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THE ATTAINMENT SET OF THE ¢-ENVELOPE
AND GENERICITY PROPERTIES

A. CABOT, A. JOURANI, L. THIBAULT and D. ZAGRODNY

Abstract

The attainment set of the ¢-envelope of a function at a given point is investigated. The inclusion
of the attainment set of the g-envelope of the closed convex hull of a function into the attainment
set of the function is preserved in sufficiently general settings to encompass the case ¢ being a
norm in a power not less than 1. The non-emptiness of the attainment set is guaranteed on generic
subsets of a given space, in several fundamental cases.

1. Introduction

Given a normed space (X, ||-||), tworeals A > 0 and p > 1, and an extended
real-valued function f: X — R U {+o00}, the Klee envelope of f with index A
and power p is defined by

1
K pf(x) = sup(—llx -y’ = f(y)) forall x € X,
yeX p)‘

and the attainment set is
1
O pfx) = {y €X: EIIX —yIP = f(y) = K)»,pf(x)}-

The Klee envelope is extensively studied. There are a lot of results concern-
ing its properties and its attainment set, see, e.g., [3], [7], [17] and references
therein. The Klee envelope is a suitable extension of the farthest distance func-
tion widely developed, e.g., in [1], [9], [10], [13], [14]. Recently, various
new properties of the Klee envelope of a function have been obtained through
the notion of norm subdifferential local uniform convexity (NSLUC, for short),
see [12]. Among them, assuming that f is a proper lower semicontinuous func-
tion whose effective domain dom f := {x € X : f(x) < +oc} is bounded,
the inclusions

On.pf(x) C Q1,p(C0 f)(x) CcoQypf(x) )
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are established, see [12, Theorem 2]. In the case p = 1, it is also shown (for
any real @ > 0) in [12, Theorem 3] that, whenever «; _; f is finite at some point,
then

ko f(x) + %dist(x, Wy) = myg, 2)

where m, := o +inf ,cx k). 1 f (y); this allowed in [12] to reduce the important
problem of singleton property of sets with unique farthest point to the other
important problem of convexity of Chebyshev sets.

The Klee envelope is an important particular case of the Moreau supremal
convolution. Thus, it is natural to look for counterparts of those results (for
the Klee envelope) in more general cases. The aim of the present paper is to
investigate attainment sets of the supremal convolution, whenever a general
convex function ¢: X — R U {—o00, 400} is considered in place of the norm
to the power p above. This is motivated by recent results in [6], where the
concept of p-envelope of a function is considered in depth. Given an extended
real-valued function ¢: X — R U {—o00, 400}, the g-envelope of the function
f: X = RU{—00, 400} is defined by

fe(x) := su)p()(go(x — )+ (=f()) forall x € X,
ye

where following Moreau [15]

Vri,s €R, r+s:=r+s, r+00:=+400, r+(—00):=—00,
and (+00) + (—00) = (—00) + (+00) = —00.

Of course, as said in [6], the function f¥ corresponds to the Moreau c-conjugate
f¢ of f with the coupling c: X x X - RU {—o00, +00} given by c(x, y) :=
¢(x — y). The structure of the transform f — f¢ is examined in great detail
in [6] and various properties of ¢-envelopes are provided.

The paper is organized as follows. In the next section we present prelimin-
ary results used throughout the development. In Section 3 we recall the notion
of NSLUC sets and give many examples from [12] of NSLUC sets, relating in
this way that concept to the ones of locally uniformly rotund property (LUR,
for short), Kadec-Klee property, etc. We also prove some new results for NS-
LUC sets which are crucial in the following sections, see, e.g., Proposition 3.7.
Section 4 is devoted to generalize (1) to the general fundamental case when
the p-envelope of f is involved instead of the Klee envelope. This is achieved
in Theorem 4.1. The genericity of non-emptiness of the attainment set is con-
sidered in Section 5 and shown in Theorem 5.1 therein. Finally, in Section 6
the identity given in (2) is obtained for the p-envelope of f, see Theorem 6.1.
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2. Preliminaries

Throughout the paper, given anormed space (X, || - ||) we will denote by Blx, r]
(resp. B(x, r)) the closed (resp. open) ball centered at x € X and with radius
r > 0. It will be convenient to denote by By and Sy the closed unit ball and
closed unit sphere of X, thatis By := B[0, 1] and Sy :={x € X : ||x|| = 1}.
As usual, we will also denote by N the set of all positive integers and by
R := R U {—00, +00} the extended real line. The indicator function of a set
S C X is defined by

0, ifx €8S,

ds(x) = {+oo, ifx ¢ 5.

The closure, the convex hull and the closed convex hull of § C X are denoted
by cl S, co S and co S respectively. For a function f: X — R, we denote its
effective domain by dom f, that is,

dom f:={x € X: f(x) < 4o00}.

We call f a proper function if f(x) < +oo for at least one x € X, and
f(x) > —oo for all x € X, or in other words, if dom f is a non-empty set on
which f is finite. The function which is constantly equal to +oco (resp. —o0)
on X is denoted by wy (resp. —wyx). A function f: X — R is said to be Fréchet
differentiable at a point x where it is finite whenever as usual there is some
x* € X* (the topological dual space of X) such that

J&) = f) =" x" —x)

[lx" — x|l

—0 as x' — x;

in such a case f is necessarily finite near x. The continuous linear functional
x* is called the Fréchet derivative of f at x and it is denoted by D f(x).
Similarly, when for any & € X,

N (fxe+th) = f(x) —t(x*,h)) > 0 as t — 0,

one says that f is Gdteaux differentiable and such an element x* is generally
denoted by D¢ f (x).

If f is convex, its Moreau-Rockafellar subdifferential is defined as 0 f (x) =
@ if f is not finite at x and if f is finite at x

Of(x) i={x" € X*: (x*,x' —x) < f(x)) — f(x), Vx' € X}.

More generally, given areal § > 0 and a point x € X with | f(x)| < +o0 the
set

Of(x)=x"eX": x*x'—x) <8+ f(X) — f(x), Vx' € X}
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is the §-subdifferential of f at x, and as above one puts d; f (x) = ¢ when
f(x) is not finite. Of course, 95 f (x) coincides with df (x) whenever § = 0.
The domain of the set-valued mapping 9s f is

domds f := {x € X : 95 f(x) # 0}
The normal cone to a convex set S C X at x € cl S is defined by
NS, x) ={x"eX*: x*,u—x)<0Vu e S}.

Consider now the concepts of convex hull and closed convex hull of an
extended real-valued functign. For a function f: X — R U {400}, one defines
its convex hull co f: X — R by

co f(x) :=inf{r e R: (x,7) € co(epi f)},
where epi f denotes the epigraph of f, that is,
epi f :={(x,r) e X xR: f(x) <r}.
Obviously, it is the greatest convex function majorized by f and
co f(x) = inf{Zn-f(y» e X, 6i>0, ) hy=x, ) b= 1}. (3)
i=l i=1 i=1
Similarly, the lower semicontinuous convex hull (or closed convex hull)
co f: X - RU{—o00,+00} of f is defined by
co f(x) :=inf{r e R: (x,r) € co(epi f)}.

From the above formulas one sees that co f is convex and lower semicontinu-
ous and it is the greatest lower semicontinuous convex function less or equal
to f. It also satisfies the following properties

co(epi f) = epi(co f), co(dom f) C domco f.

This allows us to express this closed convex hull function in the following
manner in the case when f is lower semicontinuous: forall x € X andn e N
there existm, € N, #, ..., t,j’qn in O, 1] with Z;”:”l t! =1,and yf, ..., y,’j,” in
dom f, such that

my my
: n.n __ —_— I n n
nll)r{.lo El t'y! =x and co f(x) = nll)rglo E 1 ).
1= 1=
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Let us first state a result from [6] on the relationship between the ¢-envelope
of f and the @-envelope of o f; for the previous case when ¢ is a norm to a
power not less than one see, for example, [12]. For the sake of completeness,
we give a detailed proof.

ProrosITION 2.1. Let (X, ||-||) be a normed space, f: X — R U {+o00} be
a proper function and ¢: X — R U {400} be a proper convex function. Let
x € X be such that ¢ is lower semicontinuous on x — dom<¢co f. Then

() = g% (x) = (co f)*(x) = (co [)*(x), “)

where g is any function satisfyingco f < g < f.

PRrROOF. Sinceco f < g < f, we see that f¥ < g? < (co f)¥. Thus (4)
holds true, whenever f?(x) = 4+o00. The case f?(x) = —oo is excluded since
f is proper. Let us consider the case f¥(x) € R. Let us take any y € X,
meN,andy; > 0,and y; € X foreveryi = 1,...,m,suchthat ) |., 1 =1
and Y1 | f;y; = y. We have

p(x —yi) = 20+ fi)s

thus m m
D g —y) < fE@)+ Y 6 f O,

i=1 i=1

so by the convexity of ¢

P —y) < [P+ Yt f ).

i=1

Taking the infimum over all admissible convex combinations, that is, the in-
fimum over the set in (3) with y playing the role of x, we obtain

px —y) < fO0) + inf{an(y» Y tyi=y,6>0,) 1= 1},
i=1 i=1 i=1

or equivalently p(x — y) < f¢(x) + co f(y). This, combined with the lower
semicontinuity of ¢ on x — dom(co f), yields p(x — y) < f¢(x) +co f(y)
for all y € dom(co f). From the latter inequality we obtain that (co f)?(x) <
f?(x), hence the desired equalities

() =g%(x) = (€0 ) (x)

are true. Finally, taking g = co f in the latter equalities gives the equality with

(co f)¥(x).
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Given functions f, ¢: X — R,and areal ¢ > 0, consider x, y € X such that
p(x —y)+ (= f(y) = f?(x) — ¢ and note, for such x, y, that both ¢ (x — y)
and f(y) are finite whenever f¥(x) is finite. Then, for every x € X the e-
approximate attainment set M, ,(x) is defined as follows: if | f¥(x)| = +o0
then M, , f (x) := @, and if | f¢(x)| < +o0 then

Mo f(x) :={y e X0 —y)+(=f() = f¥x) —¢}
={yeX:px—y) = f) = fx) —¢}, ®)

where the second equality is due to the above comment. For ¢ = 0 the set
M; , f (x), called the attainment set, will be denoted by M,, f (x), so

Myf(x):={yeX:px—y)+(=f) = f)}
={yeX:ipx—y)— f(y) = )}

if [f¢(x)| < +oo,and M, f(x) = @ if | f?(x)| = +00. Our objective is to
study the domain of the set-valued mapping x + M, f(x), that is, the set
of x € dom f¥ for which the attainment set M, f (x) is non-empty. Under
suitable conditions, we will study, in particular, properties of sequences of
approximating points, connections between M, (co f)(x) and M, f(x), and
the generic property of attainment points.

