx 3.

If the sequence {x,} is unbounded, we may assume that |x,| — oo. This
implies

1
;l‘(-](xn = Xs) Xn — Xs) = —(Un + BxXy — 5, Xn — X5) < K(8) + B XalD]IXnll »
for all large n, where v, € Ax,. Thus, (1/n)||x, — x5|| = 0 as n — co. We

conclude that (1/n)|jx,—x;|| — 0 as n — oo in all possible cases. Consequently,
SE€ER(A+B), ie, SCR(A+B).

License or copyright restrictions may apply to redistribution; see https://www.ams.org/journal-terms-of-use



2414 Z. GUAN AND A. G. KARTSATOS

In order to show that intS C int R(4+ B), we fix s € int.S and observe that

there exists r > 0 such that s + 2 € S for every 4 € B,(0). Let x, denote a
solution of Ax + 1J(x — x;) + Bx 3 5. We have, for some v, € Ax,,

v,,+%J(x,,—xS)+Bx,,—(s+h)=—h

and

(ha Xn _xs+h) = - (Un + Bx, — (S+h), Xn _xs+h)
1

- E(J(xn — Xs) s Xn — Xsih)-

Let us assume that ||x,|| — oc as n — co. We find the estimate

(hy Xn) = (h, Xsyn) = (Un + Bxp — (s + 1), Xn — Xs1p)

1
- ;(J(xn — Xg), Xn — Xsih)

< (b, Xspn) + K(s + h) + B[ Xal)l|xn ]l
- %(J(X,, = Xs)» Xn — Xs + (Xs — Xs4n))
< (b, Xg4n) + K(s + h) + B(IIxnl])]|xn]]

1 1
- ;(”xn - xs||2 - E(Hxn - xs”2 + [|xs — xs+h”2))

< (s Tean) + K (s 1) + BQLalD ol + 511% = el
= MR+ Bl

for all large n, where M(h) is a constant depending only on 4. By Lemma
1.1, {x,} is bounded, i.e., a contradiction. Thus, {x,} is bounded.
From Ax, + 1J(x, — X;) + Bx, 3 s we obtain

Xn=(A+ st)‘l —Bxp,+s+(1- %)J(xn - X5)| -

Since B is bounded, {x,} is bounded and (A4 + Jy,)~! is compact, {x,} lies
in a compact set. Thus, there exists a subsequence of {x,}, which we denote by
{xn} again, such that x, — xo, for some xy € D(A4). Since B is continuous,
Bx, — Bxy. Let v, € Ax, with v, + 1J(x, — X;) + Bx, =s. We have v, —
s—Bxy . Since A is maximal monotone, we have xy € D(A) and s—Bxg € Axp,
or s € R(A+B). Consequently, intS C R(A+B), ie., intS CintR(A+B). O

In Theorem 3.1 we assumed that (3.1) is true for some x; in D(A4). In the
next result the point x; in (3.1) may be any point in X but we have to assume
that the space X is uniformly convex.

Theorem 3.2. Let X be uniformly convex with X* strictly convex. Assume that
A : X D D(A) — 2X° is maximal monotone with (A+ J)~!' compact and

B : D(4) — X* continuous and bounded. Furthermore, let S C X* be such
that: for every s € S there exist x,€ X, K(s)>0 and B = B, € ' such that

(3.1) (v+Bx—s,x—x5) 2 —K(s) = B(IxIDllx]l,
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Jor all x € D(A) with ||x| sufficiently large and all v € Ax. Then S C
R(A+ B) and intS C intR(A + B).

Proof. We choose a point xg € D(A4) and consider the inclusion

(3.4) Ax+%J(x—xo)+Bxas,
or the equivalent equation
1
(3.5) y+B(A+ ;ch)"y—s =0.
Let |
T(¢t,x)=1t|B(tA+ ;Jxo)_lx—s , te(0,1], xe X*,

and T(0, x) =0, x € X*. In order to show that T is actually a homotopy

of compact operators, we observe first that 7'(¢z, -) is compact for every ¢ €

[0, 1]. We now fix r > 0 and set Q = B,(0). We observe that the continuity of

T on [0, 1] will be uniform w.r.t x € @ if and only if it is uniform at each

t =1ty €[0, 1]. In fact, this is the consequence of a simple covering argument.
For to =0, we have T(0, x) =0 and is it easy to see that the set

1
W= [(tA+ —Jxo)“Q]

is bounded. This and the boundedness of B imply the boundedness of the set
B(tA+ %Jxo)‘lQ uniformly w.r.t. ¢ € [0, 1]. We can now use this fact in order
to see that 7'(¢, x) is continuous at # = 0 uniformly w.r.t. to x € Q.

We let to € (0, 1], c€ (0, 1] and

K= {(tA+ %Jxo)‘lx:x eQ,te]c, 1]}.

We are going to show that K is compact. To this end, let {y,} C K be
given. We need to show that {ym} has a subsequence which converges to some
point yo in K. Since {y,} C K, there exist ¢,, C [c, 1] and {x,} C O such
that y, = (tmd + %Jxo)‘lxm . Since [c, 1] is compact, Q is convex and X is
reflexive, we may assume that ¢,, — ty and x,, — o € Q. We also have
|
ImUm + ;J(ym - xO) =Xm,
for some v,, € Ay,,, or
1
LoUm + ";J(ym - XO) =Xm+ (to - tm)vm
and
1 _
Ym = (LA + ;Jxo) : [Xm + (t0 = tm)Um]

lo—Im

1 _ 1
= (o + 50 s+ 2 = L )|

1 to to—tm
= (toA + —Jy) "' | —Xm —
.(0 n .X()) |: m ntm

Iom =)

Im
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Since tm > ¢ >0, xm €@, {yi} is bounded and (fo4 + 1J,)~! is compact,
we have that {y,} lies in a compact set. Thus, there exists a subsequence of
{ym} which converges to some y € X. Hence K is compact. Since B is
continuous, it is uniformly continuous on X C D(A).

