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A critical point result for
non-differentiable indefinite functionals

SALVATORE A. MARANO, DUMITRU MOTREANU

Abstract. In this paper, two deformation lemmas concerning a family of indefinite, non
necessarily continuously differentiable functionals are proved. A critical point theorem,
which extends the classical result of Benci-Rabinowitz [14, Theorem 5.29] to the above-
mentioned setting, is then deduced.

Keywords: locally Lipschitz continuous and indefinite functionals, deformation lemmas,
critical point theorems

Classification: 35A15, 49J35, 58 K05

1. Introduction

The critical point theory for smooth functionals in a Banach space is at present
well established and excellent monographs devoted to various aspects of it are
already available; we mention for instance [14], [11], [15], [5].

In 1981, through techniques of non-smooth analysis previously introduced by
F.H. Clarke (see [7]), K.-C. Chang treated the case of functionals that are only
locally Lipschitz continuous, generalizing both the famous Mountain Pass Theo-
rem (briefly, MPT) of Ambrosetti-Rabinowitz [14, Theorem 2.2] and the Saddle
Point Theorem [14, Theorem 4.6] to this more general framework; vide Theo-
rems 3.4 and 3.3 of [6], respectively. Later on, in 1997, D. Motreanu and C. Varga
made the same for the result of Du [10, Theorem 2.1], where the strict inequality
occurring in the MPT has been weakened to allow also equality; see [13, Theo-
rem 2.1]. Finally, the very recent paper [2] provides extensions of a ‘dual version’
[10, Theorem 2.2] of the MPT besides the Generalized MPT [14, Theorem 5.3] to
the above-mentioned setting.

The main purpose of the present work is to establish a version of the classi-
cal Benci-Rabinowitz’s result [14, Theorem 5.29] for functionals which, roughly
speaking, can be non-smooth but only locally Lipschitz continuous at all possible
critical points having critical value given by the usual minimax procedure, thus
strengthening the analogy between the two theories. The approach of Ding [9]
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is adopted here. Consequently, we work in the case of linking sets and with the
strict inequality weakened to permit also equality. However, several new non-
trivial difficulties, mainly arising from the fact that the derivative of the involved
functional now exhibits a multifunction (the so-called generalized gradient), have
to be overcome. We first prove two deformation results (Lemmas 3.1 and 3.2
below) which extend Proposition A.18 in [14] and Lemma 3.2 of [9], respectively,
to our framework. From a technical point of view, it represents the most difficult
part of the paper and is presented in Section 3. These results are then exploited
in Section 4 to establish the existence of critical points for non necessarily con-
tinuously differentiable indefinite functionals, even when ‘less than or equal to’
takes the place of ‘less than’ in the standard ‘mountain pass’ inequality; vide
Theorem 4.1. Some applications of this result are examined in [1].

2. Preliminaries

Let (X, || - ||) be a real Banach space. If V is a subset of X, we write int(V') for
the interior of V', V for the closure of V, co(V) for the convex hull of V. When
V is nonempty, € X, and § > 0, we define diam(V) :=sup{|jly — z|| : y,z € V}
besides

B(z,0) :={2€ X : ||z—z| < 4§}, Bs:=B(0,0), Bs:=B(0,9),
d(z,V) = in‘f/ le —z|l, Nsg(V):={z€X:d(zV)<d}
zE

Given z, z € X, the symbol [z, 2] indicates the line segment joining x to z, namely
[z,2] ={(1 —t)x+tz: ¢t €[0,1]}.

We denote by X* the dual space of X, while (-,-) stands for the duality pairing
between X™* and X. A function h: X — R is called locally Lipschitz continuous
when to every z € X there correspond a neighbourhood V, of x as well as a
constant L, > 0 such that

[h(u) — h(2)| < Lgllu—z|| Yu,z€ V.

If 2, 2 € X, we write k9 (x; z) for the generalized directional derivative of h at the
point = along the direction z, which means

h(u+tz) — h(u) '

hO(x;z) == limsup ;

u—x,t—0t

It is known [7, Proposition 2.1.1] that RO turns out upper semicontinuous on
X x X. The symbol Oh(x) indicates the generalized gradient of the function h at
x, i.e.