The next lemma, providing relations between the Fréchet subdifferentiab-
ility of — f¥ and the differentiability of ¢, will be used in Section 4. Recall
that the Fréchet subdifferential of a function g: X — R at a point x where g
is finite is given by

AN _ * 4
org(0) = x* € x* 1 liming 882 =W 20X 70 o]
s o=

We adopt the convention drg(x) = @ if g(x) is not finite.

LEMMA 2.1._Let (X, ||-11) be a normed space, and let ¢: X — R U {400}
and f: X — R be extended real-valued functions. Assume that f? is finite
at x.

(1) If f¢ is continuous at x and ¢ is proper and convex, then for every
y € dom o f, the function ¢ is finite and continuous at x — y.
(2) Ify € M, f(x), then the following hold:
(i) dr@(x —y) Cop f¥(x);
(i) 9p(—=f?)(x) Cor(—p)(x —);
(ii1) if Op(—f?)(x) # @ and if dp(x —y) # 0, then fY is Fréchet
differentiable at x and ¢ is Fréchet differentiable at x — 7y with
Dpf?(x) = Dro(x —y);
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@iv) if f? is Fréchet differentiable at x and ¢ is proper and convex, then
@ is Fréchet differentiable at x —y with Dro(x —y) = Dp f?(x).

ProOOF. (1) Following the proof of Proposition 2.1, we have
Vx' edom ¥, Vye X, & —y) < f°(x')4+cof(y).
Fix ¢ > 0 and, by the continuity of f¢ at x, take § > 0 such that
() < ff(x) +e,  Vx' € B(x,9),
which implies that for every y € domco f
p(x' —y) <cof(y)+ fP(x)+e, Vx' e B(x,9). (6)

Let y € domco f. There exists a sequence {zx }ren converging to y such that
limg_, 10 cO f(zx) = €O f(y). We may choose an integer k € N such that
co f(zx) <o f(y) + € and ||zx — y|| < 8/2. Thus relation (6) ensures that

e(x" —z) <0 f(y) + fP(x) +2¢, Vx' € B(x,$),

and this implies that ¢ is bounded from above on B(x — y, §/2). This guaran-
tees, because of the convexity of ¢, that ¢ is continuous at x — y.

(2)(i) The function f? is the supremal convolution of the functions ¢ and
— f, hence the result can be deduced from [12, Lemma 1].

(ii) Let x* € 9p(—f%)(x). There is some function £(x’) — 0 as x’ — x
such that, for all x’ near x,

(—x* 2" —x) = [ — fO0) —e(DIx" — x|l
>0 =) = fO) — (¢ =) = ) —e(llx" — x|
=o' =) —px =) —e@)[x" —x].

This shows that x* € dr(—¢)(x — y), which ends the proof of the inclusion
3 (= f9)(x) C dr(—)(x — 7).

(iii) In view of (i) and (ii), the non-emptiness of dp@(x —y) and 9 (— f¥) (x)
implies the non-emptiness of dr f¥(x) and dr(—¢)(x — y), which implies in
turn the Fréchet differentiability of ¢ at x and the Fréchet differentiability of
¢ at x —y. The equality Dr f?(x) = Dre(x — ) then follows immediately
from the inclusion of (i).

(iv) Since the convex function ¢ is finite and continuous at x — y by (1), it
ensues that dp(x —y) # @, thus (iv) follows from (iii).

Finishing this preliminary section, we give a formula connecting the sub-
differential of ¢ for maximizing sequences with the Fréchet derivative of f¢.
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ProrosITION 2.2. Let (X, ||-||) be a normed space, let p: X — R U {400}
be a proper convex function and let f: X — R be a function such that f%(x) is
finite and the Fréchet derivative D ¥ (x) exists. Let{y; }ien be any maximizing
sequence for f¥(x), that is,

lim (p(x = ) = () = [ (). o

Then the following properties hold.

(a) The function ¢ is continuous at x — y; for i € N sufficiently large. If
x! € 0s,0(x —y;) foralli € N, then

lim [lxf = Dp f* (0l =0, ®)

where §; > 0 foralli € N and lim;_, o, §; = 0.

(b) Moreover, if {yi }ken is a subsequence converging weakly toy, then
the sequences {¢(x — yi)}ren and { f (i) }xen converge to p(x —y) €
R and (co f)(y) € R, respectively. The limit point y satisfies y €
M, (5 f)(x).

ProOOF. (a) Since f?(x) is finite, then we may suppose that all f(y;) and
¢ (x — y;) are finite, thus the continuity of ¢ at each x — y; is a consequence of
Lemma 2.1(1). Consider any sequence {§; };ecy With §; > O and lim;_, o, §; = O,
and consider also, for eachi € N, any x/ € 95,¢(x — y;). Put

g i= ymax{f¢(x) — (p(x — ) — fF()). 8.1}
and x* := Dp f¥(x) as well. For all h € By and all i € N, we have

el +o(x +eh—y) —o(x —y)

(x/.h) <
&j
- e+ ox+eh—y)— fO)— (@& —y)— f))
< e
oy 2
< fPx+eh) — fP(x) + 2¢; < (x*, h) + 2& + 6,

&

where §; — Ouniformly withrespectto € By. This ensures that the sequence

of subgradients is strongly convergent to the Fréchet derivative of f¢ at x.
(b) Note that, by Lemma 2.1, the function ¢ is continuous on x —dom co f,

and, by Proposition 2.1, (co f)?(x) = f¢(x). Thus relation (7) ensures that

@ f)F () = f#(x) = lim (p(x = 3) = 20 £ (31)- ©)
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Now, let {y;, }ren be a subsequence converging weakly to y. For large &, say
k > ko, by (a) the convex function ¢ is finite and continuous at x — y;,, SO we
can choose xi*k € dp(x — y;,). By (a) again, we know that {xl.’:}keN converges
strongly to x*. Thus for k > ky we have

(Fu+ v, —x)+ o —y) <e@), YueX,

which allows us to say (by taking, respectively, u € dom¢ and u = x — )
that

limsupp(x —y;,) <400 and limsupe(x —y;,) < e(x —Y).

k— 400 k—+00

On the other hand, relation (9) implies that
liminf ¢(x — y;,) = f?(x) + liminfco f(y;)
k—400 k—+o00
> f?(x) +7co f(y)
> p(x —Y).

Thus we have lim_, 1 o @(x — y;,) = ¢(x —y) € R. We then deduce from the
last inequalities above that f#(x)+4co f(¥) = ¢(x —Y). By using relations (7)
and (9), we finally obtain limy_, ;o f(y;,) = limg— 1o €O f(¥;,) = €0 f (),
which completes the proof.

3. NSLUC sets

We begin this section by recalling the definition of the NSLUC property, which
was introduced in [12].

DEerINITION 3.1. Let S be a subset of the normed space (X, ||-||). We say
that S has the norm subdifferential local uniform convexity property, NSLUC
property for short, if for every bounded subset $ C S with 0 ¢ cl.; S" and
every u € Sy for which there is a continuous linear functional u* € 9| || ()
satisfying

inf lls" — (u*, s")yull > 0,

one can find a real 8 > 0 such that

vs'e SISl = Hut, s 4 Blls" — u”, s ull.

Of course, the NSLUC property holds for any subset of a set having this
property. Several characterizations of the NSLUC property were established
in [12]. To cite some of them, given a norm ||- || on a vector space X we need
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to recall some definitions. The norm ||-|| is strictly convex on a subset S of X
if the following implication holds true:

_ i
X = —y.
Iyl

If (10) holds true for § = Sy, then one just says that the norm is strictly convex
or the space (X, ||-||) is strictly convex.

We say that a set S C X has the Kadec-Klee property with respect to the
norm || - || whenever any sequence {x; };cn of elements of S converging weakly
to x € X along with lim;_,  ||x;|| = |lx|| converges strongly to x (that is,
|lx; — x|| = 0asi — 00). So, the norm ||-|| has the Kadec-Klee property if
and only if the whole set X has the Kadec-Klee property with respect to ||-||.
As recalled in the next proposition, see [12] for details, the NSLUC property
entails both the strict convexity and the Kadec-Klee property.

x,yeS, lx+yll=Ilxll+lyll, x#0,y #0 = (10)

PrROPOSITION 3.1. Let S be a set in the normed space (X, ||-||) having the
NSLUC property. Then the norm ||-|| is strictly convex on S and S has the
Kadec-Klee property with respect to || -||.

We recall (see [7]) that the norm || - || of X is locally uniformly rotund (LUR,
for short) ata given pointx € X\ {0} iflim;_,  [|x; —x|| = O, whenever {x;};en
isasequence in X such thatlim;_  ||x; || = ||x|| and lim; _ o, ||x; +x|| = 2| x]|.
Clearly (see, e.g., [8]), the norm |-|| is locally uniformly rotund (LUR) or
simply (X, ||-]|) is LUR if it is LUR at each x € X \ {0}. The following
proposition on the NSLUC property of every LUR space was obtained in [12].

ProposITION 3.2. If the normed space (X, ||-||) is LUR, then X has the
NSLUC property.

In the next propositions the notion of relative ball compactness is used
to get the NSLUC properties. We say that a subset S of the normed space
(X, |I-11) is relatively ball compact (resp. relatively weakly sequentially ball
compact) whenever the intersection of S with any closed ball is relatively
compact (resp. relatively weakly sequentially compact). The following result
was obtained in [12]. There it is stated that a weakly relatively ball compact
set has the NSLUC property whenever the norm is strictly convex and has the
Kadec-Klee property.

PrOPOSITION 3.3. Let S be a relatively weakly sequentially ball compact
subset of the normed space (X, ||-||). If the norm ||-|| is strictly convex (or
equivalently the norm is strictly convex on Sx) and the set S has the Kadec-
Klee property, then S has the NSLUC property.
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The strict convexity of a normed space can be also characterized through
the NSLUC property for some class of sets, we refer to [12] for details.

PROPOSITION 3.4. A normed space (X, ||-||) is strictly convex if and only if
every relatively ball compact subset S of X has the NSLUC property.

The NSLUC property can be obtained by the use of the dual norm. The
Gateaux differentiability of the dual norm with the Kadec-Klee property of the
norm guarantees the NSLUC property of the space, see [12].

ProrosiTioN 3.5. Let (X, ||-||) be a Banach space whose norm has the
Kadec-Klee property and the dual norm is Gateaux differentiable off the origin.
Then X has the NSLUC property.