To show that 7°(¢, x) is continuous at ¢y € (0, 1] uniformly w.r.t. x € @,
we only need to show, in view of the above, that (14 + %Jxo)‘lx is continuous
at 1o uniformly w.r.t. x € Q. To this end, let y(t, x) = (tA+ 17 )" 'x. If
(tA+%Jx0)‘1 is not uniformly continuous at fq € (0, 1], then there exist € > 0,
{tm} C (0, 1] and {xn} C Q such that t,, — to and ||y(tm, Xm)—Y(to, Xm)|| >
€ forall m=1,2,.... For some u(ty, Xm) € AY(tm, Xm), wWe have

1
Xm = ;J(y(tm s Xm) = X0) + tmU(tm , Xm)

and, for some u(ty, xm) € Ay(to, Xm),

1
Xm = EJ(y(tO s xm) - XO) + tou(zo ’ Xm)-

Moreover,

LTt 5m) = x0) = Tt Xon) = 300 ¥ Xm) = (I, X))
= —~(tmU(tm , Xm) — tou(to, Xm), Y(tm, Xm) — Y(to, Xm))
= _tm(u(tm ’ xm) - u(lo ) x”l) > y(tm 1) xm) - J’(to ) -xm))
+ (to = tm)(U(to, Xm) > Y(tm, Xm) — Y(to, Xm))
<lto — tmlllulto, X)) UV (tm > Xl + (¥ (t0, Xm)II]

1 1 '
= |to — tml%”-xm - Zf(y(to, Xm) = Xo))| Uy (Em s Xm)|l + 1y (20, Xm)I]-
Since Q is bounded, {x.} C Q, (t4 + 1Jy)~! is uniformly bounded and
tm — top, we have

(JY(tm > Xm) = X0) = J(¥(t0> Xm) = X0), Y(tm » Xm) — ¥(to, Xm)) — 0.

By Lemma 1.3, we have y(t,,, Xm) — ¥(to, Xm) — 0, which is a contradiction.
Hence T'(t, x) is uniformly continuous in ¢ with respectto x € Q.

By the Leray-Schauder theory, in order to show that (3.4) or (3.5) is solvable,
we only need to show that all possible solutions of

x+t [B(tA + %Jxo)“x - s] =0
are bounded independently of ¢ € [0, 1], i.e., they all lie in a ball Q = B,(0),

for some r > 0. If this is not true, there exist {z,,} € (0, 1] and {y,} C X*
such that

1

and ||ym|| — co. Let x,, = (th‘*'%Jxo)_lym- Then yy, = tmvm“l"%J(xm_XO)a
where v,, € Ax,,, and

1
tmUm + EJ(X'” —X0) + tmBXm —tws =0,
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which implies
1Ymll = tm(BXm — $)|| < [|BXml| + lIs]|-

Since B is bounded, |[yn|| — oo implies ||x,,|| — co. From
1
;J(xm —X0) = —tmUm — tmBXm + s,

for some v, € Ax,, , we obtain

1
;(J(xm —X0), Xm — Xs) = —tm(Um + BXpy — 5, Xy — Xs)

and

1 1
—Nm = Xoll* = — tm (U + BXs = 5, Xm — Xs) - (I (xm — X0, Xo = Xs)

1
< K(s) + BlxmlDl1xm| + —11m — Xollllx0 = sl

for all large m. This contradicts the fact that ||x,,|| — oo . Thus, (3.4) and (3.5)
are solvable. The rest of the proof follows as the proof of Theorem 3.1. It is
therefore omitted. O

If we replace inequality (3.1) by two inequalities, which are jointly stronger
than (3.1), then we may do away with the assumption of uniform convexity of
the space X.

Theorem 3.3. Let X be reflexive and locally uniformly convex with X* strictly
convex. Let A : X D D(A) - 2X° be maximal monotone with (A + J)™!
compact and B : D(A) — X* continuous and bounded. Furthermore, let S C X*
be such that: for every s € S there exist p, q with s=p+q, x;€ X, K(p) >

0, K(q)>0 and B = Bs €T such that

(3.8) (v=p,x—x5)>-K(p) - BxIDllxI
and
(3.9) (Bx —q, x —x5) 2 —K(q) — B(lIxI)l|x]l,

Jor all x € D(A) with ||x|| sufficiently large and all v € Ax. Then S C
R(A+ B) and intS CintR(4+ B).

Proof. As in the proof of Theorem 3.2, we consider the inclusion

(3.4) Ax + %J(x—x0)+Bx =N

and the equivalent equation .

(3.5) y+B(4+ %Jxo)‘ly—s=0.

To show (3.4) and (3.5) are solvable, we only need to show that all solutions of
y+t(B(A+ %Jxo)”‘y -5)=0

are uniformly bounded with respect to ¢ € [0, 1].
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Assume that this is not true. Then there exist sequences {y,} € X* and
{tm} C (0, 1] such that

|
Ym + tm(B(A + ijo)_lym _ s) = 0

and ||[ym|| — oo. Let xp = (4 + 1J,)"'ym. Then, as in the proof of Theorem
3.1, ||Xm]| = oc. From

1
HJ(X'” —XQ) = —Upm — tBXym + s,
for some v,, € AXx,, , we obtain
1 1 1
;llxm - Xo||* = ;(J(xm — X0), Xm — Xs) + ;(J(Xm — Xo), Xs — Xo)
= = (Um —tmD s Xm — Xs) = tm(BXm — 4, Xm — Xs)

1
+ ;(J(Xm — Xo), X5 — Xo)

—(Wm =P, Xm = X5) = (1 = tm)(P, Xm — Xs)
—tm(BXm — G, Xm — X;) + %(J(xm — Xp), Xs — Xo)
< K(p) + BUxmDlxmll + lipllxm — x|l

+K(q) + BUlxmIDlxmll + %me — Xollllxs — xoll,

for all large m. This contradicts the fact that {x,| — oco. We conclude that
(3.4) and (3.5) are solvable. The rest of the proof is similar to the proof of
Theorem 3.1. It is therefore omitted. 0O

If instead of the compactness of the resolvent (4 + J)~! we assume the
compactness of the operator B, we can obtain a similar result. We need the
following result of Nagumo {22, Theorem 7].

Theorem B. Let G C X be openand T : [0, 11 x G — X continuous and such
that T([0, 1], G) Cc K, where K is a compact set. Assume that s:[0, 1] - X
is continuous and such that s(t) ¢ (I —T(t, -))(OG) for every t € [0, 1]. Then
d(I-T(,.), G,s(t)) =const.

Theorem 3.4. Let X be reflexive and locally uniformly convex with X* strictly
convex. Let A: X D D(A) — 2X" be maximal monotone and B : D(A) — X*
compact. Let S C X* be such that. forevery s € S thereexist x; € X, K(s) >0
and B = B; € I' such that

(3.1) (v+Bx—s,x—x5) 2 —K(s) = B(IlxIDlIx]l,

Jor all x € D(A) with |x|| sufficiently large and all v € Ax. Then S C
R(A+ B). If, in addition, A is of type (S,) or B is of type (M), intS C
int R(A + B).

Proof. For every s € S there exists x; € X such that (3.1) is true. Choose a
point xo € D(A4) and consider again the inclusion

(3.4) Ax+%J(x—xo)+Bx >,
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or the equivalent equation
1
(3.5) y+B(A+ EJXO)_'y—s=0.

