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ABSTRACT. The definition of the weak slope of continuous functions introduced by

Degiovanni and Marzocchi (cf. [8]) and its interrelation with the notion “steepness”
of locally Lipschitz functions are discussed. A deformation lemma and a mountain
pass theorem for usco mappings are proved. The relation between these results
and the respective ones for lower semicontinuous functions (cf. [7]) is considered.

0. Introduction. The classical mountain pass theorem of A. Ambrosetti and
P.H.Rabinowitz (cf. [1]) has been extended in various directions, one of them being the
relaxation of the smoothness assumption on the considered functional. These exten-
sions require notions corresponding to the norm of the derivative (and in particular,
to a critical point) in the C! case. A well known generalization is for locally Lipschitz
functionals (cf. [2, 16, 3]) where the most popular notion of the derivative is the Clarke
subdifferential (cf. [4]). Recently in [8], [7], [12] and [13] the mountain pass result was
extended to the continuous case and a version of this result for lower semicontinuous
functionals was proved there. The principal aim of this paper is to propose an alterna-
tive approach to the lower semicontinuous case using multivalued usco mappings.
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The paper is organized as follows.

In section 1 we discuss some interrelations between the notions generalizing the
norm of the derivative of a C' functional to the locally Lipschitz and continuous cases.

In section 2 we introduce the notion of steepness of upper semicontinuous
compact-valued mappings. It is shown how it generates a corresponding notion for
lower semicontinuous functionals. Two examples motivate our approach. In section
3 a natural multivalued version of the classical deformation lemma and in section 4 a
mountain-pass theorem for usco mappings are proved.

1. The locally Lipschitz and the continuous cases. We next recall the
definitions of the two notions which substitute the norm of the derivative of a C'-
functional in the locally Lipschitz and in the continuous case, respectively.

Definition 1.1. Let X be a Banach space, S C X be a neighbourhood of
x € X, f:S — R be Lipschitz continuous and f°(x,h) be the Clarke derivative of f at
x in direction h € X. The number

—inf{f°(, h):h € X, [Bllx = 1}

is called steepness of f at x and is denoted by st f(x).

The real number c is said to be a critical value of f if there exists x € X
(called critical point of f) such that ¢ = f(x) and 0 € Of(x) where Of (x) is the Clarke
subdifferential of f at x.

Remark 1.2. In [16] we have defined the steepness as
inf(f°(w; h):h € X, [hllx = 1.
In [2] the respective notion is
Aw): = min{[l2* | x-:2* € Df ()} (p. 113)

In fact, if st f(x) is defined as in Definition 1.1, we have A\(x) = 0 if st f(z) < 0 and
A(z) = st f(x) otherwise. In addition st f(x) = A(z) = ||f'(x)|| if f(z) is C'. That is
why in this paper we prefer to stick to the Definition 1.1 of the steepness rather than
to the one given in [16].

The notion of steepness can be introduced in a natural way for locally Lipschitz
functionals defined on a Finsler manifold (cf. [15, 17]).

Definition 1.3 (cf. [8]). Let X be a metric space endowed with the metric
d, f: X — R be a continuous function, x € X and let B(x,d) be the closed ball with
centre x and radius 6 > 0. The supremum of the numbers o € [0, +00) such that there
exist 6 > 0 and a continuous map H: B(z,0)x[0,6] — X, such that for eachy € B(z,0)
and for each t € [0, 6] we have

d(H(y,t),y) <t and f(H(y,t)) < f(y) — ot,
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is called weak slope of f at x and is denoted by |df|(x).

As in the C' and in the locally Lipschitz cases, x € X is called critical if
|df |(z) = 0.

Remark 1.4. Independently loffe and Schwartzman introduced and studied
a slightly different notion of steepness for nonsmooth functionals (called J-regularity
and denoted by d(f,z)) which is in the spirit of Definition 1.3 (cf. [12], [13]).

In the Definition 1.3 existence of local deformations is assumed, whereas it has
to be proved on the basis of different assumptions in the previous versions of the so
called “deformation lemma”.

If fis C!, we have

|df () = st f(x) = |1 (=)

(cf. [8, Proposition 2.10 and Theorem 2.11], and [4, §2.2]).

It was proved in [8] (cf. Theorem 2.17) that if f is locally Lipschitz then |df|(z) >
st f(x). In particular this means that the set of critical points defined by |df|(z) = 0,
is smaller than the one, defined by st f(x) < 0.