Now we present some new results using the NSLUC property and which
will be crucial in the development in Section 4. The first one is related to the
limit superior of approximate subdifferentials of the norm. Recall that, for a
topological space (Z, 7) and a sequence of subsets {S;};en, the T-limits inferior
and superior are defined as

‘Liminf S; :={z€Z:z=1— lim z;, z; € §;, Vi € N},

11— 00

i—00

"Limsup S; := {z € Z : there is a subsequence {i }rcn such
i—00

thatz = 7 — lim z4, z € S;,, Vk € N},
k—00

.
As was mentioned before, the LUR property can be useful to derive the NSLUC
property. However, when we limit ourselves to a sequence, a weaker condition
can be used to guarantee the NSLUC property on the sequence, namely the
LUR property at a given point. Indeed, as illustrated in the next proposition,
there is an interesting relationship between the LUR property at a given point x
and the NSLUC property of a sequence {x;};cn such that

MILim sup 8y, [1- [l xi) € Bl 1I(x), (11)
i—-+o0
for any sequence {«;};cn Of non-negative numbers with lim; 1o, 0; = O.

Let us note that if x # 0 then the inclusion (11) implies immediately that
the sequence {x;};cn does not have any subsequence which converges to the
origin. In order to see this, observe that 0 € 9, |||/ (x;) with a; = ||x; ]|, so if
a subsequence converges to the origin, then by (11) we get 0 € 9| (x), but
this is impossible.

PrROPOSITION 3.6. Let (X, ||-||) be a normed space and x € X \ {0} be given
such that the norm ||-|| of the space has the LUR property at x. Then each
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bounded sequence {x;};en satisfying (11) for every sequence {«;};en such that
o; > 0and lim;_ o o; = 0, has the NSLUC property.

Prookr. If the LUR property of the norm holds at x # 0, then it obviously
holds at ||x||~'x. This and the equality

- Cllxll =) = Bl (x)

allows us to suppose without loss of generality that || x| = 1. Let {x;};en be a
bounded sequence satisfying (11) for every sequence {¢;};cn of non-negative
reals such that lim;_, o, o; = 0.

(a) Suppose first that ||x;|| = 1 foralli € N. To show the NSLUC property,
let us argue by contradiction. So let us assume that there exist u € Sy and
u* € 9|+ || () such that for some subsequence {x;, }ren We have

lllelg llxi, — (u*, x; )ull >0 (12)
and ]
lim |(u*, x;)| = 1.
k—o00
Putting &; := 1 — [(u™, x;,)|, we have §; > 0 and §y — 0 as k — +o0.

Taking into account the boundedness of the sequence {x;};cn, then, without
loss of generality we may suppose that either (u*, x; ) > O forall k € N or
(u*, x;,) <Oforall k € N.

If (u*, x;,) > O for all k, then u™* € 95, |- ||(x;,) and therefore, by (11), u*™ €
d||-l1(x). Thus, using the definition of the subdifferential combined with the
equality (u*, u) = ||u|| (duetou™ € 9||-|(«)), and using the triangle inequality,
we see that ||u + x|| = |Ju|| + ||x]| = 2]|x||, hence u = x (because of the LUR
property at x applied with the sequence z; := u for all i € N). Similarly, using
the inclusion u™ € 0, I|I-1I(x;,) combined with the equality (u*, x) = ||x|| and
using the triangle inequality, we obtain that limy_, [|x;, + x|l = 2|x]|.

If (u*, x;,) < Ofor all k, then —u* € 95, |- ||(x;,) and thus, by (11), —u* €
d||-]I(x). Consequently, as above, on the one hand |u — x| = |ju|| + ||x|| =
2||—x||, hence u = —x, and on the other hand lim;_, [|x;, — x| = 2| x]|.
Using the LUR property again, in both cases we obtain limy_, », ||x;, —u| = 0,
which contradicts (12).

(b) Remove now the condition ||x;|| = 1 for all i € N. As it is observed
in comments concerning (11) the inclusion "MLim sup,_, . . 9,1l - [I(x;)) C

d]|-||(x) implies that
Il p liminf ||x;|| > 0.
1—+40o0

Then put X; := x;/||x;|| and observe that the sequence {X;};cn satisfies (11).
We deduce from (a) that {X; };cn has the NSLUC property, which entails in turn
that {x;};cn has the NSLUC property. This finishes the proof.
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The second result, which is needed in the next section, is quite technical.

ProrosITION 3.7. Assume that (X, ||-||) is a normed space, S C X is a
bounded subset such that the set x — S has the NSLUC property for some
x € X, and letd € X \ {x}. Suppose that for each n € N there exist m, € N,
o th €10, 1, with Y/t =1, and yj, ..., Y, € S such that

s 'my, i=1"%

my nmy

lim 'y =d and lim tx =y = ||lx = d]||.
MOZ; " Hm; Ml — 371 = llx — d]
1= 1=

Then for every ¢ > 0, u* € 9|-||(u) withu := ||x —d| ' (x — d) and
Cli={jel{l,....omy}:llx =y} — (@, x =y )ul = &},
one has
nlingo;zi =0, (13)
ieCy

and consequently for every sequence {€;};en, suchthat e; > Oforalli € N and

lim;_. o &; = 0, we are able to choose n; := n(g;), such that lim;_, oo n; = 00
and . .
lim max . dx—Q—span{x—d}(yj!) =0,
i—o00je{l,...,my; }\Cgi’
and
lim t=1.
i—00 Z ) J
JEeomu NCf
PrOOF. Foreachn € N, takem, e N, ', ..., ¢ €10, 1], with Yot =
I,and y{, ..., y;}ln € S such that
my My
. n,n __ M n _ n — _
lim > iyl =d and lim. D ot x =y = llx —d. (14)
i=1 i=1
Note that the set |, {¥7 - - - » ¥, } is bounded according to the boundedness

of S. Let us fix # > 0 and consider the sets

M) = {G. j) e NxN:i, jefl,...m,}and
lx =yl + e = Y7l =+ llx =y 4 x = y7 ]}

and (M};) the complement of M in {1,...,m,} x {1,...,m,}. We claim
that
lim Y i =0. (15)

(i, j)eM:
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If not, that is, lim sup,,_, ., Z(, hems t! t” > 0, then, by (14), we have

2llx —d|| = lim > 16 (e — vl + llx = ¥ 1D

@, jH)ell,...my}x{1,....my}

1 n.n _ " —_
_nlggo( S = 3+ = 7D

(. j)eM:

+ ) t,-"t;-’(nx—y?||+||x—y;-’||>)

()M

> lim sup( Do =y x =y D

n—00 i, j)eM
+ Y e =y x - y;’n))
(i j)e(Mny
> lim sup Z "+ 20x —d|| > 2)x —d],

n—oo

a contradiction. Given ¢ > 0, u# and u* as in the statement of the proposition,
we are able to construct a discrete (infinite, denumerable) subset E of |0, 1]
and a sequence {n(u)} ez such that for all iy, u, € E we have

m1 > o = n(uy) < n(uz)
and 0 € cl E, and (keep in mind (15))
lim SO =1, (16)

HEBE, u—0t ! J
(i, ey

lim Z ' = lim sup Z 1, 7

MGE,M»%iecg(m n—00 iecn
and such that for all (i, j) € {1,..., muq} x {1, ..., muqn} \ M* we have
e =y 0+ e =y < e e =y x =y aB)

Since the set x — S has the NSLUC property, there exists 8 > 0 (not depending
on ) such thatforall (i, j) € {1, ..., My }NCHW X {1, ..., My NCHW\
MZ(“) we get

(n) ( (w) (
lx — 79 = 1w, x =y ) 4 Bl — i — e, x — v Pl

e — Y7 = [ x = 79 + Bllx =y — y,"“‘))un.
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Putting 1.0 (i) = 1ifi € C"®™ and 1 con (i) = 0 otherwise, it follows
from (14) (16) (17) and (18) that

2|x —d||
_ : n(w) H(M) n(/t) n(w)
= dm D G e =T e =)
(i, )My
— ; n(p) n(u) n(u) _ oy
= Am >0 (e = 371+ Tl = 57
(i, )My
> . n(p) n(w) SRV (V)
- ueEl?/anﬁm Z i (I(u X =y )
. ))e(M "y
n(u) n(w)
+1 nm)(l)ﬁHx — {u* yl yul|
(1) () )
1t x = Y+ Lo (DBIx — 79 = w x = ¥yl
=2|lx —d| + lim > t;“”)t;’(’“ﬂ(||x —y

HEE, u—01
(i,j)ECf(“)XCQ(”>O(M;1(“>)"

— (0 x =yl + =y =t x =y ul),
where the second equality is due to (15) and the last equality is due to the fact
that (u*, x —d) = ||x —d|| since u™ € 9| -||(«). Then, we obtain by definition
of C! that

1

0> limsup » 1110 e
€&, 0+
n H= (i,j)ecgw)XC?W)Q(ME(W)C

>2Be lim ( Z tin(u)t;t(u)_ Z tin(u)t]ﬁ(u))

HEE, u—0t
(i,j)ng(“)XCgm (i,j)eMﬁ(")
2 2
=2Be lim E ") = 2Belim sup E ).
HeE, u—0* ! n—00 !
iecrm ieCy

So, it ensues as desired that

lim sup Z ' =0. (19)

n—oo

Now, let {¢;};cn be asequence such thate; > Oforalli € Nandlim;_, o & = 0.
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By (19) we can choose n; := n(g;) € N such that lim;_, o, n; = 0o and

lim =1
i—00 Z J

ni

JEllmy NCL
Then, for each i € N from the definition of C o it results that
drispand—x) (V] < X —yi' = @' x =y ull < e, VieNVje (Ch),
which justifies that

. n;
lim max  dypspanix—a)(y;') =0
i—>ooj€{l,...,m,,i} o

and finishes the proof.

The last result of this section is related to a sequence {y;};cn such that the
set {x — y; : i € N} satisfies the NSLUC property along with a condition on
the convergence of the sequence of subdifferential {d¢p(x — y;)}ien.

ProposSITION 3.8. Let (X, ||-]|) be a normed space, Q be a convex set of X
and g: [0, +oo[ — [0, +00[ be an increasing convex function with g(0) = 0.
Suppose that the function ¢: X — R U {400} defined by

p(x) == g(lx]) +do(x), VxeX

is lower semicontinuous. Let us fix x,y € X, withx # y, x —y € Q,
N(Q,x —y) = {0} and consider a bounded sequence {y;}icn in X such
that the NSLUC property holds for the set {x — y; : i € N} and there is
x* € dp(x — y) such that

Tim dygiemy) (%) = 0, (20)
which means x* € "lLiminf;_ o d¢(x — y;). Then
Jim [l = y; = llx = yillu| =0, 1)

withu = (x — y)/|lx — yll.

