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Abstract

We give a general Lagrange multiplier rule for mathematical programming problems in
a Hausdorff locally convex space. We consider infinitely many inequality and equality
constraints. Our results gives in particular a generalisation of the result of Jahn (Intro-
duction to the theory of nonlinear optimization, Springer, Berlin, 2007), replacing
Fréchet-differentiability assumptions on the functions by the Gateaux-differentiability.
Moreover, the closed convex cone with a nonempty interior in the constraints is
replaced by a strictly general class of closed subsets introduced in the paper and
called “admissible sets”. Examples illustrating our results are given.

Keywords Lagrange multipliers - Optimization problems - Admissible sets -
Equi-Gateaux-differentiability
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1 Introduction

Let E be an Hausdorff locally convex topological vector space (in short l.c.t.v space,
the term “Hausdorft” will be implicit) and & C E be a nonempty open subset. Let
f + € — R be a function. The aim of this paper consists in giving a necessary
condition, using Lagrange multipliers, for a point * € € to be a solution of the
following optimization problem with (finite or infinite) inequality constraints
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max f
P)sxeQ
xeA=[C]*:={xeE:¢px)=>=0, Vp € C},

where C is a set of functions ¢ : E — R. We prove in our first main results (Theorem
2 and Proposition 6) that a natural condition to obtain non-trivial Lagrange multipliers
for the problem (P) in a genaral l.c.t.v space E with finite or infinite inequality
constraints, is that:

e The function f is Gateaux differentiable at the optimal solution X, the family C is
equi-Gateaux differentiable at x (i.e. Gateaux differentiable at X with a same modulus)
and the set {¢ € C : ¢(x) # 0} is either empty or equi-lower semicontinuous at x
(see, the definitions in Sect 2.2). We also assume that infgcc ¢ (£) = 0, otherwize X
belongs to the interior of A and so there is non constraints.

ee The weak-star closed convex hull conv®" {dco(X) : ¢ € C} in the topological
dual E*, is w*-compact (where, dg ¢ (X) denotes the Gateaux-differential of a function
¢ at X).

A set A = [C]* where C satisfies the above conditions, will be said weak-
admissible at x (Definition 1).

Under these natural conditions, we obtain non-trivial Lagrange multipliers as fol-
lows: there exists (A*, %) € RT x RT such that (A*, 8*) # (0, 0) and A*dg f (%) €
—B*7¢(x), (“condition of Fritz John”) where, 7¢(X) = ﬂnzlmw*{dcqh()?) :
(%) € [0,1],¢ € C} ¢ E*. If moreover we assume that 0 ¢ 7¢ (%), then we
can assume that A* = 1 (“condition of Karush-Kuhn-Tucker”).

The set 7¢(x) is small enough to encompass known results, such as when the set
of constraints is finite or when A = [C]* is a closed convex set (see Example 4 and
Proposition 6). In addition, the set 7¢ (%) defined above is optimal in the sens that it
cannot be replaced in general (when C is infinite) by the set conv? {dgp (%) : p(F) =
0,¢ € C} (a simple example even in R? is given in Example 7). Examples of more
explicit sets containing 7¢ (%) are given in Example 4 and Example 5.

The above mentioned result extends to infinitely many inequality constraints in
l.c.t.v spaces under the Gateaux-differentiability assumption, results established for
finitely many inequality constraints in finite dimension (see for instance the works of
Michel in [20], Blotin [1] and Yilmaz in [24]). Our work also generalises the so called
semi-infinite programming (SIP) problems (see Example 5 and Corollary 1).

On the other hand, we prove in our second main results (Theorem 3 and Corollary
4) a Lagrange multiplier rule in Banach spaces for mathematical programming with
both infinitely many inequality and equality constraints of the form

max f
x €Q
gx)e A
h(x) =0,

(P)

where, E and W are Banach spaces, €2 an open subset of E, Y is a normed space,
ACYandg:Q—>Y,h:Q2— Wand f: Q2 — R are mappings.
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There are several works in the literature addressing this subject with different con-
ditions (see for instance [2, 13, 15-18]. For the convex and affine frame, we refer to
[7]). The classical conditions given by Jahn in [13, Theorem 5.3 ] assume that the
functions f, g and h are Fréchet differentiable and that the set A is a closed convex
cone with a nonempty interior. In Theorem 3 and Corollary 4, we generalize the result
given by Jahn [13] in the following directions:

e The objective function f and the function g in the constraint are assumed to be
Gateaux differentiable at the optimal solution not necessarilly Fréchet differen-
tiable at this point.

e We extend the assumption that A is a closed convex cone with nonempty interior
in [13, Theorem 5.3 ] to a more general class of closed subsets which are not
necessarily neither cone nor even convex but includes the class of all closed convex
subset A whose recession cone R 4 (see Sect. 2) has a nonempty interior, it includes
in particular closed convex cones with nonempty interiors (see Corollary 4). This
class of sets will be introduced in Sect. 3, which we will call the class of “admissible
sets” (Definition 2).

In infinite dimension, most of the authors assumed that A is a closed convex cone with
nonempty interior. The first result which gives conditions in the case of closed sets is
due to Jourani and Thibault [14, 16, 17], dealing with the approximate subdifferential
(see [11, 12]). Our conditions are on the one hand different from those givenin [14, 16,
17] and on the other hand cannot be deduced from the theory of approximate subdiffer-
ential because, just like the Clarke’s subdifferential, the approximate subdifferential
of a Gateaux differentiable function at some point does not generally coincide with
the Gateaux-differential of the function at this point.

This paper is organized as follows. In Sect.2, we recall some classical notions
around convex cones and equi-differentiability and we give some examples. In Sect. 3,
we introduce the notion of admissible sets, we give non-convex examples of such
sets and prove that a closed convex cones with a nonempty interior is a particular
admissible set. In Sect. 4, we give our main results and some corollaries, propositions
and examples as consequences.

2 Preliminaries
Because we will need certain notions later, we recall in this section some classical
notions around convex cones, their duals, the barrier cone, recession cone, etc. On

the other hand, we will recall the notion of Gateaux-differentiability, equi-Gateaux-
differentiability, equi-lower semicontinuity, etc.

2.1 The Dual Convex Cone in a Hausdorff Locally Convex Space

Let Y be an Hausdorff locally convex space and Y * its topological dual. By int(A), we
denote the interior of a subet A of Y. By conv” (B) we denote the w*-closed convex
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hull of a set B C Y*. By A* we denote the dual positive cone of A C Y, defined by
A*={y* eY*:y"(y) > 0; Vy € A}.

The negative polar cone of A is denoted A° := —A*. We define the bidual cone of a
set A by

AT i={y e Y :y"(y) = 0; Vy* € A%}
Recall that we have A C A™ = tone(A) (the closed conique hull of A) and that
A* =Tcone(A)*.

Let K be a closed convex subset of Y, the barrier cone of K is the closed convex
cone defined as follows

bar(K) := {y* € Y™ : sup y*(y) < +oo}.

yekK
We denote R g for the recession cone of the closed convex set K, that is,
Rxk={veY:VA>0,Vxe K, x+iveK}

It is well known (see for instance [25], Ex. 2.45) that the w*-closure of the barrier
cone of K is the polar of the recession cone of K,

bar(K)” = (Rx)° = —(Rg)". o)

Notice that bar(K) = —K™* and Rx = K, if K is a closed convex cone. We recall the
following known consequence of the Hahn-Banach theorem.