Oh(x) := {x* e X*: (2*,2) <h(x;2)Vz e X},
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while, for any nonempty set V C X,

on(V) = | J on(w).

zeV

Since Proposition 2.1.2 of [7] ensures that Oh(z) is nonempty, convex, and weak*-
compact, it makes sense to put

my,(x) := min{||z*|| x+ : ** € Oh(x)}.

The following compactness condition of Palais-Smale type at a given level d € R

will be adopted in this paper.

(PS)p,a Every sequence {x,} C X satisfying h(vp) — d and mp(vp) — 0 pos-
sesses a convergent subsequence.

Moreover, (PS);, will simply denote (PS)j, 4 for any d € R; see [6, Definition 2].
We say that x € X is a critical point of h when 0 € Oh(x), which clearly
signifies h0(z;2) > 0 for all z € X. If d € R, we write

Kg(h):={z € X : h(zx) =d, z is a critical point of h}
in addition to
hg:={zeX: hx)<d}, h:={reX: h(x)>d.

The real number d is called a critical value of h provided K4(h) # 0.

Lemma 2.1. Let X be reflexive and let h : X — R be locally Lipschitz continu-

ous. If Oh(V') is compact in X* for any bounded subset V' of X then

(h1) h maps bounded sets into bounded sets,

(hg) Yz € X, € > 0 there exists a 6 > 0 such that Oh(z) C N(Oh(x)) Vz €
B(z,9).

PROOF: Assertion (hi) is achieved once we show that the image through h of
each closed ball centered at the origin of X is bounded. Arguing by contradic-
tion, assume there exists a d9 > 0 such that h(§5o) turns out unbounded from
above (a similar reasoning applies when h(Bs,) is unbounded from below). Then
h(x,,) — +o0 along some sequence {z,,} C By,. Since X is reflexive, passing to
a subsequence if necessary, we may suppose x, — = in X, with x € F(;O. Now,
pick n € N. The Mean Value Theorem [5, Theorem 7.1.1] furnishes two points
Zn € [z, 0], ¥y}, € Oh(zy,) such that

1) han) = h(z) = (Y, Tn — 7).
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By eventually taking a subsequence we have y; — y* in X*, as {y}:} C Oh(Bs,)
and the latter set is relatively compact. So, owing to (1), h(zy) — h(z), which is
absurd.

Let us next prove (hp). If the assertion were false for some z € X and ¢ > 0
then one could construct two sequences {z,} C X, {y;:} C X* with the properties
T — x, Y € Oh(xy,) for every n € N,

(2) d(yy,0h(z)) > VneN.

Taking account of the hypotheses, and passing to a subsequence when necessary,
we would get y; — y* in X*. By Proposition 2.1.5 in [7] this would imply
y* € Oh(z), whereas from (2) it follows d(y*, Oh(z)) > e. O

3. Two deformation results

Henceforth, X will denote a real Hilbert space with inner product (-, -) and induced
norm ||z = (z,z)'/2, z € X, while the function b : X — R will always be assumed
to satisfy the following conditions:

(b1) b is locally Lipschitz continuous on X;

(ba) 9b(V) is compact for any bounded subset V of X.
Now, let A : X — R be defined by

3) h(z) = %(Lx,x) +b(z) Ve X,

where L : X — X. We shall suppose also that:
(L) L is linear, bounded, and self-adjoint.
(b3) There exists an g9 > 0 such that

diam (9b(z)) = 0, 2 € (hgpeo NRI70)\ Ky(h),

for some d € R.

Remark 3.1. Because of (bg) the set 0b(x) reduces to a singleton whenever
z € (hgiey Nh3750)\ K4(h). Consequently, via Proposition 2.2.4 in [7] and the
second conclusion of Lemma 2.1 we easily realize that b turns out continuously
differentiable at each interior point of (hgy, N had=20)\ Ky(h).

Thanks to (by) besides (L), the function % is locally Lipschitz continuous.
Hence, arguing exactly as in the proof of [6, Lemma 3.2] provides the following

Proposition 3.1. If d € R, assumptions (by) and (L) hold true, while the
function h given by (3) fulfils (PS)}, 4 then for every ¢ > 0 there exists an € > 0
such that

(4) inf {mh(:zr) sz € (hgpz N hd_g) \ N&(Kd(h))} > 0.
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Remark 3.2. When K;(h) = () we have Ns(K4(h)) = 0 and the number € does
not depend on §. Thus, in this case the above inequality takes the form

(5) inf {mh(:v) P2 € hgpz N hd_g} > 0.