PrOOF. Suppose that our conclusion is false, that is, there exist ¢ > 0 and
a subsequence of {y;};en (Which is not relabeled for simplicity) such that

| = vi = llx = yillu|| > . (22)

Let us notice that, by the subdifferential calculus, there are a € dg(]lx — y|)),
with a > 0 (because x # y and g is increasing), u* € d||-||(x — y), such
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that x* = au* # 0. Of course, ||u*| = 1 and u™ € 9| -|/(u). By (20) there
is a sequence {x]};cn of subgradients x* € d¢(x — y;), which converges in
norm to x* and satisfies x; = a;u}, with a; € 9g(|[x — y;||) as wellas a; > 0
(since, because of (22), x # y;), and u} € d|-||(u;), where u; = ﬁ
Since a; = |lx/|| = |lx*|| = a, from the equality x/ = a;u’ we see that
luf —u*|| — Oasi — oo.

Now, taking into account (22), we obtain for i large enough,

lx —yi — (@*, x — yiull = |lx — yi — (u,

> ||lx = yi = llx = yillu| —&/2 (23)
>¢e/2.

x = yiull = llui —w*llllx — yill

From the NSLUC property of the set S’ := {x —y; : i € N}, there exists § > 0
such that

Il = yill = [u®, x = yi)l + Bllx — yi — (", x — yj)ull, forall i € N.
Using (23) and taking i sufficiently large it ensues that

Il = yill = [u®, x — yi)| + Be/2
> |(ui, x — yi)| + Be/4
= llx = yill + Be/4,

and this contradiction completes the proof.

Let us point out that (21) implies that

lim dxHRJr(yfx)(yi) =0.
—+00

L

Because of the boundedness of the sequence {y; };cn, this is in turn equivalent
to
0 # IILimsup(yi, yis1, ..} Cx + Ry (y =),
i—00
This ensures the existence of cluster points of the sequence {y; };cn With respect
to the strong topology. The key tool in getting this is the NSLUC property
assumed on the set {x — y; : i € N}.

4. Properties of attainment sets

We start this section with the following question: when does the non-emptiness
of M, (co f)(x) imply the non-emptiness of M,, f (x)? An answer to that ques-
tion was given in the paper [12] for ¢ of the form ¢ = ||-||” with p € [1, +oo[.
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Below this result is extended to a more general case, namely instead of the
norm to a power p > 1, a function ¢ of the form as ¢(-) = g(||-||) + 3o (-) is
investigated, where Q is a convex subsetand g: [0, oo[ — [0, oo[ is an increas-
ing convex function with g(0) = 0. The function f is also assumed to be lower
semicontinuous with bounded domain and such that x —dom f has the NSLUC
property. Under such conditions, the inclusion M, (o f)(x) C co M, f(x) is
still preserved, see Theorem 4.1(a). The non-emptiness of M, (o f)(x) implies
the non-emptiness of M, f(x) in this case. Moreover, assuming Fréchet dif-
ferentiability of f¥ at x and strict convexity of g, the equality M, (co f)(x) =
M, f (x) is obtained, see Theorem 4.1(b). Additionally, the non-emptiness of
M, f(x) implies that the problem is well posed, that is, any maximizing se-
quence is strongly convergent.

The theorem concerning the inclusion M, (co f)(x) C co M, f(x), The-
orem 4.1 below, involves the Painlevé-Kuratowski limit superior of sets. Let
G be the Painlevé-Kuratowski limit superior of a sequence of sets in the normed
space (X, ||-])), that is, G = I"Lim sup;_, o, G;. Of course, there are several
questions concerning properties of the limit superior of sets. It is not the aim
of our work to investigate those questions in detail. However, in our reasoning
below, we need the inclusion "'Lim sup;_, . co G; C co G, which holds in
some important cases. In order to clarify the necessity of conditions for the
validity of such an inclusion, we provide a counter-example showing that the
inclusion is not valid even in the case where G and G; are compact. Next, we
give a lemma where the property is true for a particular sequence of sets which
will be involved in Theorem 4.1. Let us start with the counter-example.

EXAMPLE 4.1. Let X := £,(N), G; := {0, e1,...,i '¢;}, and
G:=1{0,e,27"¢;,37"es,..} ={0}U{ie; :i € N},

where ¢; 1= {§;(j)}jen, With §;(j) = 0, whenever i # j, and §;(j) = 1,
fori = j. We have G = "lLim sup;_, ., G;, however I"lLim sup, , . coG; ¢
coG. In order to see this, put 6, := 27/, y; = Z;.:l 0;j'e;. Then,
lim; o y; € I"Limsup;_, . co G;, however lim;_,», y; ¢ co G, since there
are infinitely many positive coefficients in the limit.

LEmMMA 4.1. Let (X, ||+ ||) be a normed space and let A; C N be finite subsets
fori € N. Suppose that a bounded set {y; € X:ieN, je A;}issuchthat

lim maxd, (y}) =0, (24)

i—+00 jEAi

for some finite-dimensional affine subspace L of X. Then, for G =
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M Limsup,_, ., G, with G; := {yj’: . j € A;}, we have

I'Lim supco G; C co G.

i—-+o0

Proor. First note that by the definition of G and relation (24), we have
G C L, and hence ©0G = coG. Let v € IMLim sup, , ., co G; and suppose
that v ¢ co G. By the Hahn-Banach separation theorem, there exist x* € X*,
with x* 2 0, and @ € R such that

*

(x*,v) <a < (x*,2), Vzed. (25)

By the definition of Gj;, there are sequence {i;}rcn Of integers, with

limy_, 4o ix = +00, and non-negative numbers {¢; : j € A; }, with ) jeh;, t, =
1, such that .
. i
klglgo E 1y =v. (26)

JEA;,

Relations (24), (25) and (26) ensure, for k sufficiently large, the following

strict inequalities
<x*, Z tjy]’:k> <a < (x*yh), VleA,,
jEAik

<x*, Z tjy;k> <a< <x*, Z tjy]l:k>

jEAik jEA,'k

and hence

whence the contradiction. The proof is then complete.

THEOREM 4.1. Assume that (X, ||-||) is a normed space and f: X — R U
{400} is a lower semicontinuous function such that x —dom f is a non-empty
bounded set which has the NSLUC property for some x € X. Let ¢: X —
R U {400} be a lower semicontinuous function of the form

() =gl-I) + (),

where Q is a non-empty convex subset with 0 € Q and g: [0, co[ — [0, oo[
is an increasing convex function with g(0) = 0. Suppose that f? is finite at x.
Then the following hold.

(a) One has the inclusions

M, f(x) C My(co f)(x) C coM, f(x).
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(b) Moreover if the Fréchet derivative of % at x exists, then
o theset M,(Co f)(x) is convex, and hence M, (Co f)(x) = co M, f (x);
o theset M, f (x) is at most a singleton provided that g is strictly convex;

e cach maximizing sequence {y;}ien for f¢(x) is strongly convergent
provided that the set M, f (x) is a singleton (which holds true if g is
strictly convex and M, f (x) # ).

ProoF. (a) First observe that the inclusion M, f(x) C M, (co f)(x) is
immediate. To prove the second inclusion, let us fix any d € M,(co f)(x) (if
any). By Proposition 2.1 we have

fe(x) = (€0 /)?(x) = p(x —d) — (co f)(d). (27)

Case 1: If d = x, then since the equality inf,cx €O f(y) = inf,cx f(y) is
obvious, by (27) we get

f(d) = (co [)*(d) = =<0 f(d)

=sup —Co f(y) = sup—f(y)
yeX yex

=~ inf fO).

Take a sequence {y,},en in dom f such that lim,_ o f(y,) = infyex f(y)
and note that

—fOn) <ed —y) — fOn) < fPd) = —yirg(f(y).

It follows that lim,,, o, ¢(d — y,) = 0, and consequently lim,,», y, = d. So
using the lower semicontinuity of f, we get

f(@) <liminf f(y,) = inf /() < /(@)

and this implies that f¥(d) = — f(d), and consequently d € M,, f (x).

Case 2: If d # x, then define u := ||x — d||"'(x — d) and pick u* €
al-IIx = d).

Foreachn € Nthereexistm, € N, #f, ...,

» €10, 1], with Y- 1 =1,
and yf, ..., y, € dom f such that

my my

lim Y ifyf =d, e f(d) = lim Y i fOD). (28)
i=1 i=1
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Note that the set |, {¥7 - - -, yj, } is bounded according to the boundedness
of dom f. On the other hand, as by (27) foralln e Nandi =1, ..., m,,

p(x —y) = f(]) = ex —d) — <o f(d),
which by the choice of {#]'},en, ieq1,...,m,) implies
f:t?[w(x —y) = fOD]I = elx —d) — o f(d),
i=1
and hence, by the convexity of ¢,
w(% 1 (x —y?)) < it,-”w(x —y) =p(x—d)—70 f(d) +§:t,-”f(yl~”)-
i=1 i=1 i=1

This combined with (28) and the lower semicontinuity of ¢ at x — d entails

n—00 4

lim Y f'o(x — ¥ = p(x — d). (29)
i=1

Let u > 0 be arbitrary and consider, for each n € N, the following sets

Tpo={ie{l o om) o=y = FON +nr < fP0))

and
TM = {1,...,mn}\Fu.

We have

lim » ' =0, (30)
because (keep in mind (28) and (29))
fPx) =¢(x —d) —7co f(d)

= lim (Z o =) = FODI+ D tlp = yi) = f(y,m)

iel“;i ieY;
< liminf(z AVMOEIMESY z;’f‘”(x))
n—o00 iel“ﬁ ieY;j
< f?(x) — wlimsu i = fP(x).

7 n
lEl“M
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Let {11; };en be adecreasing sequence in the set ]0, 1[ such thatlim; o @; =
0, and consider a sequence of integers {n(u;)};cn satisfying

<] = Wi >pu; = n(u;) <n().