Unfortunately, unlike the C! case, if f is locally Lipschitz, |df|(z) = st f(z) is
not necessarily true, as the following example shows.

Example 1.4. Let us divide the plane R? into four regions:

1
O ={(z,y): 0<x and —§x§y§m}
Q={(z,y): 0<z<y or x<min(0,2y)}
1
93:{(1373/) 0<z and —xSyS _§x}

Q={(z,y): 0<z<—y or 2y<az<0}
The function f: R2 — R, defined by

r 3 .
—54‘% if (x,y)EQl
3
oY if (z,y) € Qo
_ 2 2
r 3y .
— + = f Q

is clearly locally Lipschitz.
Next we show that st f(0) < 0. Assuming the contrary, let h = («, 3) with
a? + 32 = 1, be the direction along which we have

1
t—0,t>0
(2,y)—(0,0)
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Since in every neighbourhood of the origin there are points from the interior
of Q;,i = 1,2,3,4, this inequality implies the following inconsistent system of linear
inequalities:

—a+ 303
3a—
—3a—p3
a4+ 343

o o o o

<
<
<
<

Hence st f(0) < 0, i.e. the origin is a critical point according to Definition 1.1. But

1
|df](0) > —= holds true. We show this by defining

V2

( \/—73/ \/—) if (l‘,y) € Q3 Uy
H((z,y),t) = (x — \/_,y \/_) if (z,y) ¢ Q3UQ and t <t
H(H((xu y)7 t(x,y))u t— t(x,y)) if (1:7 y) ¢ Q3UQy and ¢ > t(x,y)

z,y)

where t(, ) is the greatest positive number ¢ satisfying H((z,y),t) € {1 U Qs for some
(z,y) & Q3U Q.

This example shows that the set of critical points in the sense of Definition 1.1
of a given locally Lipschitz function may be strictly larger than the respective set in
the sense of Definition 1.3.

2. The weak slope for multivalued usco mappings and for lower semi-
continuous single valued functionals. Let F: X — Y be a multivalued mapping
and A be a subset of Y. We denote

FYA) := {2eX:F(x)NnA+#Q}
F 1(A) = {xe€X:F(x)C A}.

Definition 2.1. A multivalued mapping F: X — Y, where X and Y are
topological spaces, is said to be upper semicontinuous at the point xg € X, if for every
open set V in'Y which contains F(xq) there exists a neighbourhood W of xg such that
W C F_1(V). F is said to be upper semicontinuous if it is upper semicontinuous at
every point x € X. The correspondence F is called usco if it is upper semicontinuous
and F(x) is non-empty and compact for every x in its domain.

It is straightforward that the “big preimage” F~'(M) of a closed set M is
closed and the “little preimage” F_1(U) of an open set U is open provided F' is upper
semicontinuous.
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We introduce the notion of weak slope of an usco mapping F as a complete
analogue to Definition 1.3 (applied to sup F').

Definition 2.2.  Let (X,d) be a metric space and F: X — R be an usco
mapping. We fiz a point x € X. The supremum of the reals o € [0,+00) such that
there exist § > 0 and a continuous map H:B(z,d) x [0,6] — X such that for each
y € B(z,9) and for each t € [0,0] we have

d(H(y,t),y) <t and sup F(H(y,t)) < sup F(y) —ot

is called weak slope of F at x and is denoted by |dF|(x).

Note that for an usco F' the supremum of F(x) is finite and in fact it is a
maximum. The function sup F: X — R is upper semicontinuous in the sense that
(sup F)(z) > limsup(sup F)(zy,) for every sequence {z,}°>; tending to z. It is more
convenient to work with multivalued usco’s than with upper semicontinuous real-valued
functions (see Example 2.4 and Section 3). The mapping |dF|: X — [0,+o0] is again
a lower semicontinuous one as in the continuous case.

In [8, 7] a notion of weak slope for lower semicontinuous real functions is intro-
duced and studied and some results about the existence of critical points (of mountain
pass type) are proved.

Here we propose another approach to lower semicontinuous functions which
follows the classical pattern with the deformation lemma.

Let (X,d) be a metric space and f: X — R be a lower semicontinuous real
functional (i.e. f(xg) < liminf f(z,) whenever x,, — x(). The graph of f, G =
{(z,t): t= f(x)} is a subset of X x R. Let G be its closure. We define a multivalued
mapping F: X — R corresponding to f by F(z) = {t € R: (x,t) € G}. The proof of
the following proposition is straightforward.

