FUNCTIONAL INEQUALITIES IN THE ABSENCE OF
CONVEXITY AND LOWER SEMICONTINUITY WITH
APPLICATIONS TO OPTIMIZATION

N. DINH, M.A. LOPEZ, AND M. VOLLE

ABSTRACT. In this paper we extend some results in [5] to the setting of func-
tional inequalities when the standard assumptions of convexity and lower semi-
continuity of the involved mappings are absent. This extension is achieved un-
der certain condition relative to the second conjugate of the involved functions.
The main result of this paper, Theorem 1, is applied to derive some subdiffer-
ential calculus rules, different generalizations of Farkas lemma for nonconvex
systems, as well as some optimality conditions and duality theory for infinite
nonconvex optimization problems. Several examples are given to illustrate the
significance of the main results and also to point out the potential of their
applications to get various extensions of Farkas-type results and to the study
of other classes of problems such as variational inequalities and equilibrium
models.

1. INTRODUCTION

Given two convex lower semicontinuous extended real-valued functions F' and
h, defined on locally convex spaces, we provided in [5] a dual transcription of the
functional inequality

(*) F(07 ) = h()’

in terms of the Legendre-Fenchel conjugates of F' and h, and applied this result to
convex subdifferential calculus, subgradients-based optimality conditions, Farkas-
type results, and, in the optimization field, to linear, convex, semi-definite, and DC
problems. The main feature of our approach there was the absence of the so-called
topological constraint qualifications and closedness conditions in the hypotheses.

In many situations the well-known constraint qualifications (CQ), as general-
ized Slater-type/interior-type, Mangasarian-Fromovitz CQ, Robinson-type CQ, or
Attouch-Brezis CQ, fail to hold. This is the case in many classes of scalarized
forms of (convex) vector optimization problems, in semi-definite programs, bilevel
programming problems (see, e.g., [3], [6], [34], etc.). Because of that, in the last
decades many efforts were devoted to establish mathematical tools for such classes
of problems (e.g., [1], [2], [5], [6], [8], [20], [22], [25], [29], [30], [33], etc.).

Nowadays, in science and technology there is a huge number of practical problems
that can be modelled as nonconvex optimization problems (see [14], [15], [24], and
references therein).
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In the present paper, we go a step further than what is done in [5] by relaxing
the convexity and the lower semicontinuity on the function F' in the left hand side
of (x). Doing so, we use convex tools for nonconvex problems: a tendency whose
importance increases nowadays. Even more, we characterize in Theorem 1 the class
of functions F for which the dual transcription of (x) obtained in [5] does work. We
show that the class of such functions F' goes far beyond the usual one of convex
and lower semicontinuous extended real valued mappings. In fact, this extension is
achieved under certain condition relative to the second Legendre-Fenchel conjugates
of the mappings F' and F(0,-). A dual geometrical description of this property is
given in Proposition 3.

As consequences of Theorem 1, we obtain extensions of the basic convex subd-
ifferential calculus formulas for non necessarily convex functions (Theorem 2 and
Proposition 2), Farkas-type results for nonconvex systems (Propositions 4 and 5),
optimality conditions for non-convex optimization problems (Propositions 6, 7, 9,
and 10), from which we derive the corresponding recent basic results in the convex
setting (Corollaries 1 and 2).

In the same way, we provide duality theorems for nonconvex optimization prob-
lems (Proposition 8, Corollary 3) that cover some recent results in the convex case
(Corollary 4).

The results presented in this paper are new, up the knowledge of the authors, and
they extend in different directions some relevant results in the literature, as [4], [9]-
[13], [16]-[22]. The extensions we propose here are such that typical assumptions as
the convexity and/or lower semicontinuity of the involved functions, the closedness-
type constraint qualifications conditions are absent. Besides this, Examples 1-3, in
Section 3, also show the potential of Theorem 1 to get further generalizations of
Farkas-type theorems and of other results in the field of variational inequalities and
equilibrium problems, always in the absence of convexity, lower semicontinuity and
of any closedness/qualification conditions.

2. NOTATION AND PRELIMINARY RESULTS

Let X be a locally convex Hausdorff topological vector space (1.c.H.t.v.s.) whose
topological dual is denoted by X*. The only topology we consider on X* is the w*-
topology.

Given two nonempty sets A and B in X (or in X*), we define the algebraic sum
by

(2.1) A+B:={a+blacA beB}, A+0:=0+A:=10,

and we set z + A := {z} + A.

Through the paper we adopt the rule (+00) — (+00) = +o0.

We denote by co A, cone A and cl A, or indistinctly by A, the convex hull, the
conical convex hull and the closure of A, respectively.

Given a function h € (RU {+00})~, its (effective) domain, epigraph, and level
set are respectively defined by

domh :={z € X : h(z) < +o0},
epih :={(z,a) € X xR: h(z) < a},
[h<a]={xeX: h(zx) <a}.
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The function h € (RU {+oo})X is proper if domh # (), it is convex if epih is
convex, and it is lower semicontinuous (lsc, in brief) if epih is closed.