To simplify notations, define, for any d € R, § > 0, € > 0,
Sse(h,d) := (hape N B\ Ns(Kq(h)),  Se(h,d) :=hape NHOE,
Moreover, write
(6) e = inf {my (@) : @ € S5o(h.d)}
(7) e = inf {my (@) : @ € S-(h, d)}

as long as no confusion can arise. By (4) and (5) one evidently has psz > 0 for
all 6 >0, uz > 0.

Recall that a function w : X — X is said to be compact when it maps bounded
sets into relatively compact sets.

Proposition 3.2. Let hypotheses (L) and (by)—(bs) be satisfied. Then to each
0 >0, e €]0,e0/3[, » > 0 there corresponds a locally Lipschitz continuous compact
function w : X — X such that

(8) |w(z) —0b(x)|| <r Ve Ss.(h,d).

PrOOF: Fix ¢, £, and r as above. For every x € X put
T'(z) == a(z)0b(z) if = € S5/33.(h,d), T(z):=0 otherwise,
where o : X — [0, 1] denotes any continuous function fulfilling
a(r) =1 Ve Ss.(h,d), a(z) =0 Vae X\ S59.(hd).
Observe that T : X — X is well defined, because
S5/3,3¢ (hyd) C (hapeg NAT0)\ Kq(h)

and (bz) holds. Moreover, if zg € S5/3 3.(h,d) then there exists an open neigh-
bourhood Vg of z¢ which is contained in (hqy ., Nh9750)\ Ky(h). In fact, letting
Vo := h™(Jd — o, d + o[) \ Ns/3(K4(h)) we clearly have

S5/3.3¢(had) € Vo C (hgsey NE720) \ Ky(h).
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From diam (0b(x)) = 0 for all € Vj besides the second conclusion in Lemma 2.1
it follows that b is (single-valued and) continuous at 2. As xg € Sg/3 3. (h, d) was
arbitrary, the function 9b turns out continuous on Sj/3 3. (h,d). Since a(z) = 0
in X \ S5/2,2¢(h,d) we see that also T' is continuous on Ss/3 3.(h,d). Therefore,
T € C°(X, X). Let us next show that the function 7' turns out compact. Clearly,

we only need to verify that T(V) is relatively compact for every bounded set
V C S5/3.3¢(h,d). Pick {yn} C T(V). Then

yn = T(zn) = a(xn)0b(xy)

for some z, € V, n € N. Since 0 < a(z,) < 1, passing to a subsequence
if necessary, we may suppose a(z,) — o in R. By eventually taking a subse-
quence one has 9b(zy) — y*, because {xy,} is bounded and (bs) holds. Therefore,
T(xp) — o*y*, namely yp, — y with y := o*y*. This means that T'(V) is com-
pact. Now, Proposition A.23 of [14] can be applied, and we obtain a locally
Lipschitz continuous compact function w : X — X such that ||w(z) — T(2)|| <r
in X, from which the conclusion follows. O

Define, for any s € RS‘ ,
if s€]0,1],

1

9) o(s) =4 1 .
- otherwise.
s

Proposition 3.3. Let the assumptions of Proposition 3.2 and (PS);%d be sat-
isfied. Then to each 6 > 0 there corresponds an € €]0,e¢/3[ such that if r €
10, p15,2/2[ then the function

(10) o(@) = o(|| L + w(@)||) [Lz +w(2)], @€ X,

where w is given by Proposition 3.2 for ¢ := g, is locally Lipschitz continuous.
Moreover, one has

(11) [v(@)| <1 VzeX,

(12)  (Lz + 9b(x), v(x)) > min{use(pse — 1), pse — 2ry Vo € S5e(h, d).