The operators B(tA + (1/n)Jy,)~! : X* — X* are compact for every ¢ €
(0, 1]. Let

T(t,x)=t B(tA+%Jxo)‘1x—s ,

for te (0, 1], x e X*, and T(0, x) =0, x € X*. In the proof of Theorem
3.2 we showed that all possible solutions of x + T'(¢, x) = 0 are uniformly
bounded. Let us assume that they all lie in the ball G = B,(0), for some r > 0.
From the proof of Lemma 3.1 we can see that the sets (14 + %Jxo)‘l—G_ are

uniformly bounded. Thus, B(t4 + %Jxo)-‘ﬁ — 5 = Q is compact. This ensures
that the set K = {tx :t € [0, 1], x € Q} is compact since [0, 1]xQ is compact
and multiplication ((z, x) — tx) is continuous. Obviously, T([0, 1], G) C K .

Since T(0,x) = 0 and Q is uniformly bounded, it is easy to see that
T(t, x) is continuous at (0, x) for every x € G. Given (¢,x) € (0, 1] x G,
we shall show that 7°(f, x) is continuous at (¢, x). To this end, let y(¢, x) =
(tA+%JxO)“x . We only need to show that y(¢, x) is continuous at (¢, x). This
would imply that 7(¢, x) is continuous at the same point. If y(z, x) is not
continuous at (¢, x), then there exist {¢,,} C (0, 1] and {x,,} C G such that
tm — t, Xy — x and ||y(tm, Xm) — ¥(¢, x)|| > € for some € > 0. From
y(t, x)=(tA+ 1J)~'x, we have, for u(t, x) € Ay(z, x),

X = %J(y(t, X)— Xxo) + tu(t, x)

and :
Xm = ;J(y(tm, Xm) = X0) + tmU(tm s Xm) ,
where u(ty,, Xm) € Ay(tm, Xm) . Using these two relations, we obtain
1

;(J(y(tm s Xm) — Xo) — J(¥(t, xX) — x0), Y(tm, Xm) — y(t, X))

= —(tmU(tm s Xm) — tu(t, X), Y(Im, Xm) — y(t, X))
+ (Xm = X, Y(tm s Xm) — (£, X))
= —tm(U(tm s Xm) —u(t, X), Y(tm, Xm) = y(t, X))
+ (Xm =X, Y(tm, Xm) — Y(t, X))
+(—tm)(u(t, X), y(tm, Xm) — y(t, X))
< (tm = tllult, )N+ 1Xm = XIDNY(tm s Xm) — y(2, x)||

= (It = 171 = 2T, %) = X0+ [m = XD o, 2m) = (L, )1

Since G is bounded, {x,} C G, (t4+ 1J,)~" is uniformly bounded, ¢, — ¢
and x, — x, we arrive at

(S (tm» xm) = x0) = J(¥(1, X) = X0), ¥(lm, Xm) = ¥(1, X)) = O.

It follows that y(t,,, x,,) — y(t, x) — O (see, for example, Pascali and Sburlan
[23]), which is a contradiction. Hence T(f, x) is continuous at (7, x).
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By Theorem B, d(/+ T(1,-),G,0)=d(I+T(0,-),G,0) =1, and (3.4)
and (3.5) are solvable. ]
Let x, be a solution of Ax + 1J(x — xo) + Bx > 5. Then

1 1 1
X = xolI* = ~(J (Xn = X0) , Xx = Xs) + - (J (Xn = X0) , X5 = Xo)

1
= —(Un+Bxy—-5, Xn—Xs) + ;(J(xn — X0) » Xs — X0)

1
< K(s) + Bxal)llxall + — llxn — Xolll|Xs — xoll

for all large n, where v, € Ax,. This implies 1{x, — xo|| = 0 as n — oo.
So, s€ R(A+ B) and S C R(4+ B).

To prove that intS C int R(4+ B), let s € intS and let x, be a solution of
Ax + %J(x — X0) + Bx o 5. As in the proof of Theorem 3.1, we can show that

the sequence {x,} is bounded. Since X is reflexive, the set D(A4) is convex
and we may assume that x, — uo for some ug € D(A). Since B is compact,
we may also assume that Bx, — yp, for some yg € X*. Let v, € Ax, be such
that v, + 1J(x, — x0) + Bx, =s. Then v, — s —yo.

If we assume that B is of type (M), we have yo = Bug . By the fact that A4 is
maximal monotone, we have uy € D(A4) and s—Bug € Aug, or s € Aug+Buy .

If we assume that A4 is of type (S,), then x, — up and v, — s —yp imply
Xn — Ug . Since B is continuous, Bx, — Bug. Since A is maximal monotone,
we have ug € D(A) and s € Aug+ Bug. O

If in Theorem 3.4 B is completely continuous, then B is compact and of
type (M).If A is strongly monotone, then A4 is of type (S,). Asin Section 2,
by choosing the set S in a more concrete way we can obtain a variety of results
as a consequence of Theorems 3.1-3.4. We mention a few such situations.

Theorem 3.5. Let X be reflexive and locally uniformly convex with X* strictly
convex. Assume that A: X D D(A) — 2X" is maximal monotone with (A+J)™!

compact and B : D(A) — X* is continuous and bounded. Furthermore, assume

that for every x, € D(A) and x; € D(A) there exist K(x;, x;) >0 and g =
Bx,.x, € T such that

(Bx — Bx1, x — x2) 2 =K (x1, x2) — B([lxD]lx]l
Sfor all x € D(A) with || x| sufficiently large. Then R(A) + R(B) C R(A + B)
and int(R(A) + R(B)) C int R(A + B).
Proof. Let S = R(A)+ R(B) in Theorem 3.1. Then for every s € R(4) + R(B)

there exist x; € D(A4) and x, € D(A) such that s € Ax,+Bx; or s = v2+Bx],
for some v; = Ax;. For x € D(A) and v € Ax, we let x; = x, to obtain

(v+ Bx — (v + Bx1), x — X3)
> (v_UZax_x2)+(Bx_Bx15-x_x2)
> —K(x1, x2) = BUIxIDlIxIl s

provided that |x|| is sufficiently large. Thus, the result follows from Theorem
31. O

Theorem 3.6. Let X be reflexive and locally uniformly convex with X* strictly
convex. Let A : X D D(A) — 2X° be maximal monotone with (A + J)~!
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compact and B : D(A) — X* continuous and bounded. Assume that for every
Xo € D(A) there exist K(xo) >0 and B = By, € I" such that

(Bx, x — x0) 2 —K(x0) — B(llxIlIx ,

Jor all x € D(A) with ||x|| sufficiently large. Then R(A) € R(A+ B) and
int R(4) C int R(4 + B).