The lower semicontinuous envelope of h is the function 7 € (RU {#o00})™ de-
fined by

h(z) == inf{t: (z,t) € cl(epih)}.

Clearly we have epih = epih, which implies that h is the greatest lsc function
minorizing h; so h < h. If h is convex, then h is also convex, and then h does not
take the value —oo if and only if h admits a continuous affine minorant.

Given h € (RU{+00})¥, the Isc convez hull of h is the convex lsc function
coh € (RU {£o0})”™ such that

epi(coh) = co(epih).

Obviously coh < h < h.
We shall denote by I'(X) the class of all the proper Isc convex functions on X.
The set I'(X™*) is defined similarly.

Given h € (RU {+oo})X, the Legendre-Fenchel conjugate of h is the function

h* € (RU {#oo})™ given by
h*(z*) = sup{(z*,z) — h(x): = € X}.

The function h* is convex and lsc. If domh = () we have h* = {—oc0}™ (i.e.,
h*(z*) = —oo for all z* € X*). Moreover, h* € T'(X*) if and only if dom h # () and
h admits a continuous affine minorant.

The biconjugate of h is the function h** € (R U {£00})” given by

h**(x) := sup{{z*,y) — h*(z¥): 2" € X*}.
We have
{he RU{+oo)™ : h=h"}=T(X)U {+oc}¥.

Moreover, h** < ¢oh, and the equality holds if h admits a continuous affine mino-

rant.
The indicator function of A C X is defined as
ia(z) = 0, ifx e A,
AT 400, ifze X\ A

If A # () the conjugate of i4 is the support function of A, i : X* — R U {+o0}.
Given a € h=! (R) and ¢ > 0, the e-subdifferential of h at the point a is defined
by
Och(a)={z* € X*:h(z)—h(a) > (x*,2 —a) — e,V € X}.
One has
O:h(a)=[h" = {(,a)<e—h(a)]={a" € X" :h" (") — (",a) <e—h(a)}.

If a & h'(R), set d.h(a) = 0. If h € (RU{+o00})™ is convex, then we have
O:h(x) # 0 for all £ > 0 if and only if h is Isc at .
The e-normal set to a nonempty set A at a point a € A is defined by

N. (A, a) = 0:i4 (a).
The Young-Fenchel inequality
[H(@%) = (z%,a) — f(a)
always holds. The equality holds if and only if z* € df (a) := 0vf (a) .
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The limit superior when 1 — 04 of the family (4;), _, of subsets of a topological
space is defined (in terms of generalized sequences or nets) by

limsup 4, := {hmai ta; € Ay ,Viel, and n; — 0+} ,
n—04 el N
where 7; — 04 means that (1;);c; — 0 and n;, >0, Vi € I.
Let U be another l.c.H.t.v.s. whose topological dual is denoted by U*, and let
us consider F' € T' (U x X). In [5] we established the following result:

Proposition 1. Let F € T'(U x X) with {x € X : F (0,2) < +oo} # (). For any
h eT (X), the following statements are equivalent:
(a) F(0,2) > h(x), for allxz € X.
(b) For every z* € domh*, there exists a net (uj,z7,e;),_, C U* x X* x R such
that

F*(uf,z]) < h* (%) 4+ &4, foralliel,

and
(z7,€1) — (2%,04).

3. FUNCTIONAL INEQUALITIES INVOLVING NON NECESSARILY CONVEX NEITHER
LSC MAPPINGS

The following theorem constitutes an extension of Proposition 1 to a function
F which is neither convex nor lower semicontinuous, but under certain specific
requirement to be satisfied by the second conjugate F**. In fact, it delivers a
characterization of that requirement.

Theorem 1. Let F: Ux X — RU{+oc0} such that F(0,) is proper and dom F* #
(). Then, the following statements are equivalent:

(a) F**(0,") = (P(0,))"".

(b) For any h € T'(X),
Vz* € dom h*, there exists a net
(uf,xf,€i)ier CU* x X* x R such that
F*(uf,zf) < h*(z*) +¢;, Yiel, and
limiej(m‘;‘, EZ') = (37*, O+)
Proof. Assume that (a) holds and let h € T'(X) satisfying F(0,-) > h. Taking
biconjugates in both sides we get (F'(0,-))** > h** = h, and by (a), F**(0,-) > h.
Applying Proposition 1 with F** € I'(U x X) playing the role of F' (observe that
{r € X : F*(0,z) < oo} C dom F' (0,-) # 0), and recalling that F*** = F*, we
get the implication [=] in (b).

Assume now that, for a given h € T'(X), the right hand side in the equivalence
(b) holds. Again, by Proposition 1 applied to F** we get

F(0,z) > F**(0,z) > h(z), Yz € X.