Proposition 1 Ler K be a closed convex subset of Y. Then, we have

K = Nyrcbarr(y € Y 1 y*(y) < sup y*(2)}.
zeK

In particular, K =Y if and only if bar(K) = {0}.
Proof Set L := Ny+eparx){y € ¥ : y*(y) < sup,cx y*(z)} and let us prove that

K = L. Clearly, we have that K C L. Suppose that yp ¢ K. By the Hahn-Banach
theorem, there exists y; € Y*\{0} and r € R such that

¥o(y0) =1 > sup{y;(y) : y € K}.

It follows that y(’j e bar(K) and yg ¢ L. Thus, L C K. O
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2.2 Equi-Gateaux-Differentiability and Equi-semicontinuity

Let E be an l.c.t.v. space, 2 be a nonempty open subset of £ and (Y, || - ||) be a
normed space. Let g : E — Y be a function. We say that g is Gateaux differentiable
at x € Q if there exists a linear and continuous map dgg(x) : E — Y called the
Gateaux-differential of g at x € 2 satisfying: Vv € E

gx +1v) — g(x) —1dgg(x)(v)
t

lim
1\0

-o.

If E is a normed space, we denote Bg(x, r) the closed ball centered at x with radius
r > 0. We say that g is Fréchet differentiable at x €  if there exists a linear and
continuous map g’(x) : E — Y called the Fréchet-differential of g at x € Q (denoted
also by drg(x)) such that:

lim sup
™0 yeBE(0,1)

‘g(x +1v) —g(x) —1g'(x)(v)
t

-0

By (-, -) we denote the duality pairing between E* and E. A family C of functions from
E into R is said to be equi-Gateaux differentiable (in short, equi-G-differentiable) at
apoint x € E if forevery ¢ € C, ¢ : E — R is Gateaux differentiable at x and for
everyv € £

¢(x +1v) — ¢ x) —1{dGo(x), v)
t

lim sup =0.

IAN(] ¢eC

If E is a normed space, we say that C is equi-Fréchet differentiable (in short, equi-F-
differentiable) at x € E if

p(x +1v) —p(x) —1{¢'(x), )
t

lim sup sup =0,

™NO yeBE(0,1) peC

where ¢’ (x) := dp¢ (x) denotes the Fréchet-differential of ¢ at x.

We say that C is equi-lower semicontinuous (in short equi-lsc) at x € E, if for
every ¢ > 0 there exists an open neighbourhood O, . of x (depending only on x and
) such that ¢ (y) — ¢ (x) > —e, forall y € O, , and for all ¢ € C. If E is a normed
space, we say that C is r-equi-Lipschitz at x if there exists a ball centered at x on
which every function from C is r-Lipschitz (r > 0).

Example 1 A basic and elementary examples are the following:

(1) A finite family of Gateaux differentiable (resp. lower semicontinuous) functions
from E into R at some point, is equi-G-differentiable (resp. equi-1sc) at this point.

(i) Every nonempty subset C of E* is equi-G-differentiable at every point. The set
of 1-Lipschitz maps in a normed space is a classical example of uniformly equi-
continuous, hence equi-Isc functions at every point.
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We give in the following proposition some general examples of everywhere equi-
F-differentiable functions. Let X be a Banach space. We denote C;’a (X) the space of
all real-valued, bounded, Lipschitz and continuously Fréchet differentiable functions
f on X such that the Fréchet-differential f'(-) := dp f(-) is @-Holder (0 < @ < 1),
that is, the space of all continuously Fréchet differentiable functions f such that

I f e :=max (|l flloos | fllL, I flle) < 400,
forall f € Cbl’“(X), where || f||oo denotes the sup-norm of f and

|f (1) — f(x2)]

I fllz := sup{ 1x1, X2 € X x1 # X2}
llxr — 22l
£ (x1) — f'G)l
[l flle == sup{ X1, X € X;x1 # X}
llxr — 22l
The space (C;’Q(X), |l - Il1.e) is a Banach space. We also need to introduce the space

CbG (Y) of all bounded, Lipschitz, Gateaux-differentiable functions f from X into R
equipped with the norm || f|l¢ = max(]| flleo, ldG flloo)- Recall that by the mean
value theorem, we have for every f € C bG (X) that

ldG flloo = sup M(:Hﬂm.
X, XEX;X#X flx — Xl

The space CbG (X), endowed with the mentioned norm, is a Banach space (see, [6]).

Proposition2 Let X be a Banach space. Every nonempty bounded subset C C
Cg’a (X) is (everywhere) equi-F—dijﬁ‘irentiable and r-Lipschitz for some r > 0. More-
over, for all x € X, the set conv” {f'(x) : f € C} is a w*-compact subset of
X*

Proof Let r > 0 be such that || f||;.« < r, forall f € C. Clearly, C is r-Lipschitz.

Let xg,x € X, ¢t > 0and f € C. By the mean value theorem applied to the function
&> f(&) — (f'(x0), &) on the intervalle [xg, xo + 1x], there exists & € (0, 1) such
that

fxo+1x) — f(xo) — 1(f (x0), x) = (f(x0 + O1x) — f(x0), 1x).
It follows that

| f (xo 4 1) — f(x0) — 1{f" (x0), X)| < Il f"(x0 + O1x) — f'(x0)ll[l2x]|
< I fllellzx ) Too*
< rex|tte.
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Then, we have

| f (xo +1x) — f(x0) — #{f"(x0), x)]

lim sup sup < limrt* =0,
™0 xeBy(0,1) feC t N0

that is, C is equi-F-differentiable at xg. On the other hand, clearly we have
conv” {f'(x) : f € C} C Bx=(0,r), so it is w*-compact. O

3 Admissible Sets and the Set of Multipliers

In this section we introduce the notions of weak-admissible and admissible sets which
will allow us to generalize closed convex sets whose recession cones have nonempty
interiors, this generalize in particular the class of closed convex cones with nonempty
interiors. Let E be a l.c.t.v space. To each nonempty family C of functions from E
into R, we associated a subset of E, denoted [C]*, as follows

[C]* = Npeclx € E : ¢(x) = 0},

Such sets are called in the literature ®-convex subsets of E (A notion introduced
by Ky Fan, see for instance [8]). As an immediate consequence of the Hahn-Banach
theorem, we see that every closed convex subset of E is a ®-convex subset, that is,
every closed convex subset of E is of the form [C]* for some subset C of E* + R.

3.1 Weak-Admissible and Admissible Sets

We give the following definitions related to the admissibility of a set at one of its
points.

Definition 1 Let E be a l.c.t.v space. We say that F C E is weak-admissible at X € F
if there exists a nonempty family C of real-valued functions ¢ : E — R such that:

(a) F =[C]*.

(b) C is equi-G-differentiable at x.

(c) S:={¢ € C:¢(X) # 0} is either empty or equi-lsc at x.

(d) the convex set mw*{dmb()?) 1 ¢ € C}is w*-compact in E*.

In this case, we say that F is determined by C. We say that F is weak-admissible if
F = [C]* is weak-admissible at each of its points.
Definition 2 If E is a normed space, we say that F C E is admissible at X € F if

there exists a nonempty family C of real-valued functions ¢ : E — R such that:

(a) F=[C]*.
(b) C is equi-G-differentiable and r-equi-Lipschitz at X.
(c) 0 ¢ conv” {dgp(x) : ¢ € C} (C Be=(0,r)).