PROOF: Fix 6 > 0. Using Proposition 3.1 yields an € > 0 such that use > 0,
with psz as in (6). Without loss of generality we can suppose 32 < £9. Now,
pick r €0, u5z/2[. Proposition 3.2 provides a locally Lipschitz continuous and
compact function w : X — X fulfilling (8). The locally Lipschitz continuity of v
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immediately follows from the properties of L, w, besides o. Since (11) is obvious,
it remains to check that v satisfies (12). If x € Ssz(h, d) then by (8) we have
poz < [|Lx + 0b(x)|| < || L + w(z)|| + [[w(z) — 0b(x)|| < [[Lz + w(z)|| + 7,
thus
(13) L+ (@)l > sz — -

Two situations may now occur. When ||Lz + w(z)|| < 1, exploiting (8) as well as
(9) leads to

(Lx + 0b(x),v(x)) = (Lx 4+ 0b(x), Lx + w(x))
2 || La + 0b(2)|[([[Lx + 0b(x) || — [[w(z) — 9b(@)|]) = nsz(usz — 7).
If || Lz + w(z)|| > 1 then through (9), (8), and (13) we obtain

(Lo + 0b(), v(x)) = m

2 ||Le + w(@)l| — w(z) — 0b(x)|| > psz — 2r.

(Lz + 9b(x), Lx + w(x))

Therefore, in either case (12) holds true. O
Remark 3.3. For K;(h) = (), inequality (12) becomes

(19 (Lo+0b(@),0(x)) > min{uz(uz — 1), gz — 21} ¥ € Se(h, d),
with pz given by (5).

Remark 3.4. Reading the preceding proof we immediately realize that the more
general condition r €]0, usz[ can take the place of r €0, us=/2[. However, this
latter guarantees also that the right-hand side of (12) is positive, which will be
useful later in the paper.

The next deformation lemma extends Proposition A.18 of [14] to the framework
of the present paper; see also [6, Theorem 3.1]. Write

(15) fir == min{pz(pz — 1), uz — 2r}, 1 €]0, uz/2[.

Lemma 3.1. Let conditions (b1)-(b3), (3), (L), and (PS); 4 be satisfied. If
K4(h) = () while r €]0, uz/2[ then for every e €]0,Z| there exists n € C°(]0,1] x
X, X) such that

(i) lIn(t, ) —=f| <¢ in [0,1] x X,

(i2) n(t,xz) =z Vt € [0,1] provided = ¢ Sz(h, d),
(i3) Vx € X the function t — h(n(t,z)) is monotonically decreasing on [0, 1],
(i) h(z) —h(n(1,2)) > fir whenever n(t,z) € Se(h,d) for almost all t € [0,1],
(i5) n(t,x) = exp(0(t,z)L)x+ K(t,z), (t,x) € [0,1] x X, where § € C°([0,1] x

X) is bounded and K : [0,1] x X — X is compact.
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ProoF: Fix r €]0, uz/2[. Through Proposition 3.3 we obtain a locally Lipschitz
continuous function v : X — X fulfilling (14) besides (11). Next, pick € €]0,g]
and define V(z) := a(z)v(z), = € X, where @ : X — [0,1] denotes a locally
Lipschitz continuous function such that

(16) alz) =1 Va e Se(h,d), alz) =0 Vaze X\ Sz(h,d).

The basic existence-uniqueness theorem for ordinary differential equations in Ba-
nach spaces ensures that the Cauchy problem

a7) W— v, 0. =w,

with € X, has a unique solution 7(-,z) : R — X, while the continuous depen-
dence of solutions to (17) on the initial datum x forces n € C°([0,1] x X, X).
Now, integrating (17) and using (11) yields immediately (i).
If x € X \ Sz(h,d) then, by (16), V' = 0 on some neighbourhood of z. Conse-
quently, n(t,z) = x for all ¢ € [0,1], which shows (i2).
Let us next verify (i3). To this end, fix z € X and write ¢(t) := h(n(t, x)),
€ [0,1]. One evidently has
t//
(19) b)) — e a) = [ Ss)ds v e o
t/

because ¢ : [0,1] — R is locally Lipschitz continuous. The conclusion is thus
achieved once we prove that ¢'(t) < 0 almost everywhere in [0,1]. Thanks to [6,
Proposition 9] as well as (17) it results
(19) ¢'(t) < —min{(z*, V(n(t,z))) : z* € Oh(n(t,z))} at almost all ¢ € [0,1].
When 7n(t, z) € Se(h,d), taking account of (16) and (14) we get
(=%, V(n(t, x))) = (Ln(t, z) + 9b(n(t, x)), v(n(t, ) > fir.

By (19) it implies
(20) ¢ (t) < —fir < 0.
If n(t,z) € X \ Se(h,d) then, owing to (14) besides (16),

(&, V(t,2)) = alnt, 2) (@, v(n(t,2)) > 0, a* € Oh(n(t,)).