Thus, we have that the converse implication [<] in (b) also holds.
Assume now that (b) holds. For any (z*,7) € X* x R such that

(3.1) F(0,) > (z%,-) —r,

let us apply (b) with h = (z*, -)—r to conclude the existence of a net (u}, x}, &;)icr C
U* x X* x R such that

F*(uj, ) <h"(a") +e,=r+e, Viel,

17

F(0,z) > h(x), Ve € X <
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and
li Yei) = (z* )
iy (27,20) = (7,0,)
Thus we have, for any z € X,

F*(0,z) > (x],x) — F*(u},z]) > (a},x) —r —e;, Vi€ I,

197

and, passing to the limit on i € I,
(3.2) F*(0,-) > (z",) — r.

Since (3.2) holds whenever (z*,r) satisfies (3.1), we get
F*(0,-) > sup{(z*,-)—r: (z*,r) satisfies (3.1)}
= (F(0,)".
Since F**(0,-) is convex, lsc, and F**(0,-) < F(0,-), one has always F**(0,-) <
F(0,-)** and, finally, (a) holds. O

As the following examples illustrate, one easily realizes that the class of mappings
F satisfying condition (a) of Theorem 1 goes far beyond I'(U x X).

Example 1. Given a proper function f: U — RU {400} such that f* is proper,
and a linear continuous map A : X — U, whose adjoint operator is denoted by A*,
let us consider

F(u,z) = f(u+ Az), (u,z) e U x X.
We thus have

F(u,x)—{ “+00, otherwise, (u”,2%) € U" x X7,

and
F** (u,x) = f**(u+ Ax), (u,z) e U x X.
Assuming that F(0,-) = f o A is proper, that (dom f*) N (dom A*) # @, and that
(F(0,9)" = (fo )" = [ 0 A= F™(0,1),
we are in position to apply Theorem 1 with f possibly nonconvex. In such a way
we get that for any h € T'(X),

Vz* € dom h*, there exists a net
(uf,ei)ier CU* x R such that
) < W (at) e, Vie L
and limiej(A*uf, &‘i) = (Z‘*, O+)

The case when A is an homeomorphism (regular) is of particular interest as the
relation (f o A)** = f** o A holds for any function f: U — RU {+oco}. This is the
case when U = X and A is the identity map.

foA>h <—

Example 2. Given two proper functions f : X — RU{+oc0}, g: U — RU {400},
such that f* is proper and ¢(0) = ¢**(0) = 0, let us set
F(u,z) = f(z) + g(u), (u,z) €U x X.
One has
Frut,2%) = £7(@%) + g*(u"), (u",2%) € U" x X°
and
F*™(u,z) = f*(z) + ¢"* (u), (u,z) €U x X,
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and so,
Since f* is assume to be proper and g**(0) € R, we have that F* is proper. It
then follows from Theorem 1 that, for any h € T'(X),

Va* € dom h*, there exists a net
(uf,xf,ei)ier CU* x X* x R such that
() + g7 (uf) < h*(a*) +ei, Vi€ 1,
and lim;er(zf,e;) = (¢*,04).

f>h =

Observe that for g =0 we get

Vz* € dom h*, there exists a net
(xF,€:)icr € X* x R such that
frxf) < h*(z*) 4 e, Viel,
and lim;er(z],e;) = (¢*,04).

f>h =

The equivalence just above is in fact a consequence of h € T'(X) and that f* is
Isc on X*.

Example 3. Given f: X x X - RU{+o0}, a: X — RU{+o0}, b € I'(X), and
K C X, let us consider the problem

(P) Find 7 € KNdom aNdom b such that f(Z,z)+a(z) > b(z)+a(Z)—-b(T), Vr € K.

Problem (P) extends many generalized equilibrium problems. This is, for instance,
the case in relation to problem (GEP) in [7].

In order to formulate a dual expression for (P) via Theorem 1, we introduce the
following perturbation function associated with 7 € K

F(u,z) = fz(x) + (a4 ix)(u + x), (u,z) € X x X,
where fz:= f(T,-). One has
Fi(u®2%) = (f2)" (2" —u") + (a+ig)"(u),  (u5,27) € X* x X7,
and
F2(u,z) = (fz)"(2) + (a+ix)"(u+x),  (4,7)e X xX.

Let us assume that, for every T € K, the following conditions hold:

(i) (dom f(z,-)) N (doma) N K # 0, i.e. F(0,-) is proper;

(i) dom(fz)* # 0 and dom(a + ix)* # 0 or equivalently, dom F* # (J;

(i) (o)™ + (@t i)™ = (fe+a +ix)7 Le. F**(0,) = (F(0, ).

Observe that condition (iii) is satisfied in particular when a € I'(X), K is a
closed convex set, and f(Z,) € T'(X) for all T € K.