We say that F is an admissible set if F = [C]* is admissible at each of its points.
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Clearly, an admissible set is weak-admissible but the converse is not true in general.
The problem P is without constraints if the optimal solution X belongs to the interior
of F. Thus, our work is of particular interest when X € F \ int(F). In this case we
have the following proposition.

Proposition 3 Let E be a l.c.t.v space, F C E be a weak-admissible set at x € F =
[C1%, determined by C. Suppose that X € F \ int(F), then infgcc (%) = 0.

Proof Recall that since F is weak-admissible at x determined by C, then S := {¢ €
C : ¢(x) # 0} is either empty or equi-Isc at x. It follows thatif infgcc £(X) # O (hence
infzec £(X) > 0), then S = C and so by the equi-lower semicontinuity of S at X, for
some ¢ € (0, infgcc £(X)), there exists an open neighbourhood O; . of X such that
E(x)—E(X) > —eonO; forallé € C.Thus,&(x) > §(X)—¢e > infeec §(X)—€ >0
forallx € O; ; and all £ € C. In other words, X € int(F). O

The Banach space (C;’“(Y), |l - Il1.«), where Y is a Banach space, gives a quite
general framework to build examples of both convex and non-convex admissible sets.

Example 2 Let D be a bounded subset of (C;’“(Y), |l - l1.«) and let p € Y* such that
Ipll > r :=supgep 19 lco = supgep [I¢llL. Then, the set

A=[D-p]*:={yeY:(@—p)() =0, ¥$ € D},

is an admissible set. Indeed, C := D — p is equi-G-differentiable by Proposition
2. Moreover, each function from C is k-Lipschitz with a same k > 0 (we can take
k=r+|pl) and convw*{gb/(y) : ¢ € D} C By+(0, r) is w*-compact. Finally, since
Pl > supgep 19 lloos it follows that p ¢ comv” {¢/(y) : ¢ € D}. In consequence,

0 ¢ conmv” {y/(y) : ¥ € C}.

More generally, we have the following proposition. For each fixed point y € Y,
consider the following surjective bounded linear operator

8, (C - ) — (P50 1)
¥ 8L(W) = drd ().

Proposition4 Lety € Y and K be a convex w*-compact subset of Y* such that0 ¢ K.
Then, for every bounded subset C ofC;’a(Y) such that 5; (C) C K, we have that the

set [C]* is a admissible at y.
Proof We use the definition of admissible set together with Proposition 2. O

Notice that if K has a nonempty norm-interior, then by the continuity of 8/, we see

that (S’y)’] (K) has also a nonempty interior in (Cg’“(Y), I 1)
Now, we consider a class of closed convex admissible sets. Let C be a bounded
subset of Y* and (X,+)y+cc C R, then the set

A={yeY:y"(y) =1y >0;Vy" € C}
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is a closed convex, weak-admissible set at each of its points and is determined by
the set {y* — A« : y* e C}. If moreover we assume that 0 ¢ conv?” C, then A
is admissible at each of its points. We prove in Theorem 1 below that the class of
admissible sets includes in particular convex closed sets A # Y whose recession cone
‘R4 has a nonempty interior, this includes in particular the classe of closed convex
cones (different from Y') with a nonempty interior. We need the following lemma.

Lemma 1 Let Y be a real normed space. Then the following assertions hold.

(i) Let A # Y be a nonempty closed convex cone of Y (equivalently A* # {0}) and
e € Y. Then, e € int(A) if and only if inf{y*(e) : y* € Sy+ N A*} > 0. In
consequence, int(A) # ) if and only if, either A =Y (equivalently A* = {0}) or
0 ¢ conv”’ (Sy= N A*).

(ii) Let K be a nonempty closed convex set. Then, int(Rg) # @ if and only if either
K =Y or0 ¢ conv” (Sy+ N (—bar(K)).

Proof (i) Suppose that inf{y*(e) : y* € Sy N A*} = a > 0.Forall 2 € By(0, 5)
and for all y* € Sy« N A*, we have y*(h +¢) > —|h| + y*(e) = —|lhll +a > 5.
In consequence, by positive homogeneity, we have z*(h + ¢) > 0 for all z* € A*. It
follows that 4 + e € A for all h € By (0, %). In other words, ¢ € int(A). To see the

converse, let e € int(A). Recall that,
int(A) C {y € Y : y*(y) > 0; Vy* € A*\ {0}}.

Suppose by contradiction that the inclusion is not true, that is, there exists a € int(A)
and some y; € A*\{0} satisfying y;(a) = 0. There exists ¢ > 0 such that By (a, &) C
A.Leth € By (0, 1), then we have y;(eh) = y;(—a)+y;5(a+eh) = yj(a+eh) >0
sincea+eh € Aand y; € A*\{0}. This implies that y;(eh) = Oforall 2 € By (0, 1).
Thus, ys‘ = 0 which is a contradiction. Thus, our inclusion is true. Now, since e €
int(A), then By (e, &) C int(A) for some ¢ > 0. It follows that

By(e,e) C{y € Y :y"(y) > 0; Vy" € A"\ {0}}.
Thus, for every 4 € By (0, 1) and every y* € A*\{0}, we have that y*(e — ¢h) > 0.
Equivalently, y*(e) > ey*(h) for all y* € Sy= N A*. By taking the supremum over
h € By(0, 1), since ||y*|| = 1, we get y*(e) > ¢ forall y* € Sy« N A*. It follows that

inf  y*(e) > e.
y*ESyx NA*

This completes the proof of the equivalence. To finish the part (i), it suffices to see
that for each e € A, infyreg,.na+ y*(e) = inf W (SyeNA%) y*(e) and that by the

y*econv
Hahn-Banach theorem 0 ¢ comv?” (Sy= N A*) if and only if there exists e € A \ {0}
such that infy*emw* (S A% y*(e) > 0. To prove (ii), we apply part (i) with the
closed convex cone A := Rk, using the formula in (1). m|
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Theorem 1 Let Y be a normed vector space and A be a closed convex set A such that
bar(A) # {0} (equivalently A # Y ). Then, A is weak-admissible at each of its points
and is determined by the set

C={"- inf y*(x) 1 y* € Sy= N (—bar(A))}.

Moreover, A is an admissible set (everywhere, and determined by C) whenever 0 ¢
conv?” (Sy= N (=bar(A))). In consequence, the following assertions hold.

(i) Every closed convex set A such that A # Y and int(R4) # 0 is admissible (at
each of its points), determined by C.

(ii) In particular, every closed convex cone A of Y with A # Y and int(A) # ¥ is an
admissible set determined by C = Sy N A*.

