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DIFFERENTIABILITY PROPERTIES OF ¢-STABLE VECTOR FUNCTIONS
IN INFINITE-DIMENSIONAL NORMED SPACES

Karel Pastor

Abstract. The aim of this paper is to continue the study of properties of an
(-stable at a point vector function. We show that any ¢-stable at a point function
from arbitrary normed linear space is strictly differentiable at the considered point.

1. INTRODUCTION

The class of C'*! fuctions, i.e. the smooth functions with locally Lipschitz deriva-
tive, was intensively studied during last 30 years because, among others, these functions
appear in several problems of applied mathematics including variational inequalities,
the penalty function method and the proximal point method, see e.g. [3, 10, 11, 14,
15, 16, 17, 18, 20, 21, 26, 28].

In [4] it was introduced the notion of an /-stable at a point scalar function and certain
unconstrained optimality conditions were extended from C! to ¢-stable functions. A
function f : X — R, where X is a normed linear space, is ¢-stable at = € X if there
exist a neighborhood ¢/ of z and K > 0 such that

[f (g h) = fas k)| < Klly = 2ll, vy €U, Vh € Sx,
where Sx denotes the unit sphere of X, i.e. the set {z € X;||z|| =1} and

oy s FyHth) — f(y)
iy h) = llr?l(l)nf ” .

The class of ¢-stable functions was further studied in [5, 6, 7, 8, 9, 13, 22]. In the
paper [4] there was presented an example of an ¢-stable function which is not in the
class C'. Among others, the notion of an /-stable scalar function was extended to a
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vector function because it seems that the class of ¢-stable at a point functions is useful
in some vector optimization problems. In fact, the functions from R to Y, where Y’
is a Banach space, were considered [9], but we can easily extend the definition of an
¢-stable at a point function for the functions from X to Y, where X and Y are general
normed linear spaces. In the present paper we will do it.

During the text of the paper the symbol C c Y will denote a cone which we
assume to be convex, closed and pointed (for definitions see for instance [19] or [27]).
Its dual cone is defined by

O = {Ee Y™ (6,2) >0, Vo € C}

where Y* stands for the topological dual space of Y. We will suppose through the text
that C* has nonempty interior. The symbol T" will denote the set C* N Sy~.

Definition 1.1. Let X and Y be normed linear spaces, f : X — Y be a mapping
and z € X. We say that f is /-stable at = provided that there are a neighborhood 2/ of
x and a constant K > 0 such that

1y ) () = fas ) ()] < Klly — =],
for every y € U, for every h € Sx and for every v € T.

The symbol f*(z;h)(v) denotes the lower Dini directional derivative of f at
in the direction h € X with respect to linear functional v € T'. It is defined by the

formula: N
(i b)) =t g 2L 2 T(2)),

Of course, f“(x; h) = f*(x; h)(1) for scalar functions.

The main aim of this paper is to continue the solving of a problem whether or not
an /-stable at a point function is strictly differentiable at the considered point.

We say that f : X — Y, where X and Y are normed linear spaces, is strictly
differentiable at € X if thereis f'(x) € L(X,Y) (i.e., f'(x) is an element of the set
of all continuous linear mappings from X to Y") such that

v e Ty th) — f(y)
flz)h = y_l,lgfﬁw t

, Vh e Sx,

and the limit is uniform with respect to h € Sx. It is easy to show that the strict
differentiability implies the Fréchet differentiability.

In the paper we will use also the first-order directional derivative of f : X — Y at
x € X in the direction h € X with respect to v € T" defined by

" vy flatth) — f(2)
fxsh)(y) = ltllr(r)l ; ,
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and upper Dini directional derivative of f : X — Y at € X in the direction h € X
with respect to v € T" defined by

(s )(7) 1= lim sup 2L EF ) = (@)
7 . 10 t )

Again, f'(xz;h) = f'(x;h)(1) and f“(x; h) = f*(x; h)(1) for scalar function.
2. AsPLUND Spaces AND RNP

Let us recall that a Banach space X is said to be an Asplund space provided that
every continuous convex function defined on a nonempty open convex subset D of X
is Fréchet differentiable at each point of some dense G subset of D. More information
about Asplund spaces can be found in [24].