Proof. Let S = R(A) in Theorem 3.1. Then for every s € R(A) there exists
Xo € D(A) such that s € Axy, i.e., s =1vy for some vy € Axg. For x € D(A)
and v € Ax, we let x; = xp to obtain

(v+Bx—v9,x—xp)> (v —vp,Xx—-X0)+ (Bx, x—xo)
2 —K(xo) = B(llxIDlxIl,

provided that |x| is sufficiently large. Thus, Theorem 3.6 follows from Theo-
rem 3.1. O

Theorem 3.6 extends and improves Theorem 1 of Gupta [13] and Theorem
1 of Gupta and Hess [14] (when (4 + J)~! is compact there and not just
demicontinuous and mapping bounded sets into relatively compact sets). In
Gupta’s result X is a Hilbert space while Gupta and Hess assumed that A4 is the
sum of a monotone and a trimonotone operator. Furthermore, the “coercivity”
condition on B is considerably weaker in Theorem 3.6 than that in [13] or [14].
The second example in Section 5 illustrates these facts.

The following statement is an interesting corollary of Theorem 3.6.

Corollary 3.1. Let X be reflexive and locally uniformly convex with X* strictly
convex. Let A : X D D(A) — 2X° be maximal monotone with (A + J)™!
compact and let B : D(A) — X* be continuous and bounded. Assume that
IBx|| — 0 as x € D(A) with |x|| — oco. Then R(A) ¢ R(A+B) and
int R(4) C intR(A + B).

Proof. For every xy € D(A), x € D(A),

(Bx,x —x0) = — (Bx, x) + (Bx, x)
> — |[Bx[ll|xoll = IBx]|||x||
> — |Ixoll = B(x)|Ix]l,

provided that ||x|| is sufficiently large, with B(x) = ||Bx]||. Since B(x) — 0 as
|lx]| = oo, Corollary 3.1 follows easily from the proof of Theorem 3.6. The
reader is directed here to the remark preceding Theorem 2.5 concerning func-
tions of the type f(x). O

If the assumption that (4 + J)~! is compact is replaced by the assumption
of compactness of the operator B, then Theorem 3.4 could be used to obtain
results similar to Theorem 3.5, Theorem 3.6 and Corollary 3.1.

Several results of this section can be extended to situations where the resol-
vent (4 + J)~! is completely continuous and B is just a demicontinuous and
bounded operator defined on all of X. The analogous problem for m-accretive
operators A was dealt with by Kartsatos in [18].

Theorem 3.7. Let X be uniformly convex and X* strictly convex. Assume that
A : X D D(A) — 2X" is maximal monotone, with 0 € D(A) and (A + J)™!
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completely continuous, and B : X — X* is demicontinuous and bounded. As-
sume, further, that there exists a set S C X* such that: for every s € S there
exist x;€ X, K=K(s)>0 and = f; €T" such that

(v+Bx—s,x—x) 2 —K(s) - B(llx]DIlxI ,

Jor all x € D(A) with | x| sufficiently large and all v € Ax. Then S C
R(A+ B) and intS C int R(4 + B).

Proof. Since 0 € D(A), we may assume that 0 € A(0). In fact, if this is not
true, then we replace the operators 4, B by the operators A—v and B+ v,
respectively, where v is a fixed element in A4(0). We consider the inclusion

(3.10) Ax+%Jx+Bx3s,
for some fixed s € S, or the equivalent equation
y+(A+ %J)"(By -s)=0.
We use the homotopy mapping 7'(¢, x) defined by
T(t,x)=(tA+ %J)"(I(Bx —-5)), te(0,1], xe X,

and 7(0, x) =0, x € X. It is obvious that the mapping 7(¢, x) is compact
w.r.t. x for each ¢ € (0, 1], due to the fact that it is the composition of a
demicontinuous and bounded operator B and a completely continuous operator
(tA+ (1/n)J)~! in a reflexive space. The fact that the complete continuity of
(A+J)~! implies the complete continuity of (A4+uJy,)~!, forany xo € D(A4),
follows from the following lemma.

Lemma 3.2. Let X be reflexive and locally uniformly convex and let X* be
strictly convex. Let A: X > D(A) — 2X" be maximal monotone and such that
(A+ )~V is completely continuous. Then (AA+uJ)~! is completely continuous
for every A, pu>0. Actually, (AA+ uJy,)~" is completely continuous for every
Xxo € D(A) and every A >0, u>0.

Proof. From the discussion preceding Theorem 3.1 we see that it it suffices to
show that (4 +4J,,)~! is completely continuous for every 4 > 0. To this end,
fix 2 >0 and let {y,} be a sequence in X* such that y, — yy € X*. Let

Xn = (A + AJx,) 'y

Then the compactness of (4 + J)~! and the discussion preceding Theorem 3.1
imply that the operator (A4 + AJ,,)~! is compact. It follows that there exists a
subsequence of {x,}, denoted again by {x,}, such that x, — (some) X €
D(A) as n — co. Then we have

Xn=(A+ )7 n— (A= 1)JIxn),
which implies, by the complete continuity of (44 J)~', that
Xo=(A+J) " (yo— (A—1)JXg) € D(A).

This is equivalent to
Xg=(A+ ).J)_ly().
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Since we could have started with any subsequence of {x,}, instead of {x,} it-
self, we have actually shown the following: every subsequence of {x,} contains
a further subsequence which converges to the point (4 + AJ) 'y,. Thus, {x,}
itself converges strongly to this point, and we have the complete continuity of
(A+ A1 0O

Proof of Theorem 3.7 Continued. It follows that T(¢, -) is compact for every
t € [0, 1]. In order to show that T'(¢, x) is continuous in ¢ uniformly w.r.t.
x lying in any closed ball Q with Q = B,(0), we show first that T(¢, x) is
continuous in ¢ at ¢ = 0 uniformly w.r.t. x € Q. To this end, we observe first
that, as in the case of the set W in the proof of Theorem 3.2, the set

U [ed+ 307 «sg-9)

tefo, 1]
is bounded. To see this, let {z,,} C [0, 1], {xm} C Q. and

Unm = (tmA + —:;J)“(tm(me -5)).
Then, for some v, € Au,,,
tnUm + %Jum =tm(Bxm —$),
which implies
(A1) 0 loml? < tm(m o) + il < n (1Bl + 1) L

This implies in turn the boundedness of {u,,}.