Proposition 2.3. Let X, f and F be as above. Then f(x) € F(x), moreover,
f(x) = min F(z) for every x € X. If, in addition, f is continuous at the point x € X,
then F(z) = {f(x)}. The correspondence F is usco provided f is locally bounded from
above.

Having in mind Proposition 2.3, it is natural instead of a lower semicontinuous
functional f to consider its “extension” F. So we have a “weak slope” for f using
Definition 2.2 for F.

Example 2.4. Let us consider f:R — R defined by

f(x):{xﬂ if <0 J

—x if >0 / 0 X
The function f is lower semicontinuous and it is

natural from a geometrical point of view to consider
the origin as a mountain pass point.

f(x)
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Indeed, the weak slope of the extension of f

r+1, <0
F(x) = -z, >0
{0,1}, =0

is zero at the origin i.e. |[dF|(0) = 0.

The weak slope of f as introduced in [8, 7] is 1 at 0 although it is obvious that
there is no reasonable deformation in a neighbourhood of the origin.

This example shows that if one wants to prove a deformation lemma for a semi-
continuous real function the assumption that the weak slope is “big” in a neighbourhood
of f~1([1—e,1+¢]) (or of (sup F)~! ([0—¢,0+¢])) is not sufficient. This motivates the
use of the multivalued “extension” F' and our formulation of the deformation lemma
in section 3.

Example 2.5. The lower semicontinuous function in the previous example
had a critical point in our sense which was not critical in the sense of [8, 7], being yet
a reasonable mountain pass point.

Here we see that a point can be critical in the sense of [8, 7], not being critical
in our sense which is due to the fact that we take into account only “essential values
of the Isc function”, i.e. values which are cluster points of the set of the values of f.

Indeed, let
e i a0 f(x)
f<$)_{—1 if 2=0

Its extension is 0 X

B x if x#0
F(x)_{ {~1,0} if =0

and |dF|(x) =1 for every x € R, although the origin is a local minimum.

Remark 2.6. The definition of critical point given by loffe and Schwartzman
applies to any function and gives critical points in both examples (cf. [12],[13]).

3. Deformation lemma for usco mappings. Let X be a metric space with
metric d. By B(xz,r) we denote the closed ball with centre = and radius r. For any
subset S of X we set

Sy ={z e X : dist(z,S) <r}

where dist(z, S) = inf{d(z,y) : y € S}.

Theorem 3.1 (deformation lemma). Let X be a complete metric space
with metric d and F': X — R be an usco correspondence. Let €, § be two positive reals
and S be a subset of X. If Q is an open neighbourhood of F~1([c —&,c+€]) NS5 such
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2e
that for every y € Q the weak slope |dF|(y) > 5 then there exists a continuous map

n: X x[0,400) — X with the following properties:

(i) n(z,0) ==z for every x € X,
(i)  nx,t) == for every xe€ X\Q and te[0,400);
(iii) if €S and sup F(x) < c+e, then

sup F'(n(z,0)) < c—e;
()  d(z,n(x,t)) <t whenever € X and te€[0,+00).

Proof. Let 0 = 2 for short notation. Since |dF|(z) > o for every z € Q
by definition 2.2 we obtain that for every xz € @ there exist a positive real d, and
H, € C(B(z,0;) x [0,0;],X), such that B(x,d,) C @ and for every y € B(z,0;) and
every t € [0, ;] the following two inequalities hold true:

(la) d(Hy(y,t),y) <t

(1d) sup F(H,(y,t)) < sup F(y) — ot.

)
Let us denote by U, the open ball with centre x and radius g Then {U, }rcqU

{X\(SsNF~1([c—e,c+e]))} is an open covering of the metric space X. Let {U,}erU
{X\(SsNF~Y([c—e,c+¢]))} be alocally finite refinement of the above covering and
{oy}yer U {a} be a Lipschitz partition of unity subordinate to this refinement. Let
U, C Uy, o € Q and for short §, = 0., Hy, = H,,. Without loss of generality we
can have

Q=u{U,: yeTl} D SsNEYe—e,c+e]).