To simplify, we put n; := n(u;) and m; := m,,,). Keeping in mind (30), we
may suppose that the sequence satisfies the following properties

Zt}”' =1 and lim Z t]'-“ =1. (3D
j=1

i—00 ”
3 1
]ETW

Forall j € T} we have

fx) =p(x —d) —co f(d) < p(x — y/) = fO}) + i

We claim that m,
ilin;;;;“ lx =yl = Ild — x|I.
In fact, if .
limsup 3 " llx = 3"l > lld = x1. (32)
.

then it follows from (29) that

i—00 4

m;
¢(x —d) = lim Zt}“w(x - ")
j=1
m;
l.ggo;‘, (RS
j:

mi
> lim supg(Z ol =y ||)

i—00 =1
mi
> g(hm sup )1 [lx — 3" ||)
i—00 =1
>p(x —d),

which is impossible (note that the second inequality is due to the continuity of
g while the last one is due to relation (32) and the fact that g is increasing). Let
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C;/ be as in Proposition 3.7 and let (C;/)“ be its complement in {1, ..., m,,}.
To simplify notation put A; := Y N (Cg/)“. We claim that

lim t"=1, and d = lim iyt
i—>c>oZ J i—>ooZ J y]

JEA; JEA;

The first equality follows from the following decomposition formula

SINED WS D O

ni

jeruucy Jjeru jecely JeA;

and the equalities (13) and (31), while the second equality follows from the
first one and the first equality in (28). Put G; := {yj’.“ 1 je A}, foralli e N,
G := Limsup,_, ., G; and L := x+span{d —x}. Proposition 3.7 again ensures
that relation (24) is satisfied. Applying Lemma 4.1, we obtain

d € Limsupco G; C coG.
i—00
Observe by the definition of G that G C M, f(x). Indeed, forany y € G
there existsng sequence {y;i" Heen, With yj':" € Gy, forall k € N, sucg that
limy—, 400 y;,* = . By the definition of Y7/, we have limy—, 1[0 (x — ;") —
£, = f*(x) and hence

liminf p(x — ;) = f(0) + £ ().

n,-k

By the definition of /¥, we have x —y,* € Q and hence lim inf;_, o ¢(x —

yZik) = liminf;_ o g(|lx — yZ’k D = g(llx — yl|) (the later equality is due to
the continuity of g), so the lower semicontinuity of ¢ ensures that x —y € Q.

Consequently, o n;
liminf p(x — ;") = ¢(x — ).

Combining this equality with the last inequality, we obtain

p(x —y) = )+ ()

and hence y € M, f(x). It follows that d € co M, f(x) as desired, which
finishes the proof of assertion (a).

(b) Now suppose that f¢ is Fréchet differentiable at x, and let y;, y, €
M, (co f)(x). Using the fact x* € dg(x —y;)Nd@(x—y;) forx™ := Dp f¥(x),
we easily see that

p(x —(ty1+ A =0)y)) =te(x —y1) + (1 —Dex — y), Vi el0,1],
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and consequently, by simple algebra, we obtain ty; +(1—1)y, € M,(co f)(x).

Let us now prove that M, f(x) is at most a singleton when g is strictly
convex. So let us suppose that z1,z> € M, f(x), with z; # z>. Then x —
Z1,X — 22 € Q and Lemma 2.1(i) together with the subdifferential calculus
imply that

Agoll-ID(x —z) + N(Q,x —z;) = dp(x —z;) C{x*}, i=12

Thus N(Q,x —z;) = {0} and d(g o ||-|)(x — z;) = {x*}, fori = 1,2, or
equivalently,
U adll- e —z) = (x*).

aedg(|lx—zil)

Since z; # 7, we may suppose without loss of generality that x # z5.
Applying Lemma 2.1(iv) with y = z, and Proposition 3.8 with y; = z; for all
i and y = z;, we deduce that

_llx =zl

xX—71 = ——(x — 22). (33)
X — z2l

Since dp(x — z1) = dp(x — z2) = {x*} by Lemma 2.1 again, we have
x* = ayu} = au’, (34)

with a; € 9g(|lx — z«ll) and u; € d-[|(x — zx), k = 1, 2. Using the fact that
luill = llu3|l = 1, the relation (34) implies that a; = a,. Then, by the strict
convexity of g, we get ||x — z1|| = ||x — z2]|. From the equality (33), it follows
that z; = z,, a contradiction.

Finally, assume that M,, f (x) is a singleton, say {y} = M, f (x). It follows
from Lemma 2.1(iv) that Dpe(x —y) = Dp f¢(x),s0 N(Q, x —y) = {0}, see
Lemma 2.1(i). Let us take any maximizing sequence {y;};en, that is, satisfy-
ing (7). It follows from Proposition 2.2 that (8) holds true, which implies that
the condition in (20) is fulfilled. Applying Proposition 3.8 we get that (21) holds
true, which ensures the existence of cluster points of the sequence {y; };en. On
the other hand, each such cluster point belongs to M, f (x) according to the
reasoning at the end of the proof of assertion (a). Since M,, f (x) is a singleton,
the set of cluster points of the sequence has to be singleton too, in other words
the sequence {y; };en 1S strongly convergent. The proof is then complete.

ReEMARK 4.1. Let us notice that to get Theorem 4.1(b) the NSLUC property
is only needed for the set {x — y; : i € N}, where {y;};en 1S @ maximizing
sequence (in the proof of Proposition 3.8). We mean that for each bounded
maximizing sequence {y;};en, the set {x —y; : i € N}hasthe NSLUC property.
The strict convexity of the function g seems to be essential to guarantee that
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the set M,, f (x) is at most a singleton. An example showing that the convexity
alone is not enough to yield the property is given below.

ExAMPLE 4.2. Assume that X = R. Let us define ¢(¢) = |t] and f(¢) =
t+80,1;(1), fort € R, where 89,1, is the indicator function of the set {0, 1}. By
an immediate computation, we get f¥(x) = |x| for every x € R. The Fréchet
derivative of f¥ exists at every x # 0, but M,, f (x) = {0, 1} for every x < 0.
Then the set M,, f (x) is not a singleton because the function g = Idg, is not
strictly convex.

REMARK 4.2. In Theorem 4.1(b) the convergence of maximizing sequences
is obtained for a function ¢ which is the composition of a strictly convex
function and the norm of the space. Below it is shown that the convergence
can be also obtained whenever ¢ is uniformly convex on bounded sets of a
Banach space. We recall the following notion, see for example [4, p. 241]: a
proper convex function & : X — R U {400} is called uniformly convex on
bounded sets if for every bounded sequence {z;};cn We have

lim ||z — zall =0,
m,n— o0
whenever
Jlim B3+ 2) = 3 (h ) + h(z) = 0.
For any normed space (X, |-||) and any proper convex lower semicontinuous

function ¢: X — R U {00}, which is uniformly convex, if {y; };cn is a bounded
maximizing sequence of f?(x) € R and the Fréchet derivative of f¥ at x
exists, then the maximizing sequence is a Cauchy sequence. In order to prove
that, for each i € N choose x € d¢(x — y;) (recall that the convex function ¢
is continuous at x — y; by Proposition 2.2(a)). Observe by Proposition 2.2(a)
again that

0= lim (x; — x5, 3(x =y — (x = yw))

m,n— 00

< lim <<p(%(x — Y+ x =) — 3(0&x — ym) + @ (x — yn))) <0.

m,n— 00

Hence

mHTQQ(QD(%(x — Ym X — Yn)) - %(QD(X — Ym) +@x — yn))) =0,
so by the uniform convexity we get the statement. We point out that the strong
convergence, under the assumption of the uniform convexity, is a virtue which
is obtained without assuming a priori the non-emptiness of M, f (x), only
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the differentiability is supposed. When we admit additionally, that M, f(x)
is a non-empty set then the assumption on the function ¢ can be relaxed.
Following [5] let us recall that a proper convex function #: X — R U {400}
is called totally convex at a point z belonging to the algebraic interior (also
called core) of dom 4 if, for every ¢ > 0, we have

inf{h(v) —h(z) —=h(zzv—2) : lv—zl| =1} >0,

where h'(z; u) := lim, ot~ (h (z+tu)—nh (z)). If the function is totally convex
at any point of the algebraic interior of dom 4, then the function is called
totally convex. For any normed space (X, ||-||) and any proper convex lower
semicontinuous function p: X — RU{+o00}, which s totally convex, if {y; };en
is a bounded maximizing sequence of f¢(x) € R and the Fréchet derivative
of f¢ at x exists, then this maximizing sequence is a convergent sequence,
whenever M,, f (x) # #. In order to justify that, choose y € M,, f (x) and, for
each i € N, choose also as above x/ € dp(x — y;). Put x* = Dp f¥(x) and
note by Lemma 2.1(iv) that ¢ is Fréchet differentiable with Dpp(x —y) = x*.
Then, by Proposition 2.2(a) we have

0< l_lilgo(w(x —y)—@x—y) —(x*, y—y)) < lim (x} —x*, y —y;) =0,

11— 00
thus by the total convexity of ¢ at x — y we get lim,; ., ||y, — y]| = 0.

COMMENTS ON THE BOUNDEDNESS OF THE DOMAIN OF f. For the Klee-
envelope, the condition on the boundedness of the domain of f in the above
theorem is quite natural, for example, when f is the indicator function of a
subset of X. The case when the domain is not a bounded set, can be reduced
to the first one; for example if the coercivity of f is assumed, then we can
restrict our considerations to a bounded set. A way of ensuring that reduction
is to require the condition

m inf f(2)

1
lzll—o0 ||zZ]|P

> 1, (35)

withareal p > 1and, withoutloss of generality, we may assume that f(0) = 0.
This condition allows us to reduce the study to the bounded domain case,
whenever ¢ := ||-||”. Indeed, fix x € X andtake ¢; > 0,&, > 0and A > 0
such that

F@ = (A +e)? " +&)lzl”, VzeXwith [zl > 4, (36)

1 p=l
||x|lp<( +8‘) _ 1) < 5,A”. 37)
&1

and




THE ATTAINMENT SET OF THE ¢-ENVELOPE 229

Then
) = sup (Ilx —zl” — f(2). (38)

lzll<A

Indeed, using the convexity of ||-||”, we obtain the inequality

1+e\7!
||X—Z||p§(1+81)p_1||Z||p+<Tl) lx]I”, VzelX.

Hence, subtracting f(z) in both sides and taking the supremum over z € X,
with ||z]| > A, we obtain according to (36) that

1+e\7!
sup (le —z||P - f(z)) < —6 AP + ( ') flx1|”.
llzll>A €1

Then, (37) yields

sup (Ilx —zlI” = f(@) < Ix1” < sup (Ilx —zI” = f(2)),

lzl>A lzll=A

where the latter inequality is due to the equality f(0) = 0. It results that (38)
holds true and M.» f(x) = My »(f + das,)(x), and the reasoning used in
the case of the bounded domain can be applied.

Whence, relying on Remark 4.1, the following corollary can be derived.

COROLLARY 4.1. Let ¢ == ||-||?, with p > 1, let f: X — R U {400} be
a lower semicontinuous function and x € X be a point where f¢ is Fréchet
differentiable. Suppose that condition (35) holds. Then the set M, f (x) is at
most a singleton and each maximizing sequence {y;}ien for f¢(x) is strongly
convergent provided that the set {x —y; : i € N} has the NSLUC property and

M, f(x) # 0.

Proor. Using the previous comments (see relation (38)), we see that each
maximizing sequence {y;}icn for f?(x) is bounded. Then the result follows
from Remark 4.1 and Theorem 4.1.