If we apply Theorem 1 to problem (P) we get the following characterization of

its solutions:
T € K is a solution of (P) if and only if

Va* € dom b*, there exists a net

(uf,xf,ei)ier C X* x X* x R such that

(fe) (xr —uf) + (a+ix)*(uf) + a(T) <b*(x*) + b(T) + &4, Vie I,
and lim;er(z],e;) = (¢*,04).

Example 3 paves the way to apply Theorem 1 to equilibrium problems, and this
will be done in a forthcoming paper.
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A striking application of Theorem 1 is the following formula of subdifferential
calculus that extends [35, Theorem 2.6.3]. Here Px- denotes the projection of
U* x X* onto X*.

Theorem 2. For any F: U x X — RU {400} satisfying
(3.3) F(0,.) = (F(0,.))™

one has
OF(0,.)(Z) = limsup Px~0.F(0,Z), VT € X.

e—04

Proof. We begin with the proof of the inclusion “ O 7. Let € X and z* €
limsup Px+0.F(0,%). Then, there will exist a net (uf,z},e;)ier C U* x X* xR

e—04

such that
(u;,x}) € 0., F(0,7),Vi € I, and lzlerlll (z7,e;) = (2*,04).
We thus have
F(u,z) — F(0,Z) > (u},u) + (z],x —T) — &;, Y(i,u,x) € I xU x X,
and, in particular,

F(0,z) — F(0,7) > (z}, 2 — T) — &;, V(i,z) € I x X.

Passing to the limit on ¢ for each fixed z € X, we get
F(0,z) — F(0,%) > (z",x — ), Yo € X,

that is, z* € OF(0,.)(T).

We prove now the reverse inclusion “ C ”. Let T € X and z* € 0F(0,.)(Z). This
entails F(0,7) € R, F(0,.) is proper, and dom F* # ). The inclusion now readily
follows from Theorem 1 with A € I'(X) being the affine continuous mapping defined
as follows:

h(z) = (2,2 — ) + F(0,%), Vo € X.
Indeed, since z* € JF(0,.)(T) we have

F(0,) > h,

and, by Theorem 1, there exists a net (u},x},&;)icr C U* X X* x R such that

R Rk ]

F*(uj,x}) <{(z*,Z) — F(0,%) +¢;, Vi€ I,

and (xf,&;) — (*,04). According to this,
(u},x}) € 0., F(0,7), and (z],¢;) — (z*,04),

which means
x* € limsup Px~0.F(0,T).

e—04

O

From Theorem 2 we obtain the following extension of the Hiriart-Urruty and
Phelps formula [13, Corollary 2.1] and of Theorem 13 in [10]. See also [23, Theorem
4] for another approach of this result.
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Proposition 2. (Subdifferential of the sum) Let f,g: X — RU {400} be a
couple of functions satisfying

(3-4) (f+9)™" =f"+g"
Then, for any T € X,
A(f +9)@) = (] cL(9:(T) + 0=9()).
e>0

Proof. The inclusion “ D ” always holds and it is not difficult to be proved. So, we
only have to prove the inclusion “ C ”. Let T € X and z* € 9(f + g)(T). Setting

F(u,z) = f(u+ )+ g(x), (u,z) € X2
We get
(3.5) F0,)=f+g.
Since A(f + g)(T) # 0 one has by (3.4)
7@ +97 @) = (f+ 9" (@) = f(T) +9(T) €R.

It follows easily that all the functions f*, g*, f**, ¢** are proper. We have then,
straightforwardly,

(3.6) F*(u*,z*) = f*(u*) + g*(x* —u*), (u*,2%) € (X*)?
(3.7 F*(u,z) = f*(u+2) + ¢ (x), (u,z) € X?,
and so, by (3.4), (3.5), and (3.7), we have F**(0,.) = (F(0,.))**. Since z* €
OF(0,.)(Z), we can thus apply Theorem 2 to conclude the existence of a net
(uf, @k, &)ier C (X*)? x R such that
(3.8) (uj,x}) € 0:,F(0,7), and (z},eg;) — (z%,04).
By (3.6) and (3.8) one has
[f5(ui) + f(@) = (i, D) + [97 (27 —ui) + 9(T) = (27 —w;, D) <&, Viel.
Since the the expressions in the two brackets are nonnegative (by Fenchel in-
equality), each of them is less or equal to ¢;. We thus have u} € O, f(Z), and
xf —ul € 0,9(%) for all 4 € I, and so,
z* = lllen}(u? +a; —u;) € lim%up (0:f(T) + 0:-9()) = ﬂ cl(0:-f(T) + 0-9(T)) -
e e>0

O
Remark 1. It is worth observing that if f,g € T'(X), then
(f+9)" =Ff+g9=F"+g"

Thus, Proposition 2 is a nonconvex version of [13, Corollary 2.1].

We finish this section with a relevant geometrical characterization of condition
(a) in Theorem 1.