Let I = [0,79) be well ordered. We set ¢, = 2 min{d, : z € U,} if 2 € Q and
ty =0 if z € X\ Q. We define inductively the mappings {§,(2,%)},c[0,40]

(a) &o(z,t) = for every x € X and 0 <t <t

(b) if v has a predecessor, then for every € X and t € [0,,]

H,Yfl(f’y,l(x,t), Oé’yfl(l‘).t) if x € U’yfl

(2) &y (z,t) = { & 1(z,1) if v ¢ Uy_1;

(¢) if v is a limit ordinal, then

&(z,t) = %im £p(x,t) for each z € X, t €[0,t,].
<7
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Next we show that for each v € [0,7] and for z € X, t € [0,¢,] the mapping
& (x,t) is well defined and continuous and the following properties hold true:

(3a) d(&, (x,1),2) < (3 ap(a).t;
B<y
(3) sup F(&,(z,1)) < sup F(z) — o( Y ap(x)).t.
B<y

We will proceed by induction on ~.
For v = 0 the claim is clear.
Let the claim be true for every § < .
Case I: v has a predecessor.
If v ¢ U,_1, then & (x,1) is clearly well defined.

1
If x € Uy_1, then ay_q(z)t < t, < 557_1. Using (3a) for v — 1 we have

1
d(y—1(z,t),z) <t <t, < 5(5«,_1 and therefore {,_1(x,t) € B(xy_1,0y-1) s0 & (z,t) =
H,_1(&-1(z,t), y—1(z).t) is well defined.
Moreover, whenever € X and ¢ € [0, t,] we have

d(f«,(l‘,t),l‘) < d(&v(x>t)>§7—1(xat))+d(§7—1(x>t)>x)S

ay—1(z).t + ( Z ag(x)) 1= (Z ag(a:)) 't

IN

B<y—1 B<y

according to (1la), (2) and inductive assumption and (3a) is proved. Now

sup Fi(&y(,t)) = sup F(&(2,t)) — sup F(&-1(x, 1)) + sup F(&y-1(,1)) <

< sup F(&(,1)) — sup F(€1(,8)) +sup Fx) —o( 3 ap(a))t
B<y—1

If z € U,_1, then by (1b) and (2) we have
SupF(&W(xvt)) - SupF(f’y—l(mat)) =

=sup F(Hy—1(&-1(x,t), ay—1(x).t)) —sup F(&—1(z,t)) < —0.0y—1(z).L.

If © ¢ Uy_1, then ay,—1(x) = 0 and sup F(&,(x,t)) — sup F(§y—-1(x,t)) =0
—o.0y—1(2).t.
Hence

sup F'(§(z,t)) < —o.y—1(x).t +sup F(x) —of Z ag(z).t =
[B<y—1

= supF(x) — O’(Z ag(x).t,

B<y
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thus proving (3b).

Next we establish the continuity of &, at (xo,tg), where 0 < tg < t;,. Let
Ty — o and t, — to, where 0 < ¢, < t,. There are two possibilities: zg € U,_1 or
i) ¢ U’yfl.

If zg € U,—1 then z,, € U,_; for n sufficiently large. As above d(&y—1(zn,tn), Zn)
<tp <ty < %57,1 for every n > ng and for n = 0, so

g'yfl(djnytn) € B(x'yflyé'yfl)y n 2 no, f’yfl(antO) € B(x'yflaé'yfl)'

Now the continuity of &, at (xo, to) follows from (2) and from the continuity of &,_1, cy—1
and H,_1 (on the set B(xy—1,0y—1) % [0,0y_1]).
If o ¢ U,_1, then the sequence {z,}° ; consists of two subsequences:

{7, }30:1 C X\ Uy—1 and {wzn};‘il CUy-1.

For the first subsequence we have &, (xy,,tr,) = &—1(@k,,tk,) and the continuity of
§—1 implies
Jim & (2k,, th,) = &y-1(20, %0)-

S 1
The second subsequence may be finite. If not, z9 € U,_1 and so £y < 3 0y—1,
f’y,l(xo,to) S B(x,yfl, (57,1). Therefore

Jim & (zy,,1,) = lim Hyoy(§-1(2,, 1), oy (2,)-1,) =
Hoy1(&-1(20,t0), q—1(20)-to) = Hy—1(&4-1(20,%0),0) =
= f’y—l(x()at())'

Thus the continuity of &, is proved because & (zo,t0) = & —1(xo,tp) when
i) ¢ Uw—l'

Case II: v has no predecessor.

Let z € X and B(x,7;) NUg = O for each 8 ¢ {71, 72, ...,7s}. Denote ¥ =
max{y; <7v : i=1,2,...,s} + 1. Then & (y,t) = &(y, t) for every y € B(z,r,) and
t € [0,t,]. Indeed, a simple induction on § € [¥,v] shows £3(y,t) = &5(y,t) using (2).
Case II is done.