In view of (19) this forces ¢'(t) < 0. Hence ¢'(t) < 0 for almost every ¢ € [0, 1],
and (i3) follows.
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Finally, since (i4) is an easy consequence of (18) and (20), it remains to ve-
rify (i5). Through (10) we can write V(x) = w(x) [Lz + w(x)], with

w(z) = a(z)o(|| Lz + w(z)|]) VzeX.
Problem (17) thus becomes

% +w(n)Ln=-wm)wn), n0,z)==z.

Arguing exactly as in the proof of [14, Proposition A.18] yields
n(t,x) = exp(0(t, x) L)z + K(t,z), (t,2)€[0,1] x X,

where 0(t,x) == — fgw(n(s, r))ds and

t
K(t,x) := —/0 [exp (8(s,z) — 6(t, x)) L] w(n(s,z))w(n(s,x))ds.

Obviously, the function 6 : [0,1] x X — R turns out continuous besides bounded.
Since (i1) holds, w is compact, while 0 < w(z) < 1 in X, the same technique
exploited at p. 86 of [14] guarantees here that the function K : [0,1] x X — X is
compact. ([

We now come to the deformation result below, which extends Lemma 2.1 of
[9] to our framework. Set

(21) fisr = min{usz(psz — 1), sz — 2ry, 1 €J0, usz/2[.

Moreover, write id for the identity map of X.

Lemma 3.2. Let (b1)-(b3), (3), (L), and (PS)} 4 be satisfied. If A, B are two
nonempty closed subsets of X such that

(22) ANB=0, ACh®, BChy, Kyh)nB=10

then there exist n € CO(R x X, X) in addition to ¢ > 0 with the following
properties:

(1) n(t,-), t € R, is a homeomorphism and 7(0,-) = id;

(12) nlt, Ya = id|a Vi € R;

(j3) Vx € B the function t — h(n(t,z)) turns out monotonically decreasing on

[0, 1];
(Ga) (1, B) € hq—e;
(j5) assertion (i5) of Lemma 3.1 holds.
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PRrOOF: Thanks to condition (PS), 4 the set Ky(h) is compact. Thus, using the
assumption Ky(h)NB = () we can find a 6 > 0 such that Ns(K4(h))NNs(B) = 0.
Now, define

C = X\ (Sz/2(h,d) N Ns/2(B)), D :=Sz/3(h,d) N Ns3(B),

where € > 0 is given by Proposition 3.3, and pick any locally Lipschitz continuous
function a : X — [0, 1] fulfilling

(23) alz) =0 VzeCl, alz)=1 VaxeD.

If 7 €]0, pu5z/2[ then Proposition 3.3 provides a locally Lipschitz continuous func-
tion v : X — X that complies with (11)—(12). Finally, write, whenever x € X,

6 .
(24) Vig)ie 4 3A@V@ if @€ Selh ) NNS(B),
0 otherwise.

Clearly, V is locally Lipschitz continuous also. Moreover, |V (z)| < 6/3 in X.
Through the basic existence-uniqueness theorem for ordinary differential equa-
tions in Banach spaces we therefore obtain a function ¢ € C° (Rx X, X) satisfying

d¢(t,x
(25) U Vg, com =2 Vi eRx X
Let B1 :=(([0,1] x B). If z € B then
d¢( )
¢t ) — II—H/ de(s,2) dH_H/V (s ds| <5, telo,
namely
(26) Bi1 € Nj/3(B).

We claim that the set Bj is closed. To verify this, pick a sequence {yn} C B
converging to some y € X. Since y, = ((tn,zy) with (tn,zn) € [0,1] x B
by eventually taking a subsequence we can suppose t, — ¢ in [0,1]. Define
zn = C(t, zpn), n € N, and observe that, on account of (25),

tn dc (s, 5
Iyn — znll = ||/t %ds“ < glta—t] VneN.

Hence, z, — y. Through the properties of ¢ we thus achieve x, = ((—t, zp),
n € N, ((—t,zn) — ((—t,y). Setting v = ((—t,y) one has =, — =z, the point =
belongs to B because B is closed, while

Y= C(t,l‘) € C([Ovl] X B) = By,
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which represents the desired conclusion. Our next goal is to show that

(27) Vz € B the function ¢+ h(((t,z)) turns out decreasing on [0, 1].