Proposition 3. For any F : U x X — RU {+o0}, the following statements are
equivalent:
(a) F**(0,-) = (F(0,-))** and it is proper,
(b) 0 #epi(F(0,)))*=cl U epiF*(u*,-)#X*xR.
u*eU*
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Proof. Let us introduce the marginal dual function
y(z*) = inf F*(u*,z"), 2" € X*,
u*eU*

which is convex [35, Theorem 2.1.3(v)]. Denoting by 7 the w*—lsc hull of ~, it is
well-known that

(3.9 epiy = cl U epi F*(u*, "),
u*eU*

and also that [35, Theorem 2.6.1(i)]

(3.10) Nt = F*(0,").

Assume that (a) holds. Then, by (3.10) v* is proper and so 7 = v**. Using (3.10)
again, we get from (a)

7 =7 = (F(0,))"" = (F(0,-)",

which yields the properness of (F(0,-))* and, thanks to (3.9) we obtain (b).
Assume now that (b) holds. By (3.9) we conclude that ’y = (F(0,-))* and 7 is
proper. Since ¥ = y**, we have v** = (F(0,-))* and hence, v* = v*** = (F(0,-))**.
Combining this and (3.10), we get (F'(0,-))** = F"**(0, -) and the properness of this
function as well. O

Remark 2. It is worth giving here some observations on the assumptions of
Proposition 3.
(i) The statement (a) in Proposition 3 is equivalent to:

(a’) F(0,-) is proper, dom F* # (), and F**(0,-) = (F(0,-))**.

(ii) The statement (b) in Proposition 3 holds in particular when F' is a proper
convex and lsc function such that 0 € Py(domF), where Py denotes the projection
of U x X onto U, since in this case F**(0,-) = (F(0,-))** = F(0,-) and F(0,-) is
proper (see [2, Theorem 2]).

4. GENERALIZED FARKAS LEMMA FOR NONCONVEX SYSTEMS

This section is addressed to establish necessary and sufficient conditions for as-
ymptotic versions of Farkas lemma for systems without convexity and lower semi-
continuity.

Given H :domH C X — U and g : U — RU {400}, we set

(H(z)), if x € dom H,
(QOH)(I){ Lj_oo? ifx e X\ domH.

We consider a cone S C U (i.e., u € S and o > 0 imply au € S), whose nonnegative
polar cone is defined by S*:

ti={u" e U*: (u*,u) >0, Vue S}
In contrast with [5], neither lower semicontinuity nor convexity are required for the
mapping u* o H, with u* € ST.

As a consequence of Theorem 1, we get the following versions of the Farkas
lemma for nonconvex systems.
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Proposition 4. (Farkas lemma for nonconver systems I) Consider f :
X —>RU{+0}, CC X, H:domH CX — U, and S a cone in U. Assume that
the two following conditions hold

(4.1) (dom f)NnCNH(=8) #0,

(4.2) (ug, v, m9) € ST x X* x R such that
f(x)+ (uy o H)(x) > (zf,x) —ny, Yo e C.

Then the following statements are equivalent:
() (f+ic+i_soH)* = sup (f+ic+u*oH)**
u*eS+t
(b) For any h € T'(X), we have () < (8) where
() CAH(=S)C[f—h>0),
and
Vz* € dom h*, there exists a net
( U; s 1357.)7.61 C SJF x X* xR
such that (f + Z.C +ui (: H) (=
and lim;er(z},e;) =

) )< h*(z) +es, Vi€ T,

XN
Proof. Define g = f + i¢c and
F(u,z) :=g(x) +i_s(H(x) +u), (u,x) € U x X.

(According to our convention, if © ¢ dom H, i_g(H(z) + u) = 400, Vu € U).
Observe that F(0,.) = g+1i_go H. Since S is a cone, we get easily

e s g+u*o H)*(z*), if u*eST,
(4.3) F*(u*,z") = { S—oo, )@ otherwise,
and so,
F**(0,-) = sup (g+u*oH)*™
u*eS+
By (4.1) F(0,.) is proper. By (4.2) and (4.3) one has dom F* # (). Thus the
equivalence between (a) and (b) follows directly from Theorem 1. O

Let us now specify a standard situation in which the condition (a) in Proposition
4 is satisfied. To this end one needs the following lemma.

Lemma 1. Assume that the cone S C U is closed and convex. Then for any map
H :dom H C X — U one has

i_goH = sup u"oH.

u*eS+

Proof. We have to prove that for any z € dom H one has
i—s(H(z)) = sup (u*, H(z)).

u*eSt
If H(xz) € —S then the last equality holds trivially since both sides are equal to zero.
If H(z) € —S, since S is a closed convex cone, the Hahn-Banach theorem yields
the existence of u* € St such that (u*, H(x)) > 0. So, sup(nu*, H(z)) = +o00, and

n>1

we have
i—s(H(x)) =400 = sup (u*, H(x)).

u*eSt
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Remark 3. From Lemma 1, it easily follows that the condition (a) in Proposition
4 is in particular satisfied whenever S is a closed convex cone and

(f +ic +u o H)e(X), Yu* € ST.