Let us denote &, by . This mapping has the properties:

(4a) d(&(z,t),x) <tfor eachx e X, t €0, t,];
(4b) sup F/(&(z,t)) <sup F(z) for each z € X and t € [0, t];

(4c) sup F(&(x,t)) < sup F(z) — 0.t for each x € SsNF 1 ([c—¢, c+¢])
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and t € |0, t;].
These properties follow from (3a), (3b), because > 5. ag(z) =1
on SsNF~1([c—¢, c+e]).

In the sequel we shall need the lower semicontinuity of the mapping x — t, €
[0,400) on X. If z ¢ @ we have t; = 0 and the lower semicontinuity follows from
ty > 0 for every y € X. Now let € Q = Uyer Uy. Since {U,} er is locally finite,
there exists a ball B(x,r;), such that B(z,r,) N Uy # @ only for finitely many .
Without loss of generality

B(z,r;)NU, #Qiff ye {B el : z € U}

If y € B(w,ry), then {3 €T :yeUs} C{B€T: zeUs}, ie t, >t, and the lower
semicontinuity of x — t, € [0,+00) is proved. It implies the existence of a continuous
function 7 : X — [0,400) such that 7(z) <¢; on X and 7(x) >0 iff ¢, >0, ie.
T(z) >0 iff z€Q.

Next we define inductively

g € C(X x [0,400),X) and 7, € C(X) for £k =0,1,2,...

as follows:
70(z) =0 on X;
no(z,t) =a for every z € X and t > 0;
Tk+1( ) = Ti(@) + 7 (e (@, 7 ()));
ne(x,t) for every t € [0, 7% (x)]
Mher1(@,t) = { E0m(z, 7k(2)), t — () for every  t € [mk(x), Ty (2)]

Emg(z, i (x)), Tieg1(x) — ()  for every ¢ > 7piq(x).

The following properties of 7, are corollaries of the properties (4a), (4b) and
(4c) of &:

(5a) d(nk(x,t),xz) <tfor every x € X and t > 0.
(5b) sup F'(ni(x,t)) <sup F(x) for every z € X and ¢t > 0.
(5¢) sup F'(ng(z,t)) < sup F(z) —o.t

for every x satisfying n;(x, (7)) € SsNF~Y([c—¢, c+¢]) whenever i € {0,1,...,k—1}
and for every t € [0, 7 (z)].
We shall prove only (5¢) since (5a) and (5b) are straightforward. Again, we proceed by
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induction on k. The first step is trivial. Next we estimate from above sup F(ni11(z,1)).
If t € [0, 7 (x)] we have

sup F(ngy1(x,t)) =sup F(ng(x,t)) < sup F(x) —o.t

by the inductive assumption. If ¢ € [7x(x), 7p+1(z)], then

sup F(ng+1(z,t)) = sup F(§(k(z, k(z)),t — () <
< sup F(n(z, 7(2))) — 0.(t — k(z)) <

< sup F(z) — o1k (x) — 0.t + o.1i(x) = sup F(x) — o.t.
The first of the above inequalities is (4c) applied to
e (x, 76(x)) € S5 N F_l([c —¢,c+el)and t — () € [0, 1y, (2,7 ()]

and the second one is the inductive assumption.
The following claim is the critical step in the proof.

Claim. Let us denote A = cl({z € X : sup F(z) € [c—¢, ¢+ €]} NS). Then
for every x € A there is a neighbourhood V' of x and a positive integer s such that
for every y € SNV satisfying sup F(y) < c+¢ we have sup F(ns(y,7s(y))) < c —e.

Proof of the claim. Let x be fixed in A. There are three cases.

Case I. {m(z,7(2)}32, ¢ F~(fc — ¢, ¢ + ¢€]), i.e. there exists a positive
integer s such that ns(x, 7s(7)) ¢ F~!([c—¢, c+¢]). Since F is upper semicontinuous
and ns(.,7s(.)) is continuous on X, there exists a neighbourhood V' of x such that
ns(y, 7s(y)) ¢ F~1([c—¢, c+e]) foreveryy € V. Thenify € V and sup F(y) < c+e,
the property (5b) completes the proof in this case.