Theorem 2.1. [5, Theorem 3]. Let X be an Asplund space and f : X — R be a
continuous function near x € X which is /-stable at z. Then f is strictly differentiable
at x.

Remark 2.1. We note that in [5, Example 2] it was considered a classical Banach
space ¢; of real infinite sequences together with ¢; norm || - ||; defined for x =
{zm}°_, € £1 by the formula

f (@) = lzlh = Z |-

It was shown in [24] that || - ||; is not Fréchet differentiable at any point = € ¢; and
thus /1 is not an Asplund space.

The authors of paper [5] asserted that ||-||; was ¢-stable at arbitrary © = {x,,,}7°_; €
L1, where x,,, > 0 for every m € N. In fact, the previous assertion is false. Indeed,
it can be shown that || - ||; is Gateaux differentiable at = = {z,,}>0_, € ¢; iff for
every m € N, z,,, # 0. In this case, for every h = {hm}m 1 € {1, we have || -
15 (z3h) =3, nen 891 (Tm ) han. Consideringz = {55 }5°_,, and sequences {y"}°2; C
0y, {h"}5°, C ¢1 such that y™ = {y}5°_, and A" = {hl}>°_, satisfy, for every
n € N, respectively,

1, if n=m.

— if n+#m,
um=1 21 .
—2—m s Ifn:m.
and
0 , if n#m,
h;:{ #
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Then y™ — x and h™ € Sy, for every n € N, but
[FEy™ s p") = fo (s b = 2,

and hence || - ||; is not ¢-stable at .
Thus, we can try to generalize Theorem 2.1 for arbitrary normed linear space instead
of Asplund space.

Supposing that B is a subset of a Banach space Y, we recall that a set S is a slice
of B if there exist ¢ € Y* and A € R such that

S=Bn{yeY;p(y) <A}

Now, we recall that a Banach space Y is said to have the RNP if each bounded subset
of Y has slices of arbitrarily small diameter. For details see [1, 2, 24]. We note only
that a Banach space X is an Asplund space if and only if X* has the RNP.

Theorem 2.2. [9, Theorem 9]. Let a Banach space Y have the RNP and let
f:RN — Y be ¢-stable at x € RY. Then f is strictly differentiable at x.

Before we make the joint generalization of Theorems 2.1 and 2.2 it seems to be
useful to recall the following fact.

Proposition 2.1. [9, Theorem 7]. Let Y be a normed linear spaceand f : RN — Y
be an /-stable mapping at = € RY. Then f is continuous on a certain neighborhood
of the point x.

On the other hand, the previous result is not true for arbitrary ¢-stable function.
Indeed, it suffices to consider an arbitrary linear, and thus ¢-stable at a point, functional
from an infinite dimensional normed linear space to R which is not continuous at the
considered point.

Finishing this section, we note that Theorem 2.1 was proved with help of the
theorem of D. Preiss [25], i.e. any locally Lipschitz real-valued function on an Asplund
space is Fréchet differentiable at the points of a dense set, and Theorem 2.2 was
proved using theorem of P. Mankiewicz [23] which states that a Lipschitz mapping
f: RN — Y is Gateaux differentiable on a dense set for a Banach space Y having the
RNP.

3. STrRICT DERIVATIVE

In this section, we present several auxiliary assertions at first. If a,b € X, X
is a normed linear space, (a,b) and [a, b] denote an open and closed interval in X,
respectively, i.e.

(a,b)={z€ X;z=ta+ (1 —t)b,t € (0,1)},
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[a,b] ={z € X;z=ta+ (1 —t)b,t € [0, 1]}.
The following lemma is a straightforward consequence of the Diewert mean value
theorem [12].

Lemma 3.1. [5, Lemma 1]. Let X be a normed linear space, f : X — R be a
continuous function, and let a,b € X. Then there exist &1, &2 € (a, b) such that

Fi(&sb—a) < f(b) = f(a) < f(€2:b—a).
An easy consequence is the following lemma. We state it without proof.