In order to show that T(z, x) is continuous in ¢ at ¢ = 0 uniformly w.r.t.
x € O, let us assume that this is not true. Then there exists a sequence {tm} C
(0, 11 such that z,, — 0" and a sequence {x,} C Q such that the sequence
{um}, defined as above, satisfies ||u,,|| > €, m € Z*, where € is a positive
constant. Since (3.11) still holds in this case, we get the contradiction that u,, —
0 as m — oo. .

Now, for the continuity of 7'(¢, x) in ¢t € (0, 1], uniformly w.rt. x € Q,

we observe first that there exists a closed ball B,(0) such that

U B2 -9)]c B.0).

te(0, 1]

A careful examination of the proof of Theorem 3.2 shows that the operator
y(t, x) in that proof (with xo = 0) has this uniform continuity property with

the set Q there replaced by the ball B,(0). Now, fix # € (G, 1] and let {¢,} C
(0, 1] be such that ¢,, — t5. We have, for x € Q,

tmA + )™ tm(Bx =) = (tod + -7 (to(Bx = )

< Wt A+ 2. 0) (n(BX = 5) = (toA + =) (tm(Bx = )]
40 + )™ (B =) = (10 + 7)™ (t0(Bx = )]

=L+ 1.
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The term I; can be handled by the above discussion on the continuity of the
operator y(¢, x). For the term I, let

Um(X) = tm(Bx —5), Vm(x) = (oA + %J)“um(x)
and
uo(x) = to(Bx — 5), vo(x) = (toA + - J) " to(x).
We have
(toAUm(X) + = T (3) = (1o Avo(x) + ~J00(x)) 3 () = o(x)

which implies, by the monotonicity of A,
(3.12) lvm(x) = vo(xX)|| < nllum(x) — uo(x)|| < Ln|t — to],

where
L =sup{||Bx — s||} < +o0.
x€Q
This completes the proof of the continuity of T(¢, x).

It follows that the Leray-Schauder degree d(I+T'(¢, -), Q, 0) is well-defined
for any ball Q = B,(0), provided that the equation x + T(¢, x) = O has no
solution x € 8B,(0).

In order to show that there is r > 0 such that

dil+T(t,:),0,0=d(I+T7T0,-),0,0) =1,

forevery t € [0, 1], we must show that all possible solutions x;, of the equation
x;+ T(t, x;) =0 are uniformly bounded. However, since

1
tAx; + tBx, + ;Jx, —ts30,

this assertion follows exactly as the last part of the proof of Theorem 3.2. It
is therefore omitted. It follows that (3.10) is solvable. If we let x, denote a
solution of (3.10), we see easily, exactly as in the proof of Theorem 3.2, that
(1/n)x, —» 0, ie., s€ R(A+ B).

To show our second assertion, let s, r, A be as in the proof of Theorem
3.1 and let x, denote a solution of (3.10). Then we may repeat the proof
of Theorem 3.1, with x; replaced by 0, to obtain that {x,} is a bounded
sequence. Then the relation

Xpn=(A+J)""|-Bx,+s+ (1 - %m,, ,

the boundedness of B and the compactness of (4 + J)~! imply that {x,}
lies in a compact set. Thus, we may assume that x, — xo € D(A4). From
the demicontinuity B, we obtain that, for some v, € 4x,, we have v, —
s— Bxg. Since A is maximal monotone, it is demiclosed. Thus, xy € D(A) and
s — Bxg € Axg. This completes the proof.

4. PERTURBATIONS OF M-ACCRETIVE OPERATORS

In this section we study the ranges of operators 4 + B with m-accretive
operators A. We give three theorems in this direction. In view of the results of
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the preceding section, the reader will have no difficulty in obtaining variations to
these theorems as well as several corollaries other than the ones included herein.
Various results of Calvert and Gupta [8] and Kartsatos [18] are improved and/or
extended.

Theorem 4.1. Let A: X D D(A) — 2X be m-accretive with (A+1)~! compact,

and let B: D(A) — X be continuous and bounded. Let S C X be such that:
Jor every s € S there exist K(s)>0 and = B; € " such that

(v+Bx—s, j) > —K(s) ~ B(IxIlIxIl,
Jor all x € D(A) with x| sufficiently large, all v € Ax and some j = jy s €

Jx. Then S C R(A+ B) and intS C R(A+ B).
Proof. For s € .S, we consider the inclusion

4.1) Ax+Bx+%x9s

and the equivalent equation

(4.2) x+B(A+%I)"x—s=O.

By the assumptions that (4+171)~! is compact and B is continuous, the operator
B(AA+ ul)~! : X — X is compact for every 4 > 0, u > 0 by the resolvent
identity. Let

T(t,x)=t B(tA+%I)‘1x—s , forte(0,1], xe X,

and T(0,x)=0, x e X. Also,let Q=B,(0)Cc X, for r>0.

We are going to show first that 7'(¢z, x) is uniformly continuous in ¢ € [0, 1]
with respect to x € @, for any r > 0.

Since the set (1A + %I )~'Q is uniformly bounded and B is bounded, we
have that the set B(t4+ 1I)~1Q —s is uniformly bounded. Using this fact and
the fact that T(0, x) = 0, it is easy to see that T(¢, x) is continuous at 7o =0
uniformly w.r.t. x € Q.

We now show that T(¢, x) is continuous at #, € (0, 1] uniformly w.r.t.
x € Q. To this end, we show first that K is compact, where

KE{(1A+(l/n)I)_1x : x€Q, tele, 1]},

for any constant ¢ > 0. In order to see this, let {y,,} ¢ K. We need to show
{ym} has a convergent subsequence. Let y,, = (tn,4 + %I Y xm, for some
{xm} € Q and {t,} C[c, 1]. For some v,, € Ay,,,
ImUm + l,Vm =Xm,
n
or

1
Loy + H.Vm =Xm — (tm — 10)Un,
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for a fixed ¢, € [c, 1], or
| G
Ym = (foA + ;I) 1(xm = (tm — to)Um)

= (oA + 1) [3m = (tm = t0)7-Cm = 57)

1. [t tm — 1o
= (toA + nI) [t—,;x’” + pre ym] .
Since {tm} C [c, 1], {x¥m} C Q and (t4+ 1I)~! is uniformly bounded, we
have that the expression in the last display brackets above is bounded. The fact
that (A4 + %I )~! is compact implies that {y,} lies in a compact set. Thus,
there exists a subsequence of {y,,}, which we denote again by {y,,}, such that
Ym — y, for some y € X . It follows that K is compact.