Case II. sup{ri(z): k=1,2,...} > . Then there is s such that 75(x) > ¢
and a neighbourhood V' of x such that 75(y) > 6 for every y € V. Let us fixy € VNS
with sup F(y) < c¢+e. Aiming for contradiction we assume sup F'(ns(y, 7s(y))) > c—e.
Let s, = min {k : 7%(y) > 6}. Then y € S and (5a) yield n;(y,7:(y)) € S5 for
i=0,1,...,s, — 1. Moreover, by (4b), we have ¢ —e < sup F(n;(y,7i(y))) < c+¢ for
i=0,1,...,s, — 1, hence n;(y, 7;(y)) € SsN F~!([c — ¢, c+¢]) for these i. Applying
(4b) and (5c) we obtain

c—e < sup F(ns(y,7s(y))) < sup F(ns,(y,7s,(y))) < sup F(y) — 0.7, (y) <
2
< sup F(y) —g.ég cte—2e=c—c¢,

which is a contradiction.
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Case III. {n(z,7%(z))}32, € F Y ([c —e,c+¢]) and sup{m(x) : k =
1,2,...} < 6. Because of (4a) we have

A(or1 (2, Tha1 (%)), i (2, 70 () = A€ (e (2, 7k (7)), Trgr (2) = Tk(2)), (2, k() <

Th+1(x) — 7(x). Since {73,(z)}32, is convergent, the sequence {ny(z, 7 (x))}>, is a
Cauchy one. Since X is complete, there exists z = klim Nk (x, i (z)). Moreover
— 00

k
d(wa) = kh—{go d(xvnk(vak(x))) < kh—{{olo Z d(ni—l(fU»Tz‘—l(fﬁ')%ﬁz‘(ﬂfaﬂ‘(w))) <
i=1
k
< leIgO Z (ri(x) — 1—1(x)) = klirrolo Tr(x) <6,
i=1

i.e. 2 € Ss becausex € S. Further on, 2 € F~1([c—¢, c+¢]) because F~1([c—¢, c+¢])
is closed. Hence z € SsNF~([c—¢, c+¢]) C Q. Therefore 7(z) > 0 and the continuity

of 7 yields that 7(ng(x, 7% (z))) > % for all £ sufficiently large. On the other hand

(e (2, T (7)) = Try1(2) — T(2) —k—00 0.

The contradiction ends the proof of the claim.

So, for every x € A the claim provides a neighbourhood V, C ) of x and a
positive integer s, such that for each y € V, NS satisfying sup F(y) € [c—¢, c+¢] we
have sup F'(ns, (y, s, (y))) < ¢ —e. Now {Vz}zea U{X \ A} is an open covering of X.
Let {V3}sepU{X\ A} be a locally finite refinement of this covering and {wg}gepU{w}
be a Lipschitz partition of unity subordinate to the refinement. We denote

T (x) = Z Wg(x).TSB(x).

BeB

Since {V3}gep is locally finite, 7%(x) : X — [0,400) is continuous. Let k(z) =
max{sg: = € V3}. We define : X x [0,+00) — X as follows:

77(.1‘,75) _ { nk(x)(xvt) if (.1‘)

t<T*
M) (@, 7"(2)) i t>717(2)

Let € X. Then there exists » > 0 such that B(z,7) N Vg = @ whenever
x ¢ Vs If y € B(z,r) we have

m™(y) < max {7, (y) : y € Va} < max{ry,(y): y € Va} =

= Tmax{Sﬂ:yGV_ﬂ} (y) = Tk(y) (y) < Th(x) (y)a
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because k(y) < k(x). Therefore n(y,t) = i) (¥, 1) = Mk(2)+1(y,t) forevery y € B(z,r)
and t € [0,7*(y)]. Now the continuity of 7y(;)41 and 7 yields the continuity of 7.

It remains only to verify that the so defined mapping n € C(X x [0, +00), X)
has the properties (i)—(iv) from the statement of the deformation lemma. The property
(i) follows from the definition of 7, (ii) follows from the fact that 7*(z) =0 if v ¢ Q
and (iv) follows from (5a). Let x € S and sup F(z) < c+e¢. If sup F(z) < ¢ — ¢, (iii)
follows from (5b). If sup F'(x) > ¢ — ¢, then x € A and hence there exists § € B with
z € Vg. Let sg« = min{sg: = € Vg}. Then 7"(z) > 75,.(¥) and we have different
possibilities depending on the order of the reals 6, 7*(x), 7. ().