Lemma 3.2. Let X and Y be normed linear spaces, f : X — Y be a continuous
function, v € Y* and let a,b € X. Then there are points &1, &, € (a, b) such that

Fi&b—a)(v) < {7, f(0) = f(a)) < f(€:b— a)(7)-
Observe that using liminf and limsup calculus, we can prove an analogous assertion
in terms of upper Dini directional derivative.
The following lemma was proved in [9, Lemma 5] for a Banach space but the
proof can be used also for a normed linear space.

Lemma 3.3. Let Y be a normed linear space and C' C Y be a cone. Then

L := inf su ,c)| > 0.
nf sup|(y.c)
The proof of the following proposition repeated the proof of Theorem 8 from [9]
which was stated for the case X = R” but for the sake of completness we include it
here.

Proposition 3.1. Let X and Y be normed linear spaces and f : X — Y be a
continuous function near x € X. If f is an /-stable function at x, then f is Lipschitz
on a certain neighborhood of z.

Proof.
Step 1. At first we show that

o == sup{|f(z; R)(y)|: h € Sx,v € '} < 4oo0.

Suppose for a contradiction that there are sequences {h,,},/> C Sy and {v,,},/> Cc T
such that
lim | f*(2; ) ()| = +-o00.

n—-+00

Without any loss of generality we can assume that either

lim f£<$; hn)(yn) = —00.

n—-+00
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or
lim fé(ac; hin)(Yn) = +o0.
n—-+o00
We suppose that the first case occurs (the second case can be treated by an analogous
way). Next we will assume that for a certain 6 > 0 the condition of ¢-stability is
fulfilled on B(xz;0) = {# € X;|z — z|| < 0} and moreover f is continuous and
bounded on B(z;J).

Now, if we combine the property of /-stability and Lemma 3.2, for each sufficiently
large n € N there exists &, € (=, + dh,,) such that

(f (@ + 6hn),vm) < (F(@), ) + 01 (s Bn) ()
(f(@), ) + 5<fé<§n§ hn) (Yn) — JM@; hn)(Yn) + JM@; hn) ()
< (f(@), ) + 0K ||&n — 2| + 6. (5 hn) ()

Since f is bounded on B(z,d) and lim, .o f*(2; hy)(m) = —o0, the previous
inequality does not hold for infinitely many n € N, a contradiction.

Step 2. Now we will show that f is Lipschitz on B(z,d). We take arbitrary
distinct a,b € B(z,0). We can suppose without loss of generality that f(a) # f(b).
It follows from Lemma 3.3 that for every ¢ € Sy there exists v € " such that

L
0< 5 <lna)l

Thus, using the previous argument jointly with Lemma 3.2, and setting

_J) - i)
1£0) = f@)

we can find v € T and ¢ € (a, b) such that

Cc

170) = F(@)ll < 2163, £0) — Fla)}] < 21 (&b~ a)()
< 2(1f" (b~ @) + Kz — ] o~ al)

2
< Z(a+Ko)b—al,

where o < +o0 by STEP 1. ]
Now, we are able to prove the main result of our paper.

Theorem 3.1. Let X be a normed linear spaces, Y a Banach space, and f : X —
Y be a continuous function near x € X. If f is an ¢-stable function at z, then f is
strictly differentiable at z.
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Proof. At first we show that for every h € Sx the following limit

) i St = f()
y—x,t|0 t

exists. Indeed, for some h € Sx we suppose on the contrary that there are ¢ > 0 and
sequences {yL}%, C X, {321%0, C X, {tL}2, C R, {t2}>2, C R such that

. 1 _ . 2
) L gy = Hm g =z

tl > 0,2 > 0 for every n € N, and

A3) lim t. = lim t2 =0,

n—-+00 n—-+00

satisfying

t t

@ e H Fn +tah) = flyn)  fln+ 00— Fa)|| o o

Using Lemma 3.3, Lemma 3.2, and /¢-stability, we can find L > 0, K > 0, and, for
everyn €N, v, € I', al € (0,1), a2 € (0, 1) such that

H Flyp +tah) = flya)  flyn +t2h) — f(ya)

t t
1 flyn +thh) = flun)  flya +t2h) — f(ya)
= Tns -
L 1 2
1
®) < 1P gk + ahthhs B) () = f*(25 1) (30)
+ £ () () = (02 + 02E20) ()]
K
< Flllvn =2+ antall + llyz — = + 0387 ]), ¥ eN.