Proof From Proposition 1, we have

A = Nyseparay(y € Y 1 y*(y) < sup y*(2)}
z€A

={ye¥:y"(y) — inf y*(x) = 0, Vy* € ~bar(4)}

={ye¥:y"(y) — Inf y"(x) = 0, V)" € Sy- N (~bar(4)))

=[CT*,
where, C = {y* —infycq y*(x) : y* € Sy= N (—bar(A))}. Clearly, C is everywhere
equi-G-differentiable family of 1-Lipschitz functionals so A is weak-admissible at

each of its points by Definition 1. If we assume that 0 ¢ conv?” (Sy+ N (=bar(A)))
then, clearly

0 ¢ conv” {dgp(R) : ¢ € C} = conv” (Sy» N (—bar(A))),

and so A is an admissible set determined by C (Definition 2). The parts (i) and (i7)
are consequences of Lemma 1. O

3.2 The Set of Multipliers

We introduce the following subset of the dual E*. If x € [C]* for some set C of
Gateaux differentiable functions at X, we denote

Te(R) := Np=10ov? {dg o () : p(R) € [o, %] ,¢p€C}CE™"

This set plays a crucial role in obtaining non-trivial Lagrange multipliers. In this paper,
the set of non-trivial multipliers associated to the prolem (P), will be given from the
set RT x RT7¢-(X). It is clear that

conv” {dgp(£) : ¢(£) =0, ¢ € C} C Te(R) C comv” {dgp(X) : ¢ € C).
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However, in the general framework when C is infinite, these inclusions can be strict
even in R? as shown in the following example.

Example3 In E = R%let C = {¢ : k > 0YU{y}, where ¢/ (x, y) = x+y, do(x, y) =
x,and for all k > 1, ¢p(x,y) = vy + % We see that (0,0) € [C]* = RT x RT,
T¢((0, 0)) = conv{(1, 0), (0, 1)}, but conv{dgp ) : ¢(X) = 0,¢ € C} = {(1,0)}
and conv{dg¢ (%) : ¢ € C} = conv{(1,0), (0, 1), (1, 1)}.

Remark 1 The set 7¢ (%) is of no interest when the optimal solution x € int([C]*)
since in this case the problem (P) is free of constraints. However, this set is crucial
when X € [C]*\int([C]*). The following proposition guarantees that in this case, the
set 7¢(X) is always nonempty.

Proposition 5 Let E be a l.c.t.v space and X € [C]* for some set C of real-valued
Gateaux differentiable functions at x such that comv” {dgp(X) : ¢ € C}is w*-
compact in E*. Then, Tc(x) # @ if and only if infecc £(X) = 0. In particular,
Tc(X) # @ whenever x € F\int(F) where F is a nonempty subset of E weak-
admissible at X and determined by C.

Proof Suppose that infzcc £(X) = 0. Then, for each n > 1, the set D, :=
comv? {dgo (%) : ¢p(X) € [0, %] ,¢ € C} is nonempty and w*-compact. Moreover,
the sequence (Dj),>1 is non-increasing and 7¢(x¥) = N,>1D,. Hence, 7¢(X) is a
nonempty w*-compact set as intersection of non-increasing sequence of nonemppty
w*-compact sets. The converse is trivial. Finally, if * € F\int(F) where F is a non
empty subset of E, which is weak-admissible at X and determined by C, then using
Proposition 3 we get that infgcc £(X) = 0. Hence, 7¢c(X) # ¢ using what has just

been proved above. O

3.3 Examples

The examples below and Example 6 shows that the set 7¢ (%) is precise enough to
encompass the classical results found in the literature, such as when the set of con-
straints is finite or when A = [C]* is a closed convex set.

Example 4 Let E be a l.c.t.v space and F = [C]* be a nonempty subset of E weak-

admissible at ¥ € F\int(F) and determined by C, so that 7¢ (X) # @ by Proposition
5. Then, the following assertions hold.

(1) if §:={¢ € C : ¢p(x) # 0} is a finite set, we have
Te(®) = cov” {dgp(R) : p(2) = 0.4 € C}.
In particular if the set C is finite, then
Tc(x) = conv{dgp (%) : ¢p(x) =0,¢ € C}.
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(i) Assume that £ = Y is a Banach space and C is relatively compact in (CbG N E
). Then,

Te(®) C {day () : ¥ () = 0, ¥ e convlo ().
If moreover, C is assumed to be convex and norm-compact, then
Te(X) ={dgy(X) : y(X) =0,y € C}.
(iii) Assume that £ = Y is a normed vector space and F' # Y is closed and convex,

then F = [C]*, where C = {y* — inf,cr y*(x) : y* € Syx N (—bar(F))} and we
have

Tc(x) C {y* € conv?’ (Sy+ N (=bar(F))) : Y& = ing y*(x)}
xXe
C {y* € (Rp)*: y*(X) = inf y*(X)}.
xeF
If F #Y is aclosed convex cone, then F = [C]* where C = Sy N F* and

Te(®) C {y* e comv? (Sy« N F*) 1 y* (&) = 0}
C {y* € F*: y*(¥) = 0}.

Proof The part (i) is trivial. We prove (ii). Indeed, we have

Te(®) = Npz1com” {dod (R) : (R) € [0, ﬂ L$ € C)

*

C Mu>lda¥(X) : Y (R) € [o, %] , ¥ e convi'le (C)}

The set Q,, := {¢ € convl'l6(C) : Y (X) € [O, %]} is compact as a closed subset
of the compact conv!'lé (C) in the Banach space (C,?(Y), Il - llg). Since the linear
map &, : (CE(Y), I -llg) — (¥Y*, |l - |) defined by & () = dg ¥ (%) is continuous,
it follows that Sé(Q,,) is norm compact in Y*. In particular it is w*-compact and so
w*-closed. Thus, we get

n

Te(X) C Nps1{dG¥ (R) : v (X) € [0, 1} .,y e convl'lo(C))

={de¥(®) : (%) =0,y e conv!'le ().
If moreover we assume that C is convex and compact, that is, convl'lle (C) = C, then
clearly from the above inclusion we have 7¢(X) C {dgy (%) : ¥(x) = 0,y € C}.

The reverse inclusion is always true.
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In a similar way we prove (iii). Indeed, by Theorem 1, since F' is a closed convex
set, it is determined by C = {y™ — infcp y*(x) : y* € Sy« N (—bar(F))}. Thus, by
definition

Te(®) := Nyp=1comv” {dgp(R) : p(X) € [0, 1} . eC)

n
= Nyz1cony"” {y* € Sy= N (=bar(F)) : y*(X) — ;22 yi(x) € [0, %]}
C Muz1 {y* e conv” (Sy» N (=bar(F))) : y*(%) — ;Ielg yi(x) € [0, %“
{y* e conv” (Sy» N (=bar(F))) : y* (%) = ;rellfp y*(X)}
C {y* € (Rp)* :y*(3) = inf y*(x)} (by the formula(1)).

If F is a closed convex cone, we know that F* = —bar(F) and inf e y*(x) = 0, for
all y* € F*. O

Semi-infinite programming (SIP) problems are optimization problems in which
there is an infinite number of variables or an infinite number of constraints (but not
both). A general SIP problem can be formulated as

max f
P)y x e
h(x,t) >0,VteT,

where €2 is a nonempty open subset of R”, x = (x1,...,x,) € R?, T is an infinite
set, and all the functions are real-valued. We denote T(x) = {t € T : h(x,t) = 0},
for x € R”.

Example 5 Let T be a nonempty Hausdorff compact topological space, £ € R”" and
h :RP x T — R be a function such that:

(i) for each r € T, the function h(-, t) is Gateaux-differentiale at x, we denote
V. h(x, t) the Gateaux-differential of (-, t) at X,

(ii) the functions ¢t — h(X, ) and r — V,h(x, t) are continuous,
(iii) T(x) #0.
Set C = {h(-, t) : t € T} and suppose that X € [C]*. Then,

Tc(x) = conv{V, h(x,t) :t € T(x)}.