Let us continue with the same setting as in Corollary 4.1, thatis, ¢ := ||-||?,
with p > 1. In Proposition 2.2 it is stated that the Fréchet differentiability of
f? at x ensures the equality

I im sup 85,0 (x — ;) = {Dr f¥(x)}

i—00

for each maximizing sequence {y;};en for f¢(x) and any sequence {8; };cn Of
non-negative real numbers, with lim;_, o, §; = 0. Thus relation (11) is satisfied
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for the sequence {x —y;}ien atx —y, forany y € M, f (x) since Drpp(x —y) =
Dy f?(x) for any such y according to Lemma 2.1. Then, if {y;};cn is bounded
and the LUR property holds at x — y, applying Proposition 3.6, it is clear
that the sequence {x — y;};cn satisfies the NSLUC property. So replacing the
NSLUC property by the LUR property at x — y, this allows us to extend the
result by Cibulka and Fabian [7] to the case where ¢ := ||-||?, with p > 1.

COROLLARY 4.2. Let the assumptions of Corollary 4.1 be satisfied. Then the
set My, f (x) is at most a singleton and each maximizing sequence {y;};en for
f?(x) is strongly convergent provided that the LUR property holds at x — y,
wherey € M, f (x).

Besides Theorem 4.1, when the Banach space X is reflexive and the set
x — dom f is NSLUC, we have the following list of equivalences with the
Fréchet differentiability of f¢ at x.

THEOREM 4.2. Assume that (X, ||-||) is a reflexive Banach spaceand f: X —
R U {400} is a lower semicontinuous function such that x — dom f is a
non-empty bounded set which has the NSLUC property for some x € X. Let
@: X = R U {400} be a lower semicontinuous function in the form

() =g(l-I) +d0(),

where Q is a non-empty convex subset with 0 € Q and g: [0, co[ — [0, oo[ is
an increasing convex function with g(0) = 0. Assume that ¥ is finite at x and
either g is strictly convex or f is constant on its domain. Then the following
conditions are equivalent:

(i) the Fréchet derivative of f¥ at x exists;
(i1) each maximizing sequence {y;}ien for f?(x) is strongly convergent and
@ is Fréchet differentiable at any point of the set x — M, f (x) (Which is
a singleton);
(iii) the set M, f(x) is a singleton, say M, f(x) = {y} and ¢ is Fréchet
differentiable at x —y, and

MLim sup M, , f (u) = " Liminf M, , f (1) = M, f (x).
u—x,e\0 Uu=x,eN0 ’

ProOOF. In order to prove the implication (i) = (ii) let us first observe that
it follows from Lemma 2.1 that ¢ is Fréchet differentiable at any point of the
setx — M, f (x). Let {y; }ien be a maximizing sequence for ¢ (x). If {y; Jren
is a subsequence converging weakly to some y, then Proposition 2.2 ensures
that the sequences {@(x — y;,)}lken and {f(¥i,)}ren converge to p(x — y)
and (co f)(y), respectively and the limit point y satisfies y € M, (co f)(x).
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By Proposition 2.1 we have the equality f¢(x) = (co f)?(x), thus by the
definition of ¢ we getlimy_, o [|[x—Y;, || = [[x—Y||. By the Kadec-Klee property
of x — dom f with respect to the norm, see Proposition 3.1, we get the strong
convergence of the subsequence {y;, }xen t0 y, thatis, limy_ [|Y — yi, || = 0.
Suppose that w is a cluster point of the sequence {y; };cn (keep in mind that any
weak cluster point of the sequence is the strong limit of a subsequence). If g is
strictly convex, it follows from Theorem 4.1 that w = y. In the case when f is
constant on its domain we get ¢(x —y) = ¢(x — w). Hence, we derive from
Theorem 4.1 (we recall that the set M, (co f)(x) is convex) that the function
¢ is constant on the segment [x —y, x — w]. Let us recall that w, y € dom f
and the norm is strictly convex on x — dom f, see Proposition 3.1, so using
the form of ¢ we get that w =y (keep in mind that ¢ is a sum of an indicator
function and a composition of an increasing convex function with the norm).
Thus, in any case the sequence {y; };cn has to be convergent to y.

The implication (ii) = (iii) is obvious.

To prove the last implication (iii) = (i) put x* := Dpe(x — y). For every
h € X choose, by assumption (iii), some y(h) € M, f(x + h) with
y(h) — y and choose also some x; € d@(x +h — y(h)). We then have

fO@+h) — f2x) — (x*, h)
<@x+h—yh)— f(yh)+ ]
— (p(x = y() = f(y(h))) — (x*, h)
=@ +h—yh) — e —yh) + |h]* — (x*, h)
< (x5, h) — (x*, h) + |A]I?
< (Ir + ek +3 — y(h)) Al
where €(z) — 0 as z — 0 since d¢(u) m{x*} with respect to the

Hausdorff distance (see [2, Corollary 2 of Theorem 3]). It ensues that —x* €
dr(—f¥)(x), hence Lemma 2.1(iii) yields that f¢ is Fréchet differentiable
at x.

Taking ¢ := ||-|| and f := dg, the following result is obtained as a direct
consequence of Theorem 4.2. According to our notation k; , f for the Klee
function and writing «s instead of «; 1ds, the farthest distance function from
the set S is the function kg defined by

Ks(xX) = k185 (x) = sup Ix — yll = @) (x).
ye
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COROLLARY 4.3. Let (X, ||-||) be a reflexive Banach space and S C X be a
closed bounded set such that x — S has the NSLUC property for some x € X.
Then the following assertions are equivalent:

(1) ks is Fréchet differentiable at x;

(i) each maximizing sequence {y;}ien for ks(x) is strongly convergent and
|-l is Fréchet differentiable at any point of the set x — M. 85 (x) (which
is a singleton);

(iii) the set M. 8s(x) is a singleton, say M. 8s(x) = {y} and |- || is Fréchet
differentiable at x — 7y, and

”'”Lim sup ME,H.H(S_g(u) = ”'”Liminf Ms,\|<\|55(u)
u—>x,6\0 u—x,e\0

= M. 8s(x).

As a consequence of Corollary 4.3 and Proposition 3.2, we recover a result
given by Ivanov, see [11, Theorem 1(a)-(e)]. In order to avoid introducing
additional notions, we restrict ourselves to statements (a)—(c) of Ivanov’s The-
orem.

THEOREM 4.3 (Ivanov [11]). Suppose that (X, ||-||) is a reflexive, LUR
Banach space with Fréchet differentiable norm off the origin. Suppose that a
number r > 0 and a convex closed bounded set S C X are given. Then, the
following assertions are equivalent:

(a) the farthest distance function kg (denoted by fs in [11]) is Fréchet dif-
ferentiable on the set {u € X : ks(u) > r};

(b) foranyvectorx € {u € X:ks(u) > r}, any sequence {ay }ren of elements
of S such that limy_,  ||ar — x|| = ks(x) is strongly convergent;

(c) the attainment set M. 8s(-) (the farthest point mapping of S also called
the metric antiprojection) is single-valued and continuous on the set
{ue X : ks(u)>r}.

5. Genericity of non-emptiness of the attainment set

In Theorem 4.1 it is assumed that ¢ is in the form ¢ = g(||-||) + d¢, where g
is strictly convex, in order to derive the strong convergence of the maximizing
sequence. In this section, to study the genericity in X of dom M,, f we consider
a suitable class of functions ¢. The class encompasses the sublinear functions,
thus allowing to recover the case ¢ = ||-|| as a particular instance. Let us
establish first the following fundamental lemma.
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LEMMA 5.1. Let (X, ||-||) be a normed space and ¢: X — R U {400} be
a convex function with ¢(0) = 0. Let f: X — R U {400} be a function such
that f? is finite-valued and continuous and assume that for each ¢ > 0 and
x € X, the set M, , f (x) is bounded. Then the set

{x e X :dx* € df?(x), sup((x*,x —-y) - f(y)) < fw(x)}

yeX

is of first category in X, that is, a countable union of closed sets with empty
interior.

ProOF. For each integer n € N denote

1
A, = {x € X :3Ix" €3f?), sup((x*, x —y) — f(») < fC(x) — ;}
yeX

so the set of the lemma obviously coincides with (_J,,. An.

Let us first fix n € N and show that A, is closed. Consider any sequence
{x;}ien in A, converging to some x € X, and for each i € N choose by
definition of A, some x; € 9f¢(x;) satisfying

1
sup((x/, xi —y) — fF(0) < fP(x) — —.
yeX n

The continuous function f? is convex by the convexity of ¢, so it is locally
Lipschitz on X. This local Lipschitz property of f¥ ensures that the sequence
{x]}ien 18 bounded. By the Banach-Alaoglu Theorem, see [16, Theorem 3.15,
p. 66] for example, we have

(W -ehix, xfyp. ..} # 1,
ieN
where (w*-cl) stands for the weak™ closure. Take
X e [(wHehix], . ).
ieN

In order to prove that x* € df¥(x), let us fix any & € X. Choose iy < ixyi
such that k < iy and [(x] — x*, h)| < 27 for all k € N (this is possible since
x* € (wh-c){xg, x;, ...}). Thus we have

lim (x*, h) = (x*, h)

1 9
k—o00 k

and observe that, by the continuity of ¢, we get

() 200 = lim (0 )+ £9()) < Jim £ G +h) = f9(x+).
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This implies x* € df¥(x), since h is arbitrary. In the same manner as above,
for every y € X, using the inequality

(x',xi—y) = f(y) < f‘p(xi)—,ll
and the continuity of f¥ again, we get also
(X x—y)— fO) < fOLx) — 1

It follows that x € A, justifying the closedness of A,,.

Itremains to prove thatall A, have empty interior. Suppose, for somen € N,
thatint A,, # ¥ and take some X € X andr > O such that B[x, r] C A,. Since
the set of approximate maximizers M , f (X) is non-empty and bounded, we
can define the real y := sup{||)_c -yl :ye Ml,(/,f(f)}. For ¢ := 2n(y +
r))~'r, there exists by (5) and by definition of f¢ some y € M., f(x) C
M, f(x) C dom f (with both f(¥) and ¢(x — ) finite) satisfying

[PE) —e <o =y — fO) = 7). (39)

Define t :==r/y andu := x +t(x —y) € B[x,r],sou € A,. From the
definition of A, there is some u* € df¥(u) such that

sup((u,u — y) = f(») < fP@) — ;. (40)

yeX

On the other hand, by (39) and the equality (« —y) = (1 +1)(x — ), we also
have, according to the equality ¢ (0) = 0,

fOE) = fP) = =) — fO) +&— fPw)

—3) — £(v _ f9
S(I_H)fp(u V= fO)+e— fu)
<=~ fD) — —— T e~ fow)
S T ey VAGS 1+tfy e— fYu),

which ensures by the definition of f¢ and by (40)

1

A

— ! —
[ = fOu) = f‘”(u)—l—thf(y)-FE—f“’(u)

1+t
= LW - ) e
141t

1+1¢
< (W T+ ) - ——fG) e -
1+1¢ 1+1¢ n(l+1)
t _ r
= F-uyte

1+¢ Caly +r)
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Hence, taking the equality y — u = % (* — u) into account, we obtain

r

f‘p(f)_]w(u)f (u*af_u>+8—m-

Since ¢ < (n(y +r))~'r, we deduce that
fP@) = fOu) < (', X —u),
which contradicts the inclusion u* € 9f¥(u), completing the proof.