We will denote by ! the last index for which 7j(x) < min{7*(z),d}. If 6 >
T*(x) > Ts,. (@), then using (4b) several times we obtain

sup F(n(x, 7" (x))) = sup F(E(m(z,n(x)), 7" (x) — n(z))) <
< sup F(m(z,7(z))) = sup F(E(m-1(z, n-1(2)), n(2) = 11-1(2))) <

< sup F(moa(z,m-1(2)) < -0 <sup F(n. (2, 7, (2)))-

sup F(1(x,0))

IN

(z), then as above
sup F(n(x,0)) = sup F(n1(x,0)) = sup F(&(m(z,n(x)),d —n(z))) <
< sup F((m(z,n(2))) < sup F(ns,. (2, 7s,. (2)))-

In both cases € SNV« sup F(z) € [c—¢, c+¢] and the choice of Vg« yields
sup F(1s,. (2, Ts4. (7)) < c—¢, hence sup F(n(z,9)) < c—e. f 7*(x) > 75,.(x) > 4, we
repeat the argument in the proof in Case II of the claim. If there exists ¢ € {0,1,...,}
with sup F(n;(z,7;(x))) < ¢ — ¢, then

sup F(n(z,6)) = sup F(myi(z,6)) = sup F(§(m(z,m(2)),0 —n(x))) <
< sup F(n(z,m(x))) <sup F(ni(z,7i(x))) < c—e.
If sup F(n;(z,m(x))) > ¢—e forevery i € {0,1,...,1}, then
ni(z,7i(x)) € SsNF Y[c—¢, c+e]), i=0,1,...,1
and applying (5c) we have
sup F(n(z,9)) = sup F(m41(z,9)) <sup F(z) — 0.0 < c+¢e— 2?.(5 =c—¢
thus finishing the proof that 7 has the property (iii). O

Remark 3.2. A careful examination of the above proof shows that it is
sufficient for @ to be an open set containing Ss Ncl{x € X : sup F(z) € [c—¢, c+¢]}.
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4. A min—max principle. In this section we show how the deformation lemma
can be used to obtain a min-max principle for usco mappings.

Here is the setting (see [9], [10] and [11]): Let X be a complete metric space
with distance d and F' : X — R be an usco correspondence. Let M be a family of
subsets of X and M be a subset of X. Throughout this section we shall denote

c(M,F,M) =inf{sup (UW{F(z):z € ANM}): Aec M}.

Definition 4.1 (cf. [9]). Let B C X. We shall say that a class M of subsets
of X is a homotopy stable family with boundary B if
(a) every set in M contains B;
(b) for any set A in M and any n € C(X x [0,1], X) verifying n(x,t) = x for all (z,t)
in (X x {0})U (B x [0,1]) we have

n(A, 1) ={ze X :2=n(y,1) for some ye A} € M.

Theorem 4.2. Let X be a complete metric space, F' : X — R be an usco
correspondence, M be a homotopy stable family of subsets of X with boundary B and
M be a subset of X verifying

(6a) dist(M, B) = inf {d(z,y) :x € M,y € B} >0,
(6b) MNA#QO forall Ac M,

and

(6¢) inf{sup F(z):z € M} >c=c(X,F,M).

Let ¢ € (0,dist(M, B)/2). Then for every A € M satisfying

2

sup (U{F(z) 10 € ANM,3}) <c+ %

there exists x. € X with the properties:

62

(@) @€ F (= Se+35))

(13) |dF|(ze) <e

(131) dist(ze, M) <e

(iv) dist(ze, A) <e.

Proof. We first note that (6b) and (6¢) imply ¢(M, F, M) = ¢(X, F, M) = c.
Hence there is A € M (appearing in the formulation of the theorem) satisfying

2

sup (W{F(z) :x € AN M, 3}) < c—l—i—2
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because
c=c(M,F,M) < (M3, F, M) < c(X,F,M) =c.
We set
e2 ¢
e () = max{0, 213" dist (z, M)}

F.(z) = F(x) + ¢ (z)
2
forxz € X, and c. = c+ sz It is easy to check that

e <c(M,F., M) < (X, F., M) <ec..

[\

Since 0 < 9. (x) < Ez for each x € X,

&2
(7) sup (U{Fz(z) 1z € ANMe}) <co + T
holds true.