Proof First, notice that by using the continuity of the functions h(x, -), Vih(x, -)
and the compactness of T, we get that V,h(x,T) := {V h(x,7) : t € T}isa

compact subset of R” and that {V,h(X,1) : h(x,1) € [0, %] ,t € T} is a closed
subset of V h(x, T) and so it is a compact subset, for each n > 1. It follows that
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conv{V,h(%,1) : h(&,1) € [0, 2],1 € T} is a compact subset of R” for eachn > 1.
On the other hand, by the coincidence of the weak* and norm topologies on R”, using
the definition of 7¢ (x), we get

N * R . 1
Tc(X) := Nps1conv” {Vih(X, 1)t h(x,t) € |:O, —i| ,teT}
n

1
= Np>1conv{V,h(x,1) : h(x,1) € [0, —:| ,teT}
n

N

Nn>1{dcd(X) : p(X) € |:O, %] ,¢ €convih(x,1),t € T}}

{deop(X) : () =0, ¢ € conv{h(X,1),t € T}}.

Now, we prove that
{dgp(x) : () =0, ¢ € conv{h(x,t),t € T}} C conv{dgh(x,1) :t € T(X)}.

Indeed, if g € {dgop(x) : ¢(x) = 0,¢ € conv{h(x,r),t € T}}, then there exists
fyooostm € Ty A1, ... A > O0suchthat )72 4 = 1,9 = > /L, Aidgh(X,1;) and
YL Aih(x, 1) = 0.Since, (%, ;) > Oforall 1 <i < m,wehaveX;h(x,1;) = 0for
all 1 <i <m.Thus, A; = 0if h(x, ;) # 0 and so g € conv{dgh(x,t) : t € T(X)}.
Finally, we have 7¢ () C conv{dgh(x, ) : t € T (x)}. The reverse inclusion is always
true. O

Example 6 Let Y be a normed vector space and A = [C]* be an admissible set at
X € A\ int(A). Then, 0 ¢ 7¢(x) # . In consequence, the following assertions hold.

(i) If A # Y is a closed convex subset such that int(R4) # @ then, with C =
{y* —infycq y*(x) : y* € Syx N (—bar(A))} we have A = [C]*, A is admissible
atx € A\ int(A),0 ¢ 7¢(x) # ¥ and

Te(®) C {y* e @m" (Sy« N (=bar(A) : y*(§) = inf y*(x)

C e RO\{0}: Y (&) = Inf yr 0}

(ii) In particular, if A # Y is a closed convex cone with a nonempty interior, then
A = [Sy+ NA** and 0 ¢ Tg,.na*(X) C {y* € conv” (Sy= N A¥) : y*(X) =
0} C {y* € A*\ {0} : y*(X) = 0}.

Proof By Proposition 5, 7¢(X) # . By the definition of admissible set, 0 ¢
comv” {dgp(X) : ¢ € C} and by the definition of 7¢(X), we have 7¢(X) C
comv” {dgp(X) : ¢ € C}. Hence, 0 ¢ Tc(X) # . For the rest, we use the part
(iii) of Example 4 and Theorem 1. O

@ Springer



Journal of Optimization Theory and Applications (2024) 201:1275-1300 1289

4 The Main Results

This section is divided into two parts. We first treat the case of optimization problems
with only constraints of inequalities in the general framework of 1.c.t.v. spaces. Then,
we will consider the case of problems with both inequality and equality constraints,
in the framework of Banach spaces.

4.1 Inequalities Constraints in a Hausdorff Locally Convex Space

Before giving Theorem 2, we need some notation and reminders. Let D be a compact
convex subset of an l.c.t.v. space E. We denote by (C(D), || - ||s) the Banach space
of all real-valued continuous functions on D. By C* (D) we denote the positive cone
of C(D) which has a nonempty interior and C(D)* denotes the topological dual of
C(D). The space Aff(D) denotes the space of all affine continuous functions from D
to R. We also recall (see [21]) that the dual space C(D)* is naturally identified with
the Radon measures on D via the duality map

, f) =/ fdu, forall u e C(D)*and f € C(D).
D

In particular, the evaluation map 8y : f + f(x) is the Dirac measure of x € D and
we have:

8 (f) i= (8, f) = f ().

Furthermore, the dual norm ||u|]4« coincides with the total variation of the measure i
denoted ||ul|l7v -

We denote by M (D) the set of all Borel probability measures on D. This set is
a w*-compact convex subset of C(D)* and coincides with the weak* closed convex
hull of the set 6 (D) := {8, : x € D}, that is,

M(D) = {w e CD)* : llplls = (. 1p) = 1}
= conv”” (8(D)), 2)

where 1p(x) = 1, forall x € D.
If w € E and K C E is a nonempty set, we denote [w, K] the convex hull of the
point w and the set K, thatis, [w, K] = {Aw+ (1 —X)x : 1 € [0, 1],x € K}.

Lemma2 Let E be al.c.t.v space, w € E and (K,),>1 be a non-increasing sequence
of nonempty compact sets. Then, N,>1[w, K,] = [w, Ny>1K,].

Proof Clearly, [w, Np>1K,] C Np>1lw, Kyl Let x € Ny>1[w, K, ], then for every
n > 1 there exists x, € K, and A,, € [0, 1] such that x = A, w + (1 — A,)x,. Since
[0, 1] is compact and (K,),>1 is a non-increasing sequence of nonempty compact
sets, there are subnets (x,) and a (A4) converging respectively to some X € N,;>1 K,
and A € [0, 1]. Thus, x = limg (Agw + (1 —Ay)Xe) = Aw + (1 =X € [w, Ny>1Kp].

O
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Now, we give the proof of our first main result mentioned in the introduction.

Theorem 2 Let E be al.c.t.v space, Q2 be a nonempty open subset of E and F be a non
empty subset of E. Let  : Q@ — R be a function. Assume that x € Q2 is an optimal
solution of the problem (P):

max f
P)fxe
xeF,

that f is Gateaux differentiable at x and that F is weak-admissible at X and determined
by C. Then, either X € int(F) and therefore dg f (X) = 0, otherwize if X € F \ int(F),
we have 0 € [dg f(X), Tc(%)]. That is, there exists (\*, B*) € RT x RT and x* €
Tc (X) such that

(i) (A%, B*) # (0,0).
(i) Mdg f(R) + prx* = 0.

If moreover, we assume that 0 ¢ Tc (%) (in particular if E is a normed space and F is
admissible at X ), then we can choose \* = 1.