REMARK 5.1. Ifinf,cx f4(y) + f(y) < 0, then the set

[xeX:3x*€dff (), Sug((x*,x -y —f) < A}
ye

is empty. Indeed, let us argue by contraposition and assume that there exist
x € X and x* € 9f?(x) such that supyex((x*, xX—y)— f(y)) < f?(x). Thus
the following inequalities hold true

sup(f(x) = f*() = f () = sup((x",x = y) = f () < f* (),

ye MS

which implies that sup, .y (= f“(y) — f(y)) < 0 and finally infycx f“(y) +
f(y) > 0.

In Lemma 5.1 it is established that the set

{x e X:3x* € af*(), sup((x*,x —y) — F() < Y ()}

yeX

is of first category, thus its complement is a dense set of G;-type, whenever
the space is complete. Hence if we are able to guarantee the inclusion

0 # {x € X :3x* €390, sup((x*,x—y)—f(»)) = f?(x)} C dom M, f,

yeX
on an open set V, then for a generic subset of points from the set, say x € V, we
have the non-emptiness of M,, f (x). In the lemma below, an inclusion of this

type is established and applied in the next theorem to derive the non-emptiness
of the attainment set.

LEMMA 5.2. Let (X, ||-||) be a normed space and let p: X — R U {400} be
a convex function with ¢(0) = 0. Let f: X — R be a function such that, for
each x* € 9¢(0), the infimum of the function f + (x*, -) is attained. Then the
following inclusion holds

{x € X :3x" € 99(0), sup((x*,x —y) — f(»)) = f*(x)} C dom M, .
yeX
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ProoF. Let x € X and x* € 9¢(0) be such that supyex((x*,x —y) —

f (y)) > f%(x). In view of the attainment assumption, there exists y € X

such that
sup((x*, x — y) — f(») = (x*, x =3) = fF().

yeX
Since x* € d¢(0) and ¢ (0) = 0, it ensues that

FP0 <052 =F) = fP) < e =) = fO) < [).
We conclude that f¢(x) = ¢(x —y) — f (), hence’y € M, f (x) and therefore
x edom M, f.

A theorem on the genericity of non-emptiness of the attainment set is given
below.

THEOREM 5.1. Let (X, ||-||) be a Banach space and let ¢: X — R U {400}
be a convex function such that ¢(0) = 0. Let f: X — RU {400} be a function
such that f? is finite-valued and continuous and assume that for each ¢ > 0
and x € X, the set M, , f (x) is bounded. Suppose additionally that for each
x* € 0¢(0), the infimum of the function f 4+ (x*, -) is attained and that

Ve X, afx)Nap0) #£ 0. A1)

Then the set dom M, f contains a dense Gs subset of X.

PrOOF. In view of assumption (41), we have

{x € X :Vx* edf?(x), su)[?((x*,x -y = f) = fw(x)}
ye

C {x € X :3x* € 39p(0), su)[()((x*,x —-y) - f()’)) > f(p(x)}‘
ye

From Lemma 5.1, the first set above is a countable intersection of dense open
sets, hence is a dense G-set (recall that the space X is complete). On the other
hand, Lemma 5.2 shows that the second set above is included in dom M, f.
The proof is complete.

Now assume that the function ¢: X — RU{+4o00}is subadditiveand f: X —
R U {+o00} is a proper function. By simple algebra, we get

O < 0 + o —x). (42)
In particular, if f¢(x) € R, this ensures that, for any x* € 9f%(x),

(x*,x' —x) < fP(x") — f?(x) < p(x' —x), forall x’ € X,
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so x* € dp(0), whenever ¢ is convex and ¢(0) = 0. Consequently,

af?(x) C 9p(0), forall x € X.

COROLLARY 5.1. Let (X, ||-||) be a Banach space and let : X — RU {400}
be a sublinear function such that ¢(0) = 0. Let f: X — R U {400} be a
function such that f* is finite-valued and continuous and assume that for each
e > 0andx € X, the set M, , f (x) is bounded. Suppose additionally that for
each x* € 0¢(0), the infimum of the function f + (x*, -) is attained. Then the
set dom M,, f contains a dense Gs-subset of X.

Proor. The subadditivity of ¢ implies that df¢(x) C 9¢(0) for every
x € X. Since the function f¥ is assumed to be continuous, we have 9 f ¥ (x) # ¢
for every x € X. It ensues immediately that condition (41) is satisfied, hence
Theorem 5.1 applies.

The continuity of f¢ is a key assumption in Lemma 5.1 and Theorem 5.1.
The next proposition gives several conditions on ¢ and f which ensure the
uniform continuity or the global Lipschitz continuity of the function f%.

Let us first observe that a subadditive function which is Lipschitz continuous
around the origin is globally Lipschitz continuous, whenever its value at the
origin amounts zero.

LEMMA 5.3. Let (X, ||-|) be a normed space and ¢: X — R be Lipschitz
continuous around 0, subadditive on the whole space and such that ¢(0) = 0.
Then ¢ is globally Lipschitz continuous on X.

ProoF. Note first that ¢(x) > —oo for all x € X, since ¢ is finite on some
neighborhood of the origin and subadditive on the whole space. On the other
hand, take £ > 0 and r > 0 such that |p(u)| < k||u|| for every u € B(0, r).
The subadditivity of ¢ implies that, for any x, x’ € X with ||x" — x| < r,

Pp(x) < () +o(x" —x) < p(x) +kllx" —x], (43)

and symmetrically , ,
(X)) = @(x) —kllx — x| (44)

Ifo(x) € Rthenp(x’) € Rforeveryx’ € B(x, r), thus the set ! (R) is open.
It follows from (44) that the set ¢ ~! (+00) is open too (taking ¢(x) = 400 we
have ¢(x") = 400 for x” € B(x, r)). Finally, the space X can be decomposed
as the union of the two open disjoint sets ¢ ~'(R) and ¢~!(400). Since the
space X is connected, we deduce that each of these sets is either empty or equal
to X. Since ¢ is finite at 0, we deduce that ¢ is finite-valued on X. In view
of (43)—(44), we conclude that |@(x") — ¢(x)| < k||x" — x| forall x, x’ € X
such that ||x" — x| < r, which implies that ¢ is globally Lipschitz with the
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constant k, since ¢ is finite-valued on the whole space and locally Lipschitz
with the same constant invariant under the shifting of arguments.

PROPOSITION 5.1. Let (X, ||-||) be a normed space and f, ¢: X — R be
such that ¢ # fwy.

(1) Ifo (resp. — f) is globally Lipschitz continuous on X, then f? is globally
Lipschitz continuous on X.

(1) If ¢ (resp. —f) is Lipschitz continuous around 0, subadditive on the
whole space and such that ¢(0) = 0 (resp. f(0) = 0), then f¢ is
globally Lipschitz continuous on X.

(i) If ¢ (resp. — f) is upper semicontinuous at 0, subadditive and such that
©(0) =0 (resp. f(0) = 0), then f¢ is uniformly continuous on X.

ProOF. Noticing that ¥ = (—¢)~/ it suffices to proceed with merely the
case of the function ¢ in each one of the assertions of the proposition.

(i) Assume that ¢ is k-Lipschitz continuous on X, for some k > 0. Then
we have forall x,x’ € X and y € X,

e —y) = f) <ex —y) — fO) +klx" — x|

and f(y) > —oo (otherwise f¢ = wy). Taking the supremum over y € X,
we find forall x, x’ € X

FOe) < 200 +kllx" — x|l (45)
By interchanging the roles of x and x’, we obtain
FON) = fo(x) = kllx" — x|l (46)

If f¢(x) = —o0 (or f?(x) = o0) for some x € X, we deduce from (45) that
f? = —wy (resp. f? = wy), acontradiction. It ensues that £ is finite-valued
and we conclude in view of (45)—(46) that f¢ is k-Lipschitz continuous.

(i1) This is a simple consequence of Lemma 5.3 and statement (i).

(iii) Let us point out that any subadditive function 4, which is upper semi-
continuous at the origin with 2(0) = 0 is finite in a neighborhood of the origin,
and hence is continuous on the neighborhood. Thus for all real ¢ > 0 there is
some § > O such that |h(u)| < e forany u € B(0, §). Applying this to ¢, by a
similar reasoning as in (i) we obtain

[ —e < fP(N) = P00 + e, (47)

for all x,x’ € X with [|x’ — x|| < &, and (f¢)"'(R) = X. From (47) we
deduce that f¥ is uniformly continuous.
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6. Links between @-envelopes and marginal inf-value functions of ¢

Given a subset S of X, for convenience and mimicking the notation of the
distance function, let us denote by ¢y the function defined by

ps(x) = inggo(y —x), forall x € X.
ye

We say that ¢y is the marginal inf-value function of ¢ over the set S. Our

objective in this section is to show that the techniques of [12, §7] can be

adapted to provide a link between the g-envelope of a function f: X — R and

the marginal inf-value function of ¢ over suitable level set of the function f.
Let us start with the following lemma.

LEMMA 6.1. Let ¢, f: X — R be two extended real-valued functions. As-
sume that ¢(x) > 0 for every x € X. Then we have

inf f > —inf f.
11)} f? > 1r)1( f
Moreover, the following inclusion holds

{xeX: f?x)=—f(x)} C argmin f N argmin f?.

ProOOF. Since ¢ > 0, we have forall x, y € X,

fex) Zz o —y)+ (=f )
= —f). (48)

Taking the infimum over x € X and then the supremum over y € X, we derive
infyx f% > supy(—f) = —infx f.

Fix x € X and assume that f¢(x) = — f(x). We deduce from (48) that
f(x) < f(y) forevery y € X, hence x € argmin f. This proves the inclusion

{xe X: fx)=—f(x)} C argmin f.

Let us now return to (48) and fix y € X such that f?(y) = — f(y). We infer
from (48) that f¢(x) > f?(y) for every x € X, hence y € argmin f¥. The

inclusion
(xeX: f(x)=—f(x)} C argmin f*

is shown, which ends the proof.