Since B is continuous, B is uniformly continuous on K and, in particular,
on K. To show that T(¢, x) is uniformly continuous at 9 # 0, we only need
to show y(¢, x) = (tA + %I)*‘x is continuous at #y uniformly w.rt. x € Q@
and then apply a simple covering argument. This part of the proof can be found
in Kartsatos [17, Proof of Theorem 3]. It is therefore omitted.

Before we apply the Leray-Schauder theory on a specific ball Q, we are going
to show that all solutions of

X+t [B(tA+ %I)“x —s] =0,

for ¢t € (0, 1], lie in a fixed ball B,(0), for some r > 0. If this is not true,
there exist sequences {x,,} C X, {t»} C (0, 1] such that

1
Xm + tm [B(th + EI)_IX’" - s] =0

and ||xm| — oo. Letting ym = (tmd + 1I)"1x,, , we have tyvm + Lym = X,
for some v,, € Ay,,, and

1
InUm + ;z'ym + th.Vm —ImS = Oa

which implies
1Xmll = | = tmBYm + tms|| < [|BYmll + |Is]-
By the fact that B is bounded and ||x;|| — oo, we have ||yn| — oo and

1
Zym = ~tm(Um + Bym — 5),

which yields, for an appropriate functional j = j,, € Jy,,,

1 .
;||ym||2 =—tm(Um +Bym—5, J)

<K(s) + BUymlDlyml »

for all large m, i.e., a contradiction to the unboundedness of {y,,}. Thus, all
solutions of x+ 7T(t, x) =0 are in Q = B,(0), for some r > 0.
By the Leray-Schauder degree theory, we have

dI+T(1,+),0Q,0)=d(I+T(0,-),Q,0) =1.
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It follows that (4.2) and (4.1) are solvable for each n.
Let x, be a solution of Ax + Bx + %x >s5, foreach ne Z*. Then

1
;l'xn =—(vp+Bx,—5),
for some v, € Ax,, and, for some j = j, € Jx,,
1 .
zllxnll2 = —(Un + Bxn =5, J) < K(s) + B[ xn [}l xn]l.

This implies (1/n)x, —» 0 as n — oo. Thus, s € R(4+ B).

To show that intS ¢ R(4 + B), fix s € int.S. Then there exists r > 0 such
that s+ h € S, forany A € X with ||h| < r. Let x, denote a solution of
Ax 4+ Bx + +x 55 and assume that {x,} is unbounded. We have

1
vp + Bx, + Zx,, —(s+h)=-h,
which implies, for an appropriate functional j = j, € Jx,,
, L1 .
(hs J) = =(Vn + Bxn = (s +h), j) = = (Xn, J).
Thus,
(h, J) < —(Vn+ Bxy— (s +h), j) < K(s +h) = B(llxnlDl|xxll ,

for large n, from which we obtain, by Lemma 1.2, that {x,} is bounded, i.e.,
a contradiction. Thus, {x,} is bounded. We also have

v,,+Bx,,+%x,,=s,
or
vn+x,,=s—Bx,,+(1—%)x,,,
or
Xp=(A+1)™! s—Bx,,+(1—%x,,) .

Since {x,} is bounded, B is bounded and (4+1)~! is compact, we have that

{xn} lies in a compact set. We may thus assume that x, — xo € D(4). Since
B is continuous, we have Bx, — Bxy and v, — s — Bxy. By the fact that
A is m-accretive, and thus closed, we have xo € D(A) and s — Bxy € Axy or
intSe€intR(A+B). O

The above proof illuminates further the proof of Theorem 5 in [18]. For
special sets .S in the above theorem, we have the following important corollaries.

Corollary 4.1. Let A: X D D(A) — 2% be m-accretive with (A+1)~! compact,

and let B: D(A) — X be continuous and bounded. Assume that for every
p € B,(0), for some r >0, there exist K(p) >0 and = p, €' such that

(4.3) (v+Bx —p, j)=—-K(p) - B(lxIDilx

Jor all x € D(A) with |x|| sufficiently large, all v € Ax and some j = j; , €
Jx. Then B.(0) C R(A + B).

Proof. Just take S = B,(0) in Theorem 4.1. O
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Corollary 4.2. Let A: X D D(A) — 2X be m-accretive with (A+1)~' compact,
andlet B: D(A) — X be continuous and bounded. Assume that for some p € X
there exist K >0 and B €T such that

(4.4) (v+Bx—p,j)z-K-B(lxIDllx

Jorall x € D(A) with ||x|| sufficiently large, all v € Ax and some j = j, € Jx.
Then p € R(A + B).
Proof. Just take S = {p} in Theorem 4.1. 0O

We should note here that the boundary condition (4.4) is considerably weaker
than the condition

(4.5) (v+Bx-p,j)>0,

which was studied by Kartsatos in [17, Theorem 5]. However, the conclusion
D € R(A+ B) in Theorem 4.1 was derived from the fact that the sequence
{(1/n)x,} converges to zero as n — oco. This property does not insure that the
sequence {x,} is bounded, which is true in the proof of Theorem 5 in {17]. Due
to this fact, we need new feasible conditions on 4, B, other that (4.5), which
will force the point p to lie in the set R(A4 + B). This was the conclusion
of Theorem 5 in [17]. On the other hand, under (4.3), which is nothing else
than (4.4) for every p € B,(0), we can insure that the entire ball B,(0) lies
in R(4+ B), which is a considerable improvement over a possible analogous
statement for Theorem 5 in [17].

The problem thus arises as to what additional assumptions should be placed
upon the operators 4, B so that the solutions x, of the problem 4.1 with
s = p, with the property (1/n)x, — 0 as n — oo, are actually uniformly
bounded for a fixed point p € X. Analogous remarks hold for Theorem 4.2
below as well as various results in the previous section.

Theorem 4.2. Let A: X D D(A) — 2X be m-accretive and let B : D(A) — X
be compact. Let S C X be such that: for every s € S there exist K(s) > 0 and
B = Bs €T such that

(v+ Bx —s,j) 2 -K(s) - B(IxIllxIl,

Jor all x € D(A) with |x|| sufficiently large, some j = j. s € Jx and all
v € Ax. Then S C R(A+ B). If, moreover, X is uniformly convex and B is
completely continuous, then intS C int R(4 + B).

Proof. For s € S, we consider again the inclusion
(4.1) Ax+Bx+%xas,

or the equivalent equation

(4.2) x+B(A+;lz-I)_‘x—s:0.

Letting T'(¢, x) = {[B(t4A + %1)‘l — 5], we can use Theorem B to show the
solvability of (4.1). For this proof, we refer the reader to Theorem 3 of Kartsatos
{17} and Theorem 6 of Kartsatos [19].