Proof Clearly, dg f(x) = 0 if X € int(F). Suppose that ¥ € F \ int(F). Then,
by Proposition 3, we have infgec £(X) = 0. For each integer number n > 1,
set S, = {peC:¢&) > 1} (may be an empty set) and C, = C\S, =
{p€C:0=<p®) <Ll +#0sinceinfeec £(F) = 0). Clearly, the sequence (Cy)n>1
is non-increasing. Let us set D,, = conv?” {dcp (%) : ¢ € C,}, which is nonempty and
w*-compact convex subset of E* (the sequence (D,),>1 is non-increasing). Notice
that for each u € E, the evaluation mapping §, : p € D, + (p, u), is linear and w*-
continuous, thus §,, € Aff(D,)) C C(Dy,), where D,, is equipped with the w*-topology.
Let us set

X =@y, dcf(X)W)) :u € E} C C(Dy) x R,

which is a vector subspace and let us prove that

(—1p,, —1) ¢ X +C*(Dn) x RY,

where 1p, denotes the constant function equal to 1 on D,, and the closure is taken
in the Banach space C(D,) x R. Suppose by contradiction that (—1p,, —1) €

X + CT(D,) x R*. There exists u € E and (ho, zg) € CT(D,) x RT such that

N 1
lho +1p, — Sulloc + |20 + 1 —dg f(X)W)] < 5

It follows that, for all p € D, = convw*{dqu()%)) 1 ¢ € Cp}

1

{p.u) > ho(p) +1p(p) = 5 = 5

3

N =
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“

| =

do fEw) > 20+ % >

By assumption, f is Gateaux differentiable at X and the family C is equi-Gateaux
differentiable at X, then there exists §o > O such that for all § € (0, §y), we have
X+ 6éu € Qand

(X +du) — ¢p(X) — 8{dgP(X), u) < 1

sup |
peC 1) 4
G 00 = f() b fE@) L

5 4

Using (3), (4) and the two last inequalities, we get that for all § € (0, 8p), X + Su € Q
and

1
Vo€ C, CC, ¢+ 68u) > 8({dgp(X), u) — 4_1) + ¢(%)

81 0
> 00— >
4

1
JG+8u) = f(X) > 8(dg f(X)(u) — 7

1
> 35— > 0.
4

It follows that, for all § € (0, §p) and for all ¢ € C,,, we have
X+d0ue,¢(x+d8u)>0and f(x +Su) — f(x) > 0. %)

If S, = ¢, then C,, = C and so (5) contradicts the fact that X is an optimal solution of
(P). We will show that there is also a contradiction in the case where S,, # @. Indeed,
since the family § = {¢ € C : ¢(X) # 0} is equi-Isc at x (see Definition 1), the same
applies to S,, C S, so there exists ¢, > 0 such that: V§ € (0, o), V¢ € S,

)?+5u€$2and¢()?+8u)>¢()?)—l>O. (©6)
n

The formulas (5) and (6) applied with § € (0, min(dp, ¢ry)), contradict also the
fact that X is an optimal solution of (P). Finally, we proved that (—1p,, —1) ¢
X +Ct(D,) x R*. By the Hahn-Banach theorem, (and using the fact that
X 4+ CT(Dy) x RT is a cone) there exists a Radon measure u) and A} € R such
that (u;;, 1) # (0, 0) and

/ hdp + 1%z >0, V(h,z) € X +CT(Dy) x RT.
D,
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This implies in particular that ) > 0, A > O and forallu € E,

Ndaf ©w + [ sudi; =0, )

Dy

Case 1. If there exists some ng > 1 such that MZO = 0, then Aﬁo # 0 (since
(Ungs Any) 7# (0, 0)) and so from (7), we get that dg f (X) = 0 and in consequence the
theorem works with (A*, 8*) = (1, 0).

Case 2. Suppose that i # Oforalln > 1. Thenv)} := Hugﬁ is a Borel probability
measure on the w*-compact convex set D,, and from (7), we have

*

Ak . lnllry
— " dofE)w)+ ——2—— | 8,dvF=0. (8)
A+ kv A+ kv Jp, "

As a Borel probability measure, v} has a unique barycenter p, € D, =
mw*{dcqﬁ(i) 1 ¢ € Cy} (see for instance [3, Chapitre IV, section 7, n°1, Corol-
laire de Proposition 1.] or [5, Lemma 10]), that is, k(p,) = f D, kdv}, for every
k € Aff(D,). In particular, since for every u € E the map §, € Aff(D,), we obtain
'/Dn Sudv¥ = (py, u). Using (8) and the fact that fDn 8udv = (py,u) forallu € E,
we get,

0 € [dg f(X), Dy],Vn > 1.

Hence, 0 € Ny>1ldg f (%), Dyl = [dG f(X), Np>1D,] by using Lemma 2, since
(Dp)p=1 is a non-increasing sequence of w*-compact subsets. Equivalently, there
exists (A*, B*) € RT x RT and x* € N,>1 D, := T¢ (%) such that

(i) (%, B*) #(0,0).
(i) A*dg f(R) + B*x* =0.

Finally, we see from (i) and (ii) that if A* = 0 then 8* # 0 and so 0 € 7¢(X).
Thus, if 0 ¢ 7¢ (%) then A* # 0 and so, dividing by A* we can assume that A* = 1
(in particular in a normed space if F is admissible at X, we have by Example 6 that
0 ¢ Tc(X)). O

We show in Example 7 below, that the set 7¢ (X) in Theorem 2 cannot, in general,
be replaced by the set conv? {dg o (2) : ¢(X) =0, ¢ € C} even in R2.

Example 7 Indeed, in E = R2, let =]—1,1[x] =1, 1[, C = {¢x : kK > 0}, where
¢o(x,y) = x,and forall k > 1, ¢p(x,y) =y + % and f(x,y) = —x% — y for all
(x,y) € Q. Weset F :=[C]* = RT x RT. In this case, the problem (P) has (0, 0) as
a solution, F is clearly weak-admissible at (0, 0) € F\int(F). We have ¢ (0, 0) = 0,
¢1(0,0) = % > Oforall k > 1, ¢;(0,0) = (1, 0), ¢;.(0,0) = (0, 1) forall k > 1 and
f(0,0) = (0, —1). We see that

conv{¢’(0,0) : $(0,0) =0,¢ € C} = {(1,0)},
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n

(0,0) ¢ [(0, 1), (1,0)] = [f'(0, 0), $(0, 0],

Tc(X) := Ny>1conv {4)’(0, 0):¢(0,0) € [0, 1:| O € C} = [(1, 0), (0, 1],

but clearly, (0, 0) € [(0, —1), Tc(X)] = [£/(0, 0), Tc (%)].

Remark2 In a normed vector space, the condition of w*-compactness of conv””

{dcp(X) : ¢ € C} in the definition of weak-admissibility of a set F can be omit-
: O ¢ . 2

ted by replacing thejet C by the set C := {m ¢ € C} an’ii Tc(x) by

T&(%), since C and C determine the same set F, that is, F = [C]* = [C]* and the

set conv? {dgp(R) 1 ¢ € C}is w™*-compact.

An application to semi-infinite programming (SIP) problems is given in the follow-
ing corollary. Some general literature on semi-infinite programming problems can be
found in [4, 10, 19, 22, 23]. Recall that Vi (x, t) denotes the Gateaux-differential of
h(.t)atxand T(X) :={t €T : h(x,t) = 0}.

Corollary 1 Let T be a nonempty Hausdorff compact topological space and h : RP x
T — R, f:R” — R be functions. Assume that X € RP is an optimal solution of the
problem:

max f
P)fxeQ
h(x,t) >0,Vt e T,

and that:

(@) TGR) £ 0.

(b) the function f is Gateaux differentiable at X and family (h(-,t))er is equi-
Gateaux-differentiale at x,

(c) the family (h(-,1));er\1(3) IS equi-lsc at X,

(d) the functions t — h(X,t) and t — V. h(x,t) are continuous.

Then, there exists Aj > 0, t; € T(x),i =0, ...,k such thatk < p, Zf:o A = land

k

hod f&) + Y 1iVeh(R. 1) = 0.
i=1

If moreover, we assume that 0 ¢ conv{V,h(x,1),t € T(x)}, then Ay # 0.