Fix z € B and write ¢(t) := h(¢(t,x)), t € [0,1]. Arguing as in the proof of
Lemma 3.1 we only need the inequality ¢'(t) < 0 for almost every t € [0,1].
Thanks to [6, Proposition 9] besides (25) it results

(28) ¢/ (t) < —min{(z*,V(((t,2))) : #* € Oh(C(t,x))} for almost all ¢ € [0,1].

If ((t,x) € Sz(h,d) N Ng(B) then, bearing in mind (24), the choice of ¢, and (12),
we get

Wl >

(29) (Lg(tv .’L‘) + ab(<(t= ‘T))= V(C(t7 CC))) 2 a(C(tv x))ﬂ&,r >0,

with fi5, given by (21). Due to (28) this implies ¢'(¢) < 0. A simple reasoning
yields ¢ (t) = 0 whenever n(t,z) € X \ (Sz(h,d) N Ns(B)). Hence, in either case,
¢'(t) <0, and the assertion follows. We now proceed to verify that

(30) AN B =0.

If (30) were false one could find (g, z¢) €]0, 1] x B fulfilling {(tg, z¢) € A. Because
of assumption (22) and (27) it forces

(31) h(¢(t,z9)) =d Vit e€|0,tp].

Using (26) we thus obtain (¢, z9) € D, t € [0, tg], which leads to

to §
(62 (Clto.0)) = hC(O0.20) + [ (s)ds < d= Giig o < d

by means of (23), (29), and (28). However, (32) contradicts (31) written for ¢t = tg.
Note that from (30) it follows d(x, A) + d(z, B1) > 0 at each point € X. Let
Al ={z € X : ay(z) <1/2}, where

d(z, A)

ay(z) == Ao A) +dw B z e X.

Since the function «; is evidently continuous, A; turns out closed. Moreover,
one has A C int(A;) as well as A1 N By = (. Pick a locally Lipschitz continuous
function & : X — [0, 1] satisfying

a(x) =0 Ve A, &(x)=1 Vz € By,

673
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and define

(33) V(z) :=a(z)V(x), xze€X,

with V' given by (24). It is clear that the function V:X > Xis locally Lipschitz
continuous, ||V (z)|| <6/3in X, Vs, =0, while V|p, =V|p,. fn: Rx X — X
denotes the solution to the Cauchy problem

(34) WD) — G2, n0,2) =,

where z € X, then classical results concerning ordinary differential equations in
Banach spaces ensure that n(¢,-) : X — X is a homeomorphism, thus showing
assertion (j1).

To verify (j2) we first point out that for every x € A it results z € int(A;) and
so V = 0 on some neighbourhood of z. Because of (34) this yields (¢, z) = z,
t € R, which represents the desired conclusion.

As V|B1 = V|p, we then have

—V((t,z) = =V (C(t,z)) = % V(t,z) €[0,1] x B.

By the uniqueness of the solutions to (34) it follows
(35) ¢(t,z) =n(t,x) in[0,1] x B.

Hence, assertion (j3) is an immediate consequence of (27).
Let us next prove (j4). Put

. [E 4.
(36) €:= mln{g, gu&r}

and suppose, contrary to our claim, that there exists an xg € B fulfilling
(37) h(n(1,z0)) > d—e.
Since zg € B, (35) with x = xq, (27), (22), besides (37) lead to

d—e < h(n(t,zg)) <d Vtel0,1].

Gathering (34) and (33) together provides

t t
Intt.0) — ol = | [ 520 as = [Vt mas] < 5. e o
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Therefore, 7(t,z9) € D because ¢ < £/3. Thanks to (35), (28), (24), (23), the
choice of 4, and (12) we get

dh(n(t
W < —g fi5, almost everywhere in [0, 1].
In view of (36) this forces
0

h(n(1,z0)) = h(zo) < =35, < —&.

As zg € B we actually have
h(n(1,20)) < h(zo) —e < d —e,
which contradicts (37). The proof of assertion (j4) is thus complete.
Finally, if one writes for any « € X,

sy oz | §E@E@I L + 0@ when € 5201, 0 Na(),

0 otherwise,
then Problem (34) takes the form

W ) in = ~w(mun), (0,2) ==

Hence, the same arguments exploited to achieve (i5) of Lemma 3.1 ensure here
that (js5) is true. O

Remark 3.5. Examining this proof we realize that the conclusion of Lemma 3.2
could be more precisely stated as follows:
There exists a § > 0 such that to each r €]0, us5z/2[ there corresponds a function
n € CO(R x X, X) enjoying properties (j1)—(j5), with € as in (36).