Let us choose S to be the set AN M, /3. Then
Seyz = (M3 N A)eyz C Myy3N Agys.
Let us assume that for every
€ D =cl(MyeysNA3N{zr € X :sup Fe(z) € [cc — e2/12,c. +2/12]})

we have |dF.|(x) > ¢/2. Let U, be an open neighbourhood of x such that U, C M,
and |dF.|(y) > /2 whenever y € U,. We set Q. = U{U, : * € D.}. This set is
open, contains D. and |dF¢|(y) > €/2 whenever y € Q.. We are ready to apply
the deformation lemma (see Remark 3.2) for the following choice of F, S, c,e,d and @
respectively: Fp, ANM, 3, cc, £2/12, /3 and Q.. We thus obtain 7 € C'(X x [0, 00), X)
satisfying :

(a) n(x,0) = z for each z € X;

(b) n(x,t) = x for each (z,t) € (X \ Qc) x [0, 00);

(c) if . € AN M, 3 and sup F.(x) < ¢. +¢2/12, then n(z,¢/3) € A3 N Mo s
and sup F.(n(z,e/3)) <c. —e2/12;

(d) d(z,n(xz,t)) <t for each z € X and ¢t > 0.

Let us consider A = (4, /3). Since Q. C M. we have BN Q. = @ and, hence,
n(x,t) = z for all (z,t) € (B x [0,00)). Since M is homotopy stable with boundary
B, we have A € M. It follows from (d) that A NM C (A N M,/3,/3). On the other
hand AN M,/3 C {x € X : sup F.(z) < c. +2/12} because of (7). Applying (c) we
obtain sup Fr(n(AN Mz, 3)) < ce — £2/12. Then

€2

ce =c(M,F.,M) <sup (UW{F.(x):z € A NM}) <c — o
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)

which is a contradiction. Hence there is a point z. € D, with |dF.|(x) < =. Moreover,

\)

we know that

g2 g2

Te = nh_)noloa:n where x, € A.;30 My, /3 and sup Fi(zn) € [cc — 137 Ce + E]

By the compactness of F.(x,) we get y, € F.(x,) satisfying y,, = sup F.(x,). The
sequence {y, o2, of reals is bounded. Let {yn, }72; be a convergent subsequence of it
with a limit yg. Then yp € F.(x.) and yo € [cs—%, cs—i-%] because F; is usco. Therefore
r. € FY([e: — %,ce + %]) Since F(x.) = F-(z:) — ¥ (z:) and —% < = (xe) <0,
z. € F7Y([c — %,c + %]) Thus we checked that z. satisfies (i), (iii) and (iv) from
the statement of the theorem. It remains to prove (ii). Let us assume the contrary,
i.e. |dF|(z.) > e. Let € be a positive real with |dF|(z.) > ¢ > e. Then there exist
a positive real § and a deformation H € C(B(z.,J) x [0,d], X) such that for every
x € B(x.,6) and for every t € [0, ] the following properties hold true:

d(x,H(z,t)) <t
sup F(H(z,t)) <sup F(z)—¢ .t.
Since ). is a globally Lipschitz function with Lipschitz constant 5, we have
sup Fr(H(z,t)) = sup F(H(z,1)) + ¢e(H(z,t)) <

< sup F(z) —¢ .t +p:(H(z, b)) =

= sup FL(z) — () — € t+ 9 (H(z, 1) <
< sup Fu(z)—e .t + (/2)d(x, H(z,t)) <
< sup Fo(z)—e.t+(g/2).t
= sup F.(z) — (¢ — (¢/2)),

Hence |dF.|(z.) > (¢ — (¢/2)) > (¢/2). The obtained contradiction completes the
proof. O

Definition 4.3. Let X be a complete metric space, c € R and F : X — R be
an usco correspondence. We say that ¢ is a critical value of F if there exists a point
xo € X such that ¢ € F(xo) and |dF|(zg) = 0. We say that F satisfies the condition
(PS). if, whenever a sequence {x,}22, is such that ¢ = limy, oo yn, where y, € F(xy)
and liminf |dF|(z,) = 0, then c is a critical value of F'.

Next we introduce the final necessary notation: Let u,v be two distinct points
of the connected metric space X. We denote

I = {g € C([0,1], X) : 9(0) = u,g(1) = v}



Speculating about mountains 357

(the set of paths connecting u and v).

Corollary 4.4. Let X be a complete metric space, F' : X — R be an usco

correspondence, D be a closed subset of X and u,v be two points from X belonging to
disjoint components of X \ D. Assume c¢(X, F,I') = ¢(D, F\T") = c. If F verifies (PS).
then c is a critical value of F'.
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