Proof Set F := [C]* := {x € R? : h(x,t) > 0,Vr € T}, where C = {h(-, 1) :
t € T}. From our hypothesis, the set F is weak-admissible at x and by Example
5, Te(x) = conv{Vih(x,1) : t € T(x)}. Using Theorem 2, we have that either
dcf(x) =00r0 € [dg f(x), Tc(x)] C RP.If dg f (x) = 0, then the corollary works
with g = land A, =0for1 <i <kandk < p.If0 € [dg f (%), Tc(x)], then by
Carathéodory’s theorem there are A; > 0, € T(X),i =0, ...,k such thatk < p,
S¥ oni = 1and rode f(R) + Y5, 4, V,h(R, ;) = 0. Finally, it is clear that if
0 ¢ conv{V h(x,t),t € T(X)}, then Ao # 0. O
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Corollary2 Let E = Y be a normed vector space and C be a nonempty relatively
compact subset of (Cg’a(Y), Il - I1.)- Let 2 be a nonempty open subset of Y, x € Q
and f : Q — R be a Gateaux differentiable function. Suppose that X is a solution of
the problem

max f
P)fxeQ
¢(x) >0,Vp € C.

Then, either dg f (X) = 0 or there exists (\*, %) € RT x R and ¢ € conv!'l.«(C)
such that,

(i) *, B*) # (0,0).

(ii) A*dg f(X) + B*dryr(X) =0,
(iii) ¥ (x) = 0.
If moreover, we assume that 0 ¢ {dp$ (%) : ¢(%) = 0, ¢ € conv!'lle(C)}, then we
can take A* = 1.

Proof Using Proposition 2, we see that F = [C]* is weak-admissible at each point,
then we apply Theorem 2 and part (ii) of Example 4. O

In order to deal with problems of the form

max f
P){xeQ
gx) €A
we need the following lemma.
Lemma 3 Let E be an l.c.t.v. space, 2 an open subset of E and (Y, || - ||) be a normed

space. Let g : Q@ — Y be a Gateaux differentiable and continuous function at x € .
Let C be a family of functions from Y into R, r-equi-Lipschitz (r > 0) at g(x) and
equi-Gateaux differentiable at g(X). Then,
(i) the setconv” {dgp (g(R)) : ¢ € C}, is a w*-compact subset of Y*.
(ii) the family {pog : ¢ € C} is equi-Gateaux differentiable at X and dg(¢po g)(x) =
dcp(g(x)) odgg(x) forall ¢ € C.

Proof Since C is equi-Gateaux differentiable at g(X), then for every y € Y and every
& > 0, there exists § > 0 such that for all ¢ €]0, §[

P(g(X) +1y) — Pp(g(X)) — tdgp(g()) ()
t

sup
peC

' <.
With y = dgg(X)(u) € Y foru € E, we have that for every u € E and every ¢ > 0,
there exists § > 0 such that for all ¢ €]0, §[

P(g(X) +1dgg(X) () — ¢(g(X)) — 1dg$(8(¥))(dgg(X)(u))
t

<o

o = sup
peC
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Set

b $og(X+1u) —¢ogX) —1dgp(g(¥))(dgg(¥)(u)) ‘ _
t

B = su

¢peC

Using the triangular inequality, the continuity of g at X and the fact that C is r-equi-
Lipschitz at g(x), we get that for > 0 small enough

d(g(x + tu)) — ¢ (g(X) +tdgg(*)(u))
t

B < sup
peC

8§ +tu) — g(X) — tdgg(¥)(u)
t

’-I—a

<r

+e&.
Y

Since g is Gateaux differentiable at X, we get using the above inequality and the
expression of B that the family {¢) o g : ¢ € C} is equi-Gateaux differentiable at X
and that dg (¢ 0 g) (%) = dg¢p(g(X)) odgg(X) for all ¢ € C. On the other hand, since
C is r-equi-Lipschitz at g(X), then we see easily that conv?” {dep(g(x)) : ¢ € C} C
By (0, r). It follows that Ww*{dmp(g(i)) : ¢ € C},is a w*-compact subset of Y*.
This ends the proof. O

Proposition 6 Let E be an Lc.t.v space, X € S be an open subset of E and Y be
a normed space. Let g : Q2 — Y and f : Q — R be two mappings Gateaux
differentiable at X and g continuous at x. Let A := [C]* be an admissible set at g(X)
determined by a family C of functions from Y into R. Assume that x € Q is an optimal
solution of the problem (Pg):

max f
(Pg) 4 x € Q
g(x) € A.

Then, there exists (A\*, B*) € RT x Rt and y* € Tc(g(X)) such that

(a) (A%, B%) #(0,0), y* #0.
(b) X*dg f(X) + B*y* odgg (%) = 0.

Proof Using the fact that A = [C]* is an admissible set at g(¥) together with Lemma
3 we get that:

(i) the set coww*{dgqﬁ(g(i)) 1 ¢ € C},is a w*-compact subset of Y*.
(ii) the family {¢pog : ¢ € C}isequi-Gateaux differentiable at X and dg (¢ o g)(X) =
dgo(g(x)) odgg(x) forall ¢ € C.
(iii) the set {¢p o g : ¢ € C} is equi-continuous at X, since C is r-equi-Lipschitz at
g(%) and g is continuous at X.
(iv) 0 ¢ comv™ {dg¢(g(%)) : ¢ € C}.

From (iv), since 7¢(g(x)) C conv“’*{d(;qb(g(f)) : ¢ € C}, we have that 0 ¢
Tc(g(%)). With the family C, := {¢p o g : ¢ € C}and F = [C,]*, we see that
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g(x) e A=|[Cl*ifandonlyifx € F =[C,]*. From (i), (ii) and (iii) we see easily
that F is weak-admissible at x. Clearly, X is an optimal solution of the problem

max f
P)ys xe
xelF.

Now, if x € int(F), then dg f(X) = 0 and so the proposition works with A* = 1,
B* = 0 and any y* € 7¢(g(X)). If £ ¢ int(F), by Theorem 2 applied to F, there
exists (A%, B*) € RT x R* and x* € T¢, (X) C E* such that

(@) (A, B*) # (0,0).
(b) Vdg f(X) + p*x* =0,

where,

* 1
Tc, (%) := My>conv"” {dG(¢ 0g)(X) 1 p(g(X)) € [0, } RS C}

n
§ 1
= Ny>conv”’ {dc¢(g()?)) odgg(®) : ¢(g(X)) € [0, ;} ¢ € C}
= {y*odgg(x) : y* € Tc(g(X)) C Y™}.

Hence, from (b) we have A*dg f (x) + B*y* o dgg(x) = 0 for some y* € T¢(g(x)),
with y* # 0 since 0 ¢ 7¢(g(x)) # ¥ by Example 6. This completes the proof. O

Our results can also be applied when the constraints are in integral form. An example
is given in the following corollary. Let K be a Hausdorff compact space and X be a
Banach space. The space C(K, X) denotes the Banach space of X-valued bounded
continuous functions on K equipped with the sup-norm. If X = R, we simply note
C(K).

Corollary 3 Let E be an l.c.t.v space and K be an Hausdorff topological space. Let
Q be an open subset of E, S C M'(K) (the set of all Borel probability measures),
g:Q— C(K), f:Q — R betwo mappings Gateaux differentiable at X € Q and g
continuous at X. Assume that X is an optimal solution of the problem:

max f
P){xe
Jx8(xX)du =0:Vues.