Let us notice that assuming f # wy, under the assumptions of Lemma 6.1,
we getinfy f¢ > —oo0. Itis easy to notice also that the coercivity assumption
on f%, thatis limyy|_ 400 f¥(y) = +00, implies f # wy, thus the coercivity
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of f? implies infx f¥ > —oo, whenever the assumptions of Lemma 6.1 are
fulfilled. _
For convenience, given a function g: X — R and a real 8, we will use the

notations (g=p)=lx e X:g(x) =Bl
(g <B)i=(x € X:g(x) < B),
(g <B)i=lxreX:gk)<p)

and the corresponding notations for upper level sets. For each ¢ > 0, put
me = a + infy f¥ and define the sets

Dy ={f¥ <my} and Cy={x € Dy: f¥(x) # —f(0)}. (49)
Suppose that ¢(x) > 0 for all x € X. It follows from Lemma 6.1 that
D, \ argmin f C C, and D, \ argmin ¢ C C,.

The second inclusion means equivalently that {x € X : infy f¥ < f¢(x) <
mg}isincludedin C,. If ¢(x) > Oforallx # 0and argmin f is nota singleton,
it is not difficult to see that {x € X : f?(x) = —f(x)} = @, thus C, = D,.
In order to see this, fix x and insert two different elements from argmin f, say
Y1, ¥2, in to the right-hand side of the inequality in (48). For one of them, say
y1, the inequality has to be strict, so f¢(x) > — f(y1) = —infycx f(y). The
emptiness of the set {x € X : f?(x) = — f(x)} follows immediately.

Our aim is to show that the sum of the marginal inf-value function of
¢ and the g-envelope of f is a constant function on some “large” set. In
the proposition below an inequality is obtained and next in Theorem 6.1 the
equality is established.

Recall that g is positively homogeneous of degree y if g(tx) = t¥ g(x), for
allx e Xandt > 0.

PROPOSITION 6.1. Let (X, ||-1|) be a normed space and let f: X — R,
¢: X — [0, oo]. Suppose that ¢ is positively homogeneous of degree y > 1
and proper. Assume that f? is real-valued and continuous on X and satisfies
lim)y | 100 f?(y) = +00. Then the following hold:

(i) Forall x € C,, we have
my > fO(x) + @ ro—my) (). (50)

(ii) The set Cy is dense in D,. If the function x > @(fo—m,)(x) is lower
semicontinuous on Dy, then the inequality (50) holds for all x € D,.

ProoF. Keep in mind that m,, is a well-defined real number, see the com-
ments following Lemma 6.1.
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(1) Let x € C, and {y, }»en be a sequence (see (5)) such that

1
vn>1, fY%x)— o< o(x = yu) = fyn) < f).

Note that, by the definition of the set C,, we get x # y, for n large enough,
and so we may assume that x # y, for every n > 1. Using the continuity
and the coercivity of f¢, the intermediate value theorem gives the existence
of ¢, > 0 such that

f%(zn) = mg, Where z, :=x + 1,(x — y,).

Thus 1 )
my — fP(x) + == f%z,) — fO(x) + =
n n
= f(p(zn) + f () —ox — )
> @(zp — yn) — @(x — yn)
= q)((l + 1) (x — yn)) —@(x — ya)-

Since ¢ is positively homogeneous of degree y, this implies that

1
my — f¥(x) + ; > (1 +6)"0(x — y2) —@(x — y,)
> (1 +1))9(x — ya) —@(x — y,) because y > 1
= [y),/(p(x - yn)
= (2, — X).
Recalling that f¢(z,) = mg, it follows that
v 1
Mo = fPX) + — = @ppemm,) (2).
The desired inequality (50) is obtained by taking the limit as n — o0.
(i1) Now let us show that the set C, is dense in D,,. So suppose the contrary,
that is, there exist yg € D, and r > 0 such that
B(yo,r) N Dy C{x € X: f¥(x) =—f(x)} (S

Lemma 6.1 implies that

(xe X: f%x)=—f(x)} C argmin f¥ C {f? < mgy} C int D,
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where the last inclusion is a consequence of the continuity of f¢. In view
of (51), we deduce that y, € int D, hence there exists areal 0 < r’ < r such
that the inclusion B(yy, ") C D, holds. This and (51) again yield that

B(yo,r) C{x e X: f?(x) = —f(0)}.

Recalling Lemma 6.1, we infer that f and f¢ are constant and finite on
B(yo, r’), with respective values infy f and infy f%. Thus we have

—f(o) = f*Go) = sup (e —y) — f()

yeB(yo,r")

= sup @(yo—y) — f(y)
yeB(0,r)

= sup () — f(o).
z€B(0,r")

This implies that sup,.p ,» ¢(z) < 0, and hence ¢(z) = 0 for every z €
B(0, r). Because of the homogeneity of ¢, we conclude that ¢ = 0. This
implies in turn that f¥ = supy(—f) = —infx f € R, but this contradicts
the coercivity of f¢. The density of Cy in D, is then established. Finally, the
second conclusion in (ii) follows directly from (i) and the above density.

REMARK 6.1. The coercivity of ¢ ensures that of /¢, whenever f # wy.
Indeed, given X € dom f, we have f?(x) > ¢(x —X) + (— f(x)) for every
x € X, hence lim - 400 f¥(x) = 400.

REMARK 6.2. The lower semicontinuity of the function x > @(fe—m,}(x) €
[0, oo] is fulfilled in anyone of the following situations:

(i) ¢ is subadditive, continuous at 0 and such that ¢ (0) = 0 (see the proof
of Theorem 6.1 below);

(i) ¢ = [I-II" (¥ = D)
(iii) the set { f¥ = m,} is compact and ¢ is lower semicontinuous;
(iv) X is finite dimensional, lim,_ 4o ¢(y) = +00 and ¢ is lower semi-

continuous.

Let us now state and prove the theorem establishing the link between the
p-envelope of f and the marginal inf-value function of ¢ over suitable level
set of f.

THEOREM 6.1. Let (X, ||-||) be a normed space and let f:X — R. Let
¢:X — [0,00[ be a continuous and sublinear function. Assume that
limyy | 100 f?(y) = +00. Then, for all x € Dy one has

mg = fx) + @ re=myy(x) = fO(X) + @ ro=m,)(X),
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or equivalently

mg = f?(x)+ _inf @(y—x)=f?(x)+ inf @(y—x).
velfo=mq) vel[¥zma)

ProOF. First observe that the above equalities are trivially true if f¥ = wy.
From now on, let us assume that f¥ # wy, which implies f(y) > —oo for all
y € X. In order to prove the inequality

mg = fY(x)+ inf @y —x), (52)
Ye{f¥=mqy}

for every x € D,, let us check that the hypotheses of Proposition 6.1 are
fulfilled. Since the function ¢ is subadditive and continuous at 0, and since
f? # Zwyx (note that f¥ # —wyx by the coercivity assumption of f%),
Proposition 5.1(iii) ensures that the function f¥ is continuous on X. Let us now
prove that the function x +> infyc(ro—p, ) ¢ (y—x)islower semicontinuous. Let
x € X and {x;}ren be a sequence in X converging to x. Since ¢ is subadditive
(and finite-valued), one has

Py —x) <oy — xp) + oxp — x),

and hence
Py —xx) = 9(y —x) — o(xx — x).

Taking the infimum over y € {f¥ = m,}, we obtain

inf  @o(y—x)>= inf @(y—x)—eO—x).
} ye{fr=mqy}

YE{fP=mq

Using the continuity of ¢ at 0, we deduce that

liminf inf —x;) > inf
k—+00 ye{f‘”:mu}(p(y k) T oye{fe

f,.,e0—x)
which shows that the function x + inf ¢(fe—p, ) @(y — x) is lower semicon-
tinuous. We can then apply Proposition 6.1(ii) to obtain that the inequality (52)
is valid for every x € D,.

To finish the proof, observe that the subadditivity of ¢ implies that, for all

x,yeX
) < 20 + ey —x),

see (42). It ensues that, forallx € X and y € {f? > m,},

my < fP(y) < fP(x) + oy —x),
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and hence for every x € X

me < fP(x)+ inf @y —x) < ffx)+ inf @y —x),
o} velfo=ma}

ye{fezm
and the proof is complete.

REMARK 6.3. Putting ¢_(u) := ¢(—u) for all u € X, the equality m, =
f(x) +inf ye(o—m,) @(y — x) can be rewritten as

fox)=mg+ sup —@(y—x)
)’G{f‘/’zma}

= mq + sup(—@—(x — ¥) = 8(pemmy ()
yeX

= My + (S{fw:ma})_wi (x)

It ensues that the result of Theorem 6.1 can be interpreted as follows

f(p =my + (5{f¢=ma})_w7 =my + (S{fwzma})_w on D,.

Note that Theorem 6.1 with ¢ = % [I-1l, A > 0, corresponds to the following
result in [12, Theorem 4].

COROLLARY 6.1. Let A > 0 and f: X — R. Foreveryx € D, = {x € X :
3.1 f (x) < mg}, we have

1 1
my = KA,lf(X)-i-Xd(X, {1 fr=mg}) = Kx,lf(x)+xd(X, k1 f = ma}).

Proof. The function ¢ = %Il-ll satisfies all the requirements of The-
orem 6.1. If f # wy, the coercivity of ||-|| implies that of «; ; f, cf. Re-
mark 6.1. It suffices then to apply Theorem 6.1. If f = wy, thenk, | f = —wx
and m, = —o0, hence the announced equalities are satisfied.

Finally, as in [12, Theorem 5], for each x € C, we show that the infimum
in the definition of @ f¢—,,)(x) is attained whenever the supremum in the
definition of f¢(x) is attained.

COROLLARY 6.2. Let the assumptions of Theorem 6.1 be satisfied, and let
x € Cy be such that M, f (x) # . Then there exists u € { f¥ = my} such that

P —x) = , inf | }fp(y —x).

e{fe=

ProoF. Lets € M, f(x). Then,sincex € Cyand f¢(x) = p(x—s)— f(s),
we have x # s. By the coercivity of f¥ and the inequality f¢(x) < m, (by
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the definition of D, in (49) and the inclusions x € C, C D,), we have
(x—|—[R§+(x —s))ﬂ{f“’ =my} # . Soletu € (x+R+(x —s)) N{f¢ =
mq} # 9. By Theorem 6.1, f¢(u) = f¢(x) + infye(posm,) ¢(y — x), and
hence, because f¢(x) = ¢(x —s) — f(s) (as seen above),

p(x —s) = f(s) +y€{}§£m }fp(y —x) = fPu) = o —s) = f(s).

Thus

inf }rp(y—X) > —s)—@x —ys)

ye{fe=mq

and by taking into accountthatu € x+R(x—s), we getp(u—s)—@(x —s) =
¢(u — x) which allows us to obtain

inf @y —x)> ¢ —x)
yelfe=my)

and to complete the proof.

9.
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