Let x, be a solution of (4.1). We have

1
Ax, + Bx, + ;x,, =R
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and, for an appropriate j = j, € Jx,,
1 .
;lenll2 = —(Un + Bxn — s, j) < K(s) + B([xalD)Ixnll,

which implies 1x, — as n — oco. Consequently, s € R(4 + B).

To show the second part of the theorem, let s € int.S and let x, be again a
solution of Ax + Bx + %x 35, for ne Z*. As in the proof of Theorem 4.1,
we have that {x,} is bounded. Then, by Lemma 1 of Guan and Kartsatos [10],
we can easily see that s € R(4 + B). It follows that intS CintR(4+ B). O

Naturally, corollaries analogous to 4.1 and 4.2 hold for Theorem 4.2 as well.
The next result is an “ m-accretive” analogue of Theorem 3.7.

Theorem 4.3. Let X* be uniformly convex. Assume that T : X > D(T) — 2%
is m-accretive with 0 € D(A) and such that (A + I)~' is completely continu-
ous. Assume that B : X — X is demicontinuous and bounded. Let S C X be
such that: for every s € S there exist K(s) >0 and B = s €I such that

(v+Bx—s,J) = —-K(s) - BlxI)lx],

for all x € D(A) with ||x| sufficiently large, all v € Ax and some j = j, ;s €
Jx. Then S C R(A+ B) and intS C R(A + B).

Proof. The proof is modelled after that of Theorem 3.7. As in the proof of that
theorem, we may (and do) assume that 0 € 4(0). We consider the inclusion
(4.1), or equivalently, equation (4.2). We also consider the homotopy equation
x+T(t,x)=0, where

T(t, x) = (tA+%I)“(t(Bx—s)), tef0,1], xeX,

and T(0,x) =0, x € X. It is easy to see that 7°(f, x) is a compact operator
for each ¢ € [0, 1]. In fact, this follows from the reflexivity of X and the
complete continuity of (A4 + I)~'. The complete continuity of (A4 + ul)~!,
for every A >0, u >0, has been shown in the authors’ paper [12].

Letting Q be a bounded set in X, we observe that since 0 € 4(0), we have

(24 + %U"XII = |l(ntA + D)~ (nx)| < nlix|l,

for every x € X, which implies
IT(t, x)|| < nt||Bx —s|| <ntL,

where L is an upper bound for ||Bx —s|| on Q. It follows that the operator
T(t, x) is continuous in ¢ at ¢ = 0 uniformly w.r.t. x € Q. In order to show
the same property of 7(¢z, x) at t = t; > 0, we let {¢,} C [0, 1] be such
that ¢, — tp. Then, letting u,,(x), vu(x), p(x), vo(x) be as in the proof of
Theorem 3.7 (with I in place of J ), we obtain from an inequality like (3.11)
(again, with 7 in place of J ) that (3.12) holds. It remains to show that I, in
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(3.11) is continuous at ¢ = ¢, uniformly w.r.t. x € Q. We have
1. _ 1. _
(tmd + = 1)~ (tm(Bx = 5)) = (fod + 1)~ (tm(Bx = 5))l|

2lt,, — t
< %nnzmwx—sm

< z_nl_tLlOl” Bx —s||
fo

< 2nL|ty, — t0|'

ST
Here, we have used estimates from the proof of Theorem 3 of [17]. It follows
that the Leray-Schauder degree d(I +T(¢, +), Q, 0) is well-defined for any ball
Q = B,(0), provided that the equation x+ 7'(¢, x) has no solution on 8B,(0).

The proof now follows the steps of the proof of Theorem 4.1. We only remark

here that the operator A4 is demiclosed, being m-accretive in a space X with
X* uniformly convex. O

5. DiscussioON—EXAMPLES

Pseudo-monotone operators can be found in Zeidler [25, p. 590], where the
following boundary value problem is considered.

N
~ " Di(Fi(Dw)) + g(#) = f on G,
i=1

u=00naG,
where G is a bounded region in RY with a sufficiently smooth boundary. Here,
N >1 and Du = (Dyu, Dyu, ... , Dyu). For x = (&;,&, ... , &) € RY,

we set D; = 3/8¢&;. Conditions are imposed in [25], on the functions F;, g,
so that the principal part of the above problem defines, via an appropriate
functional a,(-, -}, a continuous maximal monotone operator 7] : WO"” (G)—
W-1.4(G), p €[2, o), while the Nemytskii operator defines, via a functional
ax(-,+), a completely continuous operator 73 : WOI”’ (G) - W~1.4(G). The
operator 7> is thus pseudo-monotone. Here, we should take X = WOI”’ . The
functionals a;, a, are given by

; |
a(u, v) = /G 3" Fi(Du(x))Dp(x)dx (= (Tyu, v))
i=1
and
au, v) = /G gu(x)v(x)dx (= (Tyu, v)),

respectively. In order to apply Theorem 2.3, we need a condition on the operator
T,, which reads as follows: for each uy € X there exist K(ug) > 0 and
B = Bu, € T such that

(Tau, u —uo) = /Gg(u(X))(u(x) — up(x))dx 2 —K(uo) — B([[ulD)llull,

for all # € X with |lul| sufficiently large. The conclusion is then that R(7;) C
R(T\ +T») and int R(T,) C R(T, + T»). The reader should note that we are
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not assuming here that T satisfies a coercivity condition (like Condition (H 4)
of Zeidler [25, p. 590]).

We may also obtain important examples of continuous maximal monotone
operators T : X = W1.?(G) — X* defined by functionals of the type

N
_ ou
a(u,v) = Z:l/aa"(x)’axk
+ / BO)u(x)P~2u(x)v(x)dx,
G

P72 9u v
axk Bxk

where |u| is the Euclidean norm of u € RY, or functionals of the type

ou Ov
)P~ 2 -
a(u,v) = Z/ x ) Vu(x)| B, Ok

+ / B OO u()P~u(x)v(x)dx.
G

Such operators can be found in the paper of Kenmochi [20]. Suitable perturba-
tions of these operators by Nemytskii-type pseudo-monotone operators provide
us with other classes of examples where our theory applies.