Then, there exists (Lo, Bo) € RT x RT\{(0, 0)} and a Borel probability measure
no € comv™" () on K such that for all x € E,

holde fR). x) + fo /K (dGg(®). x)dpo = 0
and fK g(X)dug = 0.
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Proof We apply Proposition 6 with Y = C(K) and the family A = [S]* which is an
admissible set, noticing that 7g(g(%)) C {u € conv”” () : fK gX)du = 0}. O

Example 8 The above corollary applies with S := {8, : s € K} ¢ M!(K), where for
every s € K, we denote 65 : C(K) — R, the evaluation map at s, defined by 85(z) =
z(s) forallz € C(K), g : @ C C(K, X) - C(K) of the form g(z) := h(-, z(")) :
s — h(s, z(s)), where h : K x X — R is a continuous function and equi-Gateaux
differentiable on the second variable, that is, the family (A (s, -))sex is equi-Gateaux
differentiable at every point x € X.In this case, g is Gateaux differentiable at every Z €
C(K, X)andwehaveforallz € C(K, X): (dGg(2),z) : s = (Dg2h(s, 2(s)), z(s)),
where Dg »>h denotes the Gateaux-differential of 2 with respect to the second variable.

4.2 Optimization with Inequality and Equality Constraints

We give below our second main result which generalize the result of J. Jahn in [13,
Theorem 5.3 ]. Let E and W be Banach spaces, €2 be an open subset of E. Let Y be a
normed spaceand A C Y.Letg: Q — Y, f : 2 — Rand/ : Q — W be mappings.
Consider the following problem:

max f
x €
gx) e A
h(x) =0.

(P)

Using the implicit function theorem, we will reduce the problem (P) to the problem
(P) without equality constraints, then we apply Proposition 6.

Theorem 3 Let X € Q and suppose that A =Y or A = [C]* C Y is an admissible
set at g(X) determined by a family C of functions on Y. Assume that

() X is a solution of the problem (P).

(B) f and g are Gateaux differentiable at X and Lipschitz in a neighborhood of x.

(y) h is Fréchet differentiable in a neighborhood of x, dph(-) (the Fréchet-
differential of h) is continuous at X and Imdgh(X) is closed.

(o) Ker(dph(X)) is a complemented subspace of E, that is there exists a closed
subspace E| of E such that E = Ker(dph(X)) ® E;.

Then, there exists Aj € R, 7y € Y* and wi € W* such that (A§, 25, wg) #
(0,0, 0) and

rode f (%) + 25 0dgg(X) + wi o dph(X) = 0,

where, (Aj, 25, W) can be chosen as follows:

e Ifdph(X) is not onto: (A§, 255, wg) = (0,0, wy), with wg # 0.

o Ifdph(X)isontoand A =Y: (Ay, 25, wy) = (1,0, 0).

o Ifdrh(x)isontoand A = [C1*: (Af, z5) # (0, 0), with 7§ € RT7c(g(X)), where
0 ¢ Tc(g(x)).
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Proof We have two cases:

Case 1. Imdph(x) # W. Since Imdph(x) is closed, then by the Hahn-Banach
theorem, there exists w* € W* \ {0} such that w* o dph(x) = 0. Thus, the theorem
works with g = 0, y5 = 0 and w* # 0.

Case2.Imdrh(x) = W.Inthis case, dph(X)|g, : E1 — W is anisomorphism. Let
(a, b) € Ker(dph(%)) x E| such that £ = a+ b. Since, h(£) = 0, then by the implicit
function theorem, there exists a neighborhood U of a in Ker(dph(X)), a neighborhood
V of bin E; such that U + V C Q and a unique continuous function ¢ : U — V
such that

(i) p(a)=b.
(ii) Vx € U, h(x + ¢(x)) = 0.
(iii) ¢ is Fréchet differentiable at a, and dpg(a) = 0.

Letus define f : U — R, [ : U — Y by f(x) = f(x + ¢(x)) and I(x) =
gx+ox)) forallx € U C Ker(dph(x)). Notice that/(a) = g(x) and f(a) = f(X).
By assumption and part (ii) above, we have that a is a solution of

max [
P)ixeU
I(x) € A.
If A=Y, we see that dg f(&) =0.1f A = [C]* is an admissible set at g(x) =1(a),
we get using Proposition 6 with f and /, that there exists (A§, B;) € RT x RT and
¥5 € Tc(l(a)) such that (A3, ;) # (0, 0), y5 # 0 and
Xida (@) + B yG 0 dal(@) = 0, ©)

Now, we observe from the expressions of fand I, using (ii7) and the fact that f
and g are Lipschitz in a neighborhood of x, that

dG F(@) = dg f (%) o Ukerapnty + dr9(@) = d6 (%) o Ixerapniy»
dgl(a) = dgg(X) o Ukerapn(p)) + dre(a)) = dgg(X) o Ixerapn(z))-

where Ikera,n(s)) denotes the identity map from Ker(drh (X)) into E. Thus, from (9)
we have

2dG f (X) © Iker(@rn(e)) + BoYo © dG8(X) © Ixer(pn(z)) = 0 (10)
We set
wg = (=Ade f (R, — BEYs 0 dGg(®)(g)) o (drh(®) )~ € W
Then, we have

roda f B e, + Biye 0 dgg () E, + wi o dph(X)E, = 0. (11)
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Since dph(X) o Ixerapn(z)) = 0, by using the formulas (10) and (11), we obtain
Ayde f (%) + B3 yG 0 dg(®) + wi o dph(X) =0,

where, (A5, Byyg) # (0,0) since (A5, B5) # (0,0) and y; # O (Notice that 0 ¢
Tc(g(x)), since [C]* is admissible at g(X)). O

We give the following corollary (an immediate consequence of Theorem 3) which
is also an extention of the result in [13, Theorem 5.3 ]. The following result extends
results known for closed convex cones under the Fréchet differentiability hypothesis
to the more general case of closed convex sets whose recession cones have nonempty
interiors and under the hypothesis that f and g are Gateaux differentiable at the optimal
solution.

Corollary 4 Under the hypothesis of Theorem 3, assume that A is a closed convex set
such that int(R4) # @ (in particular if A is a closed convex cone with a nonempty
interior). Then, there exists 1jj € RT, 74 € (Ra)* and wi € W* such that

(i) (A, 25, wy) # (0,0,0),
(ii) Aydc f(X) + 25 0 dGg(X) +wgy o drh(X) =0,
(iii) z§5(g(%)) = infyea z5(y) (= 0, if A is a closed convex cone, in this case, Ry = A),
that is, g(X) minimises z;; on A.

The multipliers (A, 25, wg) can be chosen as follows:

e Ifdph(X) is not onto: (A§, 25, wg) = (0,0, wy), with wg # 0.
o Ifdph(X)isontoand A =Y: (Ay, 25, wy) = (1,0, 0).
o Ifdrh(X)isontoand A # Y: (Aj, z5) # (0,0).

Proof We apply directly Theorem 3 using the following fact: in the case where A # Y
and int(R4) # (¥, using Example 6, we have that A is admissible at each of its
points and is determined by C = {z* — inf,cq z*(x) : z* € Sy N (—bar(A))} and
Te(®) C {z" € (RA)*\{0} : z*(¥) = infyrea 2" (x)}. O
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