Proposition 5 (Farkas lemma for nonconvex systems II). Consider f : X —
RU{+}, CC X, H:domH C X — Z, and S a cone in Z. Assume that (4.1)
holds together with

(4.4) 3 (uh, v, th, M) € ST x (X*)® x R such that
f() + (ug o H)(z) = (yo,y) + (t5:t) + (25 — ¥ — Lo, ) — 1o,
V(y,t,x) € X x C' x dom H.

Then the following statements are equivalent:
(¢) (f+ic+i-soH)™ = f** +imc + sup (u* o H)*,
u*eS+
(d) For any h € T'(X), one has (v) < (§) where
(v) CnHY(=S)C[f-h=>0]
and
Vz* € dom h*, there ezists a net

) (ul,yr tr af,ei)ier C ST x (X*)? x R such that
i) +ig(t7) + (uf o H)* (0] — gy —17) S h*(a*) + &, Vie ],
and lim;er(zf,g;) = (2*,04).
Proof. Define now F : U x X — RU {+oo} with U = Z x X? and
Flu,y,t,x) = f(x+y) +ic(e+t) +is(H(x) +u), (u,y,t,2) €U x X°.
(According to our convention, if x ¢ dom H, F(u,y,t, ) = +00.)
Observe that
F(0,0,0,-) = f +ic +i_go H.
Since S is a cone, a straightforward computation leads us to
P (7) H ) + (0 0 HY o~y 1),
(4.5) F*(u*,y*, t*, 2%) = { if (u*,y*, t*,2%) € ST x (X*)3,
400, otherwise

and so,
F*(0,0,0,:) = f* 4+ issc + sup (u™ o H)*™ .
u*eS+
By (4.1), F(0,0,0,-) is proper. By (4.4) and (4.5) one has dom F* # (). Thus the
equivalence between (c) and (d) follows directly from Theorem 1. O

Remark 4. Propositions 4 and 5 establish necessary and sufficient conditions for
Farkas lemma in asymptotic forms and they are new (even for convex data) to the
knowledge of the authors. This type of conditions for nonasymptotic form and for
the convex, lower semicontinuity systems without set constraint (i.e., where h = 0,
C = X) was proposed recently in [19].

Corollary 1 ([5, Theorem 3]). Let f,h € T'(X), C be a closed convex set in X, S
a closed convex cone in Z, and H : X — Z a mapping. Assume that (4.1) holds
together with

(4.6) u* o H e T'(X), Vu* € ST.

Then the following statements () and (&) in Proposition 5 are again equivalent.
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Proof. By Lemma 1 one has
i_goH = sup u*oH.
u*eS+

By (4.6) we get i_s o H € I'(X) (recall that H=1(=S) # 0). As f € I'(X) and
C' is closed and convex, condition (4.4) holds. To see this, we can simply take
uy = t5 = 0, y§ € dom f*, xf = y, and ny = f*(y5). It is easy to see that
the condition (c¢) in Proposition 5 holds, too. Consequently, the statement (d) in
Proposition 5 is true, and this is precisely what Corollary 1 says. ]

Remark 5. When H is S—convex, i.e. when

HMx+ (1—-MNy)—AH(z)— (1—XN)H(y) € =S, Vz,y € X,V € [0,1],
the condition (4.6) is satisfied if H is lower semicontinuous in the following sense
(see [27]):

Vz € X and VV € N(H(z)) 3W € N(z) such that H(W) CV + ST,
where N (y) denotes a neighborhoods basis of y.

5. NONCONVEX OPTIMIZATION PROBLEMS. OPTIMALITY AND DUALITY
We consider the nonconvex optimization problem
(P) minimize [f(z) — h(z)] s.t. x € C and H(x) € =5,
where f,h: X - RU{+oc0}, C C X, Sisaconein U, and H : domH C X — U.

Proposition 6 (Optimality condition for (P)). Consider f: X — RU {400},
CCX,H:domHCX —U, and S a cone in U. Assume that (4.2) holds together
with
(5.1) (f+ic+i_goH)™ = sup (f+ic+u"oH)™™.
u*eSt

Then for each h € T(X) and any a € CN H~(—S)Ndom f Ndom h, the following
statements are equivalent:

(a) ais a global optimal solution of (P).