The section concludes with two elementary examples, showing that very natural

non-smooth functionals h can be treated through the above results. In both cases
one has X :=R, L =0, besides d := 0.

Example 3.1. Define b(z) := |z| for all z € X. Then (by) is obviously satisfied,
while (bz), (b3), and (PS);, 4 immediately come out from the expression of b,
namely (vide [7, p. 28])

ob(x) ={-1} Vz <0, 0b(0) = [-1,1], ob(x) ={1} Vz>0.
Example 3.2. Let b : X — R given by, for every x € X,
b(z) := 2 sin 1 if x # 0, b(0) := 0.
x

The function b is differentiable, but not continuously, on X. However, it fulfils
(b1), because b’ turns out bounded. Since

ob(x) = {23:sinl — cos l} if x #0, ob(0) = [-1,1],

T T
an easy argument guarantees that (bz), (bs), and (PS)y, 4 hold true too.
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4. Existence of critical points

In this section we establish a version of Benci-Rabinowitz’s result (see [4, The-
orem 1.4] as well as [14, Theorem 5.29]) where the involved functional is not
necessarily continuously differentiable on the whole space. We further weaken the
usual strict inequality to allow also equality, which is already known concerning
the smooth case [9, Theorem 2.1]. Besides those of [4], [14], [9], significant results
on the subject were obtained in [3], [12], [8].

The next definition of linking will be adopted here; vide for instance [14, p. 31].
Let X = X1 & X9 with Xo = Xf‘, the orthogonal complement of the subspace
X1, and let P; : X — X, be the projector of X onto Xj;, i =1,2. Put

S:={®eC%0,1] x X, X): &0,-) = id,
Py®(t,x) = Pox — K(t,x), where K :[0,1] x X — X2 is compact}.
If S,Q C X are nonempty, S is closed, @ C X, a given subspace of X, while 9Q
denotes the boundary of @ in X, then we say that S and 0Q link when for every
® € S fulfilling ®(¢,0Q)NS =0, ¢t € [0,1], one has ®(t,Q) NS # 0, t € [0,1]. As
regards meaningful examples of linking sets we cite [14, Examples 5.22 and 5.26].
The symbol T indicates the family of v € C?([0,1] x X, X) with the properties
(1) 7(0,2) = ¥z € X,
(T2) v(t,2) ==, (t,x) €(0,1] X 0Q, and
(T'3) ~(t,x) = exp((t,x)L) x+ K(t,x) ¥ (t,x) € [0,1] x X, where § € C°([0, 1] x
X) while K : [0,1] x X — X is compact.
The following assumption will be taken up in addition to those listed before.
(L") Ly = L1Pyx + LoPyx, x € X, where L; : X; — X; is linear, bounded, and
self~adjoint, 1 = 1, 2.
Finally, write
1
f(z) = §(Lx7x) +b(z) VzelX.

Theorem 4.1. Let (b1)—(b2), (L'), and (PS) ¢ be satisfied. Suppose S links with
0Q, S C X1, Q is bounded, while 0Q N S = (. If, moreover,
(f1) flog < a < flg for some a € R,
(f2) setting
¢ := inf sup f(7(1,2))

yel zeQ
there exists g > 0 such that diam (0b(x)) = 0 for all x € (feqe, NFE0)\
Ke(f),
then one has
(k1) c>a,

(ko) Kc(f)\0Q # 0, and
(ks) Kc(f)NS 0 provided ¢ = a.
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PROOF: We first note that ¢ < +00. Indeed, the function v(¢,x) := z on [0,1] x X
belongs to I while, taking into account (hi) of Lemma 2.1, the set f(Q) turns out
bounded because so is ). Let us show assertion (k). Thanks to the assumptions,
Proposition 5.32 in [14] can be applied. Consequently, for every v € T' there is
a point x4 € Q fulfilling v(1,2y) € S. By (f1) it implies sup,¢q f(7(1,2)) > a.
As v was arbitrary, we actually have ¢ = inf e sup,cq f(7(1,7)) > a, which
represents the desired conclusion. Two situations may now occur, namely ¢ > a
or ¢ = a.