In what follows, several relations hold a.e. on G or on 9G. This will be
assumed without further mention. Let y be a maximal monotone graph in %2

with 0 € y(0) and let
.9 d
7 == g (agr)

i,j=1

be a uniformly elliptic operator with coefficients a;; lying in the space
CY(G,R#) forevery i, j=1,2,...,n With this operator we associate the
maximal monotone operator 4 in L%(G) defined by

D(A) = {u € H*(G) : — (u) on 8G} ,

on,
Au=u, u € D(A).

ou s the outward normal derivative given by

Here, an.

ou ou —
= a;;— cos(n, x;
8"[(, i;l Jaxj ( ’ l)a

where 7 is the outward normal to 8G.
For the operator B we assume that

(Bu)(x) = gi(u(x)) + g2(x, u(x)) + B(liullz2),

where g, is as in Gupta and Hess [14], § € T is continuous and g, satisfies
the following conditions:

(i) & :GxF — A is continuous and there exist positive constants ¢, d
such that

[g2x, ) < c+d|t, (x,t)eGxFH;
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(ii) for every ug € D(A) there exist K(up) > 0 and T = T(up) > 0 such
that

(5.1) &0, u(x))(u(x) — uo(x))dx > —K(uo)

AxGG : |u(x)|>T}

for all u € D(A) with sufficiently large ||u||.
Then, defining the operators B(u), B(u) by

(Biu)(x) = gi(u(x))

and

(Bau)(x) = ga(x, u(x)) + Blull2), x €G, uelL*G),
respectively, we have, by Theorem 3.6, that R(A4 + B;) C R(4A + B, + B;) and
int R(A + By) C intR(4 + By + B,).

As in Gupta and Hess [14], the operator 4; = A+B, : L*(G) D D(A4) — 2L°(©)
is maximal monotone. Also, the operator B; : L?(G) — L?(G) is continuous and
bounded by well-known facts on Nemytskii operators. Gupta and Hess showed
in [14] that the operator A; is actually boundedly inversely compact, i.e., for
every bounded Q C X and every bounded Q* C X* the set @ N Al‘l(Q*) is
relatively compact in X. This property was then used in [14] to show that the
operator (A4; +J)~! maps bounded sets into relatively compact sets. However,
as we have shown in Lemma 3.1, this operator is also continuous because the
space L?(G) is uniformly convex. Thus, (4, +J)~! is a compact resolvent. In
order to apply Theorem 3.6, we need to show that for every up € D(A4) there

exist K (ug) >0 and B = ﬁuo € I' such that

(Bau, u — o) > —K (uo) — B(||ull 12)]ull 12

for all u € D(A) with sufficiently large ||u||;:. To this end, let uy € D(A) be
given. Then we have

(Bou, - g) = /G (820, u(x)) + B(llull ) () — up(x))dx
- /G @2, u(x))(u(x) — o(x))dx
+ / B(lull2) () — uo(x))dx
G
= I] + 12.
For I, we have
L > —B(lullze) /G ju(x)ldx — B(llull2) /G o) dx

= B(llullz2)llull 2 [meas(G)]'/? ~ ﬁ(ll}fllu)Iluolle[mf%lS(G)]”2
—2B(llull2)l|ull 2[meas(G)]'/? = — B(llull 2) |l 2

with u € D(A) with |lul|;2 > |luoll;2, where B €T is an obvious function.

v v
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For I; we have

I = / 22000, () (u(x) — tho(x))dx
{x€G : |u(x)|<T}
+ / 20, u(x))(u(x) - up(x))dx
{x€G |lu(x){>T}

>

/ 20, 1)) (u(x) — uo(x))dx — K (to)
{x€G : |u(x)|<T}

/ g0, u(x))u(x)dx
{x€G : |lu(x)<T}

-/ 2%, u(x))uo(x)dx — K (o)
{x€G : |u(x)|<T}

> —LT meas(G) — Li|ug||;2[meas(G)]'/? — K (uo)

= —K(uo),

where
L= )t
{xeé{lﬂg}{lgz(x )0}
and K(up) is an obvious constant. Thus our conclusion is true.
In order to show that (5.1) is actually satisfied by the operator B, in the
example of [14], we recall that in that example (Bau)(x) = g2(u(x)), where g
is as in (i) above and such that g,(¢)t > 0 for |f| > 7. We have

/ 22(u(x))(u(x) — to(x))dx
{x€G : |u(x)|>T}

- / £2(u(x))u(x)dx
{x€G : fu(x)|>T}
(5.2) -/ £2(u(x))uo(x)dx
{x€G : |u(x)|>T}
> (1/d)|B2ull32 — (c/d)imeas(G))/? || Baull 2 — k
~ |B2ull ol .2
= [(1/@M))|Boull3: - 1Bl - (k/M)| M,
where

M = [(¢c/d)lmeas(G)]'/* + |uol| 2

and k is an upper bound for
1 2
d {x€G : |u(x)|<T}

(u(x))dx

depending only on 7. Here we have used the estimates from page 312 of
[14]. Since for each € > 0 there exists C(¢) > 0 such that p < ep?+C(¢), p €
“ , we conclude that there exists a constant C = C(1/(dM)) = C(||ugl|z2) such
that the last member of (5.2) is bounded below by

[=Clluoll) = (k/M)IM = —K(uo),
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where K(ugp) is an obvious constant. Our example is thus an improvement
of the example of Gupta and Hess in [14] because the Nemytskii operator g
depends also on x and the operator B, is more general in that the condition
(ii) above is more general than the condition g»(z)t > 0, |¢{| > T. Note that we
also conclude that R(A + By) C R(4 + By + By).

As we mentioned in Section 3, the coercivity condition in the paper of Gupta
and Hess [14] is considerably stronger than the one of Theorem 3.6. In fact, the
condition in [14] reads as follows: for every k > 0 there exists a constant
C(k) € # such that

(Bx, x) 2 k||Bx|| - C(k),  x€X,

where B : X — X* is demicontinuous and bounded. To show that this condi-
tion implies the analogous condition of Theorem 3.6, assume that B satisfies
this condition and fix xp € D(A4). Then we have

(5.3)  (Bx,x—x0)=(Bx, x)—-(Bx, xo) 2 (Bx, x) — || Bx|l|| xol|

Given the number k = ||xo||, there exists a constant K(xp) = C(|lxol]) such
that
(Bx, x) 2 |IxolllBx|| — K(x0),  x€X.

Combining this with (5.3), we get
(BX,X)Z—K(X()), XEX,

which shows our assertion.

Ore of the things this paper illustrates is the strong connection between the
theory of zeros and the theory of ranges of sums of nonlinear operators. It
is rather natural to ask whether such connections also exist with the eigen-
value problem involving perturbations of nonlinear maximal monotone and m-
accretive operators. For example, given a set S C X*, under what conditions
can we conclude that there exists a number A > 0 such that S C R(4+ AB)
and/or intS C R(A+4B)? We should note here that the same number A4 should
work for all points in the set S. As far as the authors know, this is a new direc-
tion in the spectral theory of nonlinear operators and the study of such problems
will be undertaken in their future investigations.
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