(b) Vaz* € dom h*, there exists a net (u},xf,e;)icr C ST x X* x R such that

(f+ic+ufoH) (z]) <h"(z*) + h(a) — f(a) +&i, Viel,
and

li e = (a* .
Z,lenll(xwgl) (m ,O+)

Proof. This is a straightforward consequence of Proposition 4. Indeed, a € C'N
H=Y(-=S)Ndom f Ndomh is a global optimal solution of (P) if and only if

ze€C, Hx)e-S = f(z)—[h(z)+ f(a) — h(a)] >0,

and this happens if and only if the statement () in Proposition 4 holds with h,
defined as h(x) := h(z) + f(a) — h(a), instead of h. The conclusion follows from
Proposition 4, taking into account the fact that h*(z*) = h*(z*) — f(a) + h(a). O

The following optimality condition is a consequence of Proposition 5. The proof
follows the same line as that of Proposition 6 and, therefore, it will be omitted.
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Proposition 7 (Optimality condition for (P)). Consider f: X — RU {400},
CcX,SaconeinU, and H : dom H C X — U. Assume that (4.4) holds together
with
(5.2) (f+ic+i_soH)™ = f" +isxc + sup (u* o H)*™.
u* €S+

Then for each h € T'(X) and a € C N H-Y(=S) Ndom f N domh, the following
statements are equivalent:

(a) a is a global optimal solution of (P),

(b) Vz* € domh*, there exists a net (uf,y;,tf, xf e;)ict C ST % (X”‘)3 x R
such that

i) +ict7) + (ug o H)™ (27 —y; —t7) < h™(2") + h(a) — f(a) + &, Vie ],
and
lim(af, &) = (a,0,).
Corollary 2 ([5, Proposition 2]). Let f,h € I'(X), C be a closed convez set in X,
S a closed convex cone in U, and H : X — U a mapping. Assume additionally that
(4.6) holds. Then, for each a € C N H~(—S)Ndom f Ndom h, the statements (a)
and (b) in Proposition 7 are equivalent.

Proof. By Lemma 1 and (4.6) one has
i_goH = sup u"oH €T'(X),
u*eS+t

(recall that H=1(—S) # 0 as a € H~1(—S)). Since f € I'(X) and C is closed and
convex, conditions (4.4) and (5.2) in Proposition 7 hold (see the proof of Corollary
1). Therefore, statements (a) and (b) in Proposition 7 are equivalent. O

Proposition 8 (Duality theorem for (P)). Let f: X — RU {400}, h € I'(X),
CcX,ScU,and H:domH C X — U be as in Proposition 6 (i.e. satisfying
(4.2) and (5.1)). Moreover, assume that o :=inf(P) € R. Then it holds:

(5.3) inf(P)= inf sup h*(x*) = limsup(f +ic +u; o H)*(x})] .
r*€dom h* (uf)ieICSJr icl
(I:)tGIC*X*

Proof. We begin with the inequality [<]. Take 2* € dom h* and observe that
xeC, Hz)e =S = f(z)—[h(z)+a] >0.

By Proposition 4, with iz(m) := h(z)+a playing the role of h, the previous inequality

implies the existence of a net (u},z},&;)icr C ST x X* X R such that
(f+ic+uoH) (zf) <h"(z")—a+e;, Viel,

and

lilenll(‘xi7€i) = (fE ,0+)a

which in fact entails

limsup(f +ic +u} o H)*(«}) < h* (") - a,
iel
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and thus,

inf (P) < sup {h*(x*) — limsup(f +ic +u} o H)*(gp:‘)} ,
(u},@})ierCSTxX* i€l

i

for all 2* € dom h*, so the inequality [<] in (5.3) holds.
We now prove the inequality [>] in (5.3). If 2* € dom h*, for any net (v}, z});er C
ST x X* such that 7 — z*, one has

(f+ic+uloH) (zf) > (zf,z) — f(z) — (u},H(x)), Vie I,Vz € CNdom H,
and since (u});er C ST,
(f +ic+ufo H)(x}) > (xf,z) — f(x), Vi € [,V € CNH '(-9).
It follows then that, Vi € I, Vo € C N H~1(-9),
P(2") —limsup(f +ic +ui o H)™ () < b*(2") = (27, 2) + f(2),

and so,

sup {h*(x*)—limsup(f—i—ic—i—ufOH)*(xf)}
(uf,x})ierCSTxX* el
< hF(2t) = (z,x) + f(x), Vie LYz e CnH Y-S).
Now, since x* is an arbitrary element of dom h*, we get by taking the infimum
on z* € domh* in the last inequality, that the right hand side of (5.3) is less or
equal to

f(x) — h*™*(x) = f(x) — h(x), Yo € CNH(-9),
so that finally the inequality [>] in (5.3) holds. O
Now we derive from (5.3) another duality formula for (P) in which we denote by
L(u*,z) == f(z) + (u* o H)(), (u*,2) € ST x X
the Lagrange function associated with f and H.