On the base of inequalities (4) and (5), we obtain

K
¢ < F(llyn — = + antall + v — 2+ agtzl), Yn €N,

n

but it is a contradiction with formulas (2) and (3).
Now it is easy to show that the mapping 7': X — Y,

T(h) = tim LWFW =W oy
y—x,t|0 t

is linear. We note that the mapping 7' is continuous because f is Lipschitz near x due
to Proposition 3.1.
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Finishing our proof, it suffices to show that the limit (1) is uniform for h € Sx.
Lemmas 3.2, 3.3, and /¢-stability imply that for every y sufficiently close to z, for every
t > 0 sufficiently small, and for every h € Sx, thereare v € T and £ € (y,y + th)
such that it holds

Hf(y+th) — f(y) _T<h>H

(st
= 7| (5 =IO o)

IN

TFE NG ~ F @) < e~ all.

Summarizing the previous considerations, the mapping 7' is a strict derivative of f
at z,ie. T = f'(x). ]

We can use Theorem 3.1 for a characterization of /-stability at a point by means of
u-stability at a point. For a mapping f : X — Y, where X and Y are normed linear
spaces, we say that it is an u-stable at x € X if there are a neighborhood &/ of x and
a constant K > 0 such that

| (y; ) (&) = f (2 h) ()| < Klly — ],
for every y € U, for every h € Sx and for every £ € T.

Theorem 3.2. Let X and Y be normed linear spaces and let f : X — Y be a
continuous function near x € X. Then f is {-stable at « if and only if f is u-stable
at x.

Proof. We suppose that f is ¢-stable at z. In order to prove that f is u-stable at x,
we will assume on the contrary that there are sequences {z,}°2, C X, {h,}2, C Sx
and {v,}>>, C I such that for each n € N, z,, # z, 2, — x as n — +o0, and

(6) | £ (20 hon) (V) = f/(@5 hn) (9n)| > il 20 — 2|, Yn €N,
In the previous formula we notice that for every n € N we have
£ hn) (1) = (s ) () = f (@5 ) ()

by Theorem 3.1.
Note that then it holds for almost any n € N :

fu<2n§ hn><7n> - f/<$; hn><7n> > 0.
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Indeed, otherwise we would have for infinitely many n € N :
Fo(zns hn) (v) = £/ (@5 3) () < (23 ) () = (@5 ) () < 0.
From this it follows due to formula (6) for infinitely many n € N that
nllzn — 2/l < [f* (203 k) (90) = f/ (25 ) ()| < 1F (23 ) () — F (5 Fun) (),
and this contradicts the ¢-stability of f at x. Next (6) implies for almost any n € N :

nllzn — x| < (205 hn) (V) = (@5 hn) ()

_ énf)( sup {(Yns f(2n +tthn> - (Zn>>> . f’(w; h) ().
>0 ¢€(0,0)

Thus for almost any n € N there exists ¢, > 0 such that ¢, < z2—2ll and

<7n7 f(zn + tnhn> - f<2n>>
tn

(n=D)fzn —zf| < = [ (@5 ) (m).-

Using Lemma 3.2 and ¢-stability, for almost any n € N we can find &, € (z,, 25, +
tnhy) such that

(n—Dllzn — 2|l < (s hn) (yn) = F' (5 7n) ()
< Ktp + K ||zp, — ||

< xlzm=al

> + K ||zn, — ||
3K
-~ 9 lzn — 2|,

but it is a contradiction.

The reverse implication follows from what we have already proved and from easily
verifiable fact that

Fiash)(v) = —(=f) (@ ) (7). u

We note that the previous result generalizes Corollary 1 in [5], where Y = R, and
also Theorem 2.6 in [13] stated for the case that X and Y are finite dimensional.

Remark 3.1. Strict differentiability of /-stable functions plays an important role
in some finite-dimensional problems of vector optimization. Thus, we hope that the
results obtained in this paper will be useful in some infinite-dimensional problems of
vector optimization.
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