If ¢ > a then (f1) forces Kc(f) \ 0Q = Kc(f). Suppose, contrary to (kg), that
K.(f) = 0. Proposition 3.1 provides an € > 0 satisfying uz > 0, where pz is given
by (5) for h:= f and d := ¢. Without loss of generality, we may assume

_ . [c—a e
38 — .
(38) £<mln{ 5 ,3}

Therefore, both h and d satisfy all the hypotheses of Lemma 3.1. Pick r €]0, pz/2[
as well as ¢ € 0, min {g, fir/2}[, with {; as in (15). Through the above-mentioned
result we obtain a function n € C?([0, 1] x X, X) enjoying properties (i1)—(i5). One
has

(39) 77(17 fere) C fe—e.

In fact, if (39) were false then 7(1, zg) ¢ fc—e for some zg € fete. On account of
(i3) and (i) this would imply

c—e < f(n(l,z0)) < f(n(t,z0)) < f(n(0,20)) = f(xo) <c+e VEel0,1],

ie. n(t,zg) € Se(f,c), t € [0,1]. Owing to the choice of £ besides (i4) we would
arrive at

C_€<f(77(17'r0))<f(x0)_,a7‘§0+5_,ar<0—€,

which is clearly absurd. Hence, (39) holds. Let us next verify that n € T.
Conditions (I'1) and (I's) immediately follow from (i1) and (i5), respectively. So,
it remains to check (I'2). If z € 9Q then x ¢ Sz(f, ¢) because, by (38) in addition
to (f1),

f(:v)ga:c—(c—a)<c—%<c—§.

Using (ig) yields n(¢t,xz) = = for all ¢t € [0,1]. As x was arbitrary, (I'2) is true.
Choose any 7. € I' such that

(40) sup f(1e(1,2)) < c+e.
Tz€Q

The same arguments adopted in [14, p. 33] ensure here that (¢, z) — n(t, 7= (¢, )),
(t,r) € [0,1] x X, belongs to I'. Therefore, ¢ < sup,¢cq f(1(1,72(1,2))). On the
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other hand, gathering (40) and (39) together provides n(1,7:(1,Q)) C fc—e, which
is impossible.

We now come to the case ¢ = a. Since 9Q NS = (), the conclusion will be
achieved once one verifies (kg). Suppose on the contrary K.(f) NS = () and
define h := —f, d := —c, A:=0Q, B := S. As the hypotheses of Lemma 3.2 are
evidently fulfilled, we get a function n € CO(R x X, X) besides a number ¢ > 0
with properties (j1)—(j5). Let 7¢ € I" satisfy (40) and let

Te(t,2) = n(t, )" (et,@) YV (t2) €[0,1] x X.

One clearly has 7, € I'. Indeed, condition (I'1 ) immediately follows from (j1) while
an elementary argument based on (jo) and the fact that n(t, )1 (z) = n(—t,z),
(t,r) € R x X, yields (I'2). Finally, (I's) is a simple consequence of (js), because
ve € T while 7. (¢, z) = n(—t,v(¢,2)) in [0, 1] x X; see [14, p. 33] for more details.
At this point, Proposition 5.32 of [14] provides an x¢ € @ such that 7.(1,z¢) € S.
So, owing to (40) besides (j4) of Lemma 3.2, we get

c+e S f(n(laﬁa(]-vxf‘:))) = f('YE(]-vxE)) <c+ 2N

which is absurd. This completes the proof. (I

When b € C(X), Theorem 4.1 takes the following form, which coincides with
Theorem 2.1 of [9] and hence includes Benci-Rabinowitz’s result as a special case.

Theorem 4.2. Let b € C1(X) and let (by), (L/), (PS)s be satisfied. Suppose S
links with 0Q, S C X1, Q is bounded, while 9Q NS = (. If, moreover, (f;) of
Theorem 4.1 holds then f possesses a critical value ¢ > a.

PROOF: Set, as before, ¢ := inf e sup,cg f(7(1,7)). The same reasonings made
to establish Theorem 4.1 guarantee here that ¢ > a. Now, the conclusion is a
direct consequence of that result because (f3) holds true. (]
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