Corollary 3. With the same assumptions as in Proposition 8, one also has

inf(P) = x*eggnh*( *)svupcs+ Iuelg {h (x*) — (=", x) + hrl_nellnf L(ui,m)}.
U; )ier
Proof. By (5.3) one easily gets
inf(P) < inf su inf < A* (") 4+ lminf(L(u;,z) — (z],z)) ¢ .
R R ing {i ) + i (20 0) - (a7}

i

Since x; — x*, one has

liminf(L(u},z) — (zF,z)) = (lim infL(u;,x)) —(a*,7),

icl el
and so,
inf(P) < inf inf { h*(2*) — (a lim inf L(u} =: 8.
inf( )w*ehrémh*(u;)fgf’cmégc{ (@*) = {&7,2) + limin (u“x)} B
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In order to prove the opposite inequality, we have to check that for every T €
CNH(-9)
f@)—h@) = f@)-hr"@)
ot @)+ R - (2T}
> f,
and this happens if, for every # € C N H~1(—S) and every T* € dom h*, we have
f@)+h* (@) - (@ 7) = 6.

In fact we have

g

IA

sup  inf {h* T°) — (T, ) + liminf L(u},x }
(u)iercst *€C SR > iel ( )

< sup {h*(m*) —(Z*,7) + lim inf L(u;‘,x)} )
(u¥)ierCS* i€l
and since (u},T);e; C ST x H~(—-9), one has
L(ui, @) = f(T) + (uj o H)(T) < f(7),
so that we are done. O
Corollary 4 ([5, Proposition 7], [6]). Assume that f € I'(X), C is a closed convex

set in X, S a closed convex cone in U, H : X — U satisfies (4.6), and (dom f) N
CNHY(=S)#0. Then

inf r) = su inf liminf L(u},x
xeCnH—l(—S)f( ) (u:)iejl)cs+it€c iel (l )

inf  sup liminf L(u},x).
zeC (ul)ierCS+ i€l

Proof. Since L(uf,z) := f(z) + (uf o H)(xz) < f(z), for any (u},z)ier C ST X
H=1(=S), it is easy to see that

inf su liminf L(u},z) < inf ).
Iec(“f)fcezpcs+ i€l (i )_zeCanl(—S)f( )

Observe also that

o= inf )< su inf liminf L(u}, ).
zeCNH~1(-5) @) = ('U‘Z)q‘,EII)C5+ zeC el (u7, @)
This is obvious if &« = —oco. Note that the assumptions of the corollary imply that

(4.2) and (5.1) hold and so, if a € R, the last inequality comes from Corollary 3
(applied with h = 0), and from the fact that that o < 4o0.
On the other hand, since

sup  inf liminf L(uf,2) < inf  sup  liminf L(u}, ),
(ul)icr CS+ zeC i€l zeC (ur)ierCS+ el

we are done. 0
By taking H = 0 in (P) we get the problem
(P1) minimize [f(z) — h(z)] s.t. z € C.

So, it is not surprising that the previous results cover, as a special case, the well-
known duality for DC problems [31] (see, also, [28] and [32]). For instance, from
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Corollary 3 with H = 0 and C' = X we straightforwardly get that, for any h € T'(X)
and any f: X — RU {400} with f* proper, one has

(5.4) inf {f(z) — h()} = inf {B°(") - [ (@)},

which still holds when f* is not proper.
According to Proposition 7 we provide next a characterization of the optimal
solution set for the problem (P1).

Proposition 9. Let heI'(X), C C X, and f: X — RU{+o0} be such that f*
proper and
(5.5) (f +ic)™ = 7 + iwc-
Then, for any a € C'Ndom f Ndomh, the following statements are equivalent:

(a) a is a global minimum of (Py),

(b) Vz* € dom h*, there exists a net (x},y;,€i)icr C (X*)2 X R such that

i) +ic(ai —yi) + fla) <h* (") + h(a) + &, Vi€,
and
(z7, ) = (27,04).

Proof. Tt follows from Proposition 7, by taking H = 0. g

Remark 6. Condition (5.5) is in particular satisfied in the following two important

cases:

(i) feT(X), C is closed and convex,

(i) C = X.

Relatively to the case (ii) above we have:
Proposition 10. Let h € I'(X) and f : X — RU {400} with f* is proper. Then,
for any a € C Ndom f Ndom h, the following statements are equivalent:

(a) a is a global minimum of f —h on X,

(b) Vz* € domh*,

fr@) + fla) < h*(27) + h(a),
(c) Vz* € dom h*, there exists a net (x},€;)icr C X* X R such that
[ @)+ fla) <h"(x") + h(a) + e, Viel,
and
(:L‘:, 5i> - ('T*’ O+)'
Proof. [(a) = (b)] Let * € domh*. For any = € X, it holds
h*(a") + h(a) = (2%, x) — h(z) + h(a) = (2", x) = f(z) + f(a)

and we get (b) by taking the supremum over z € X.
[(b) = (¢)] Take zF = *, &; = 0, for all ¢ € I (an arbitrary directed set).
[(¢) = (a)] Apply Proposition 9 with C' = X. O

Remark 7. The equivalence of (a) and (b) also follows from (5.4).
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