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Preface

The results presented in this book originate from the last decade research work of
the author in the field of duality theory in convex optimization. The reputation of
duality in the optimization theory comes mainly from the major role that it plays
in formulating necessary and sufficient optimality conditions and, consequently, in
generating different algorithmic approaches for solving mathematical programming
problems. The investigations made in this work prove the importance of the duality
theory beyond these aspects and emphasize its strong connections with different
topics in convex analysis, nonlinear analysis, functional analysis and in the theory
of monotone operators.

The first part of the book brings to the attention of the reader the perturbation
approach as a fundamental tool for developing the so-called conjugate duality the-
ory. The classical Lagrange and Fenchel duality approaches are particular instances
of this general concept. More than that, the generalized interior point regularity
conditions stated in the past for the two mentioned situations turn out to be par-
ticularizations of the ones given in this general setting. In our investigations, the
perturbation approach represents the starting point for deriving new duality concepts
for several classes of convex optimization problems. Moreover, via this approach,
generalized Moreau—Rockafellar formulae are provided and, in connection with
them, a new class of regularity conditions, called closedness-type conditions, for
both stable strong duality and strong duality is introduced. By stable strong duality
we understand the situation in which strong duality still holds whenever perturbing
the objective function of the primal problem with a linear continuous functional.
The closedness-type conditions constitute a class of regularity conditions recently
introduced in the literature. They experience at present an increasing interest in the
optimization community, as they are widely applicable than the generalized interior
point ones, a fact that we also point out in this work.

We employ the conjugate duality in establishing biconjugate formulae for dif-
ferent classes of convex functions and, in the special case of Fenchel duality, we
offer some deep insights into the existing relations between the notions strong and
stable strong duality. Moreover, we enlarge the class of generalized interior point
regularity conditions given for both Fenchel and Lagrange duality approaches by
formulating corresponding sufficient conditions expressed via the quasi-interior and
quasi-relative interior.

vii



viii Preface

The convex analysis and, especially, the duality theory have surprisingly found
in the last years applications in rediscovering classical results and also in giving new
powerful ones in the field of monotone operators. Among others, we provide a reg-
ularity condition of closedness-type for the maximality of the sum of two maximal
monotone operators in reflexive Banach spaces, which proves to be weaker than all
the other generalized interior point conditions introduced in the literature with the
same purpose.

I express my thanks to Gert Wanka for his incessant support and for giving
me the possibility to do my research in such a nice academic environment like
Chemnitz is offering. Thanks also to Ioana Costantea, Erné Robert Csetnek, Sorin-
Mihai Grad, Andre Heinrich, Ioan Bogdan Hodrea, Altangerel Lkhamsuren, Nicole
Lorenz, Andreea Moldovan and Emese Tiinde Vargyas, former and current mem-
bers of the research group at the university in Chemnitz, with whom I share not only
an intense scientific collaboration but also a nice friendship. I am indebted to Ern6
Robert Csetnek, Anca Grad and Sorin-Mihai Grad for reading preliminary versions
of this work and for their suggestions and remarks.

I am grateful to my parents and to my sister whose encouragement and support I
felt all the time even if they are far away. Finally, I want to thank my wife Nina and
my daughter Cassandra Maria for their love, patience and understanding.

Chemnitz, Germany, Radu Ioan Bot
August, 2009
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Introduction

The purpose of this work is to present the state of art but also recent advances
and applications in the theory of conjugate duality in the convex analysis and con-
vex optimization and, beyond them, in nonlinear analysis, functional analysis and
the theory of monotone operators. Unless otherwise specified, the content of this
manuscript is represented by the contributions of the author (along with his co-
authors) to this field. The diversity of the topics considered here constitutes an
evidence for the important role which the duality theory plays in the different
areas enumerated above. The work is divided into six chapters with a total of 26
sections.

Chapter I. The first chapter is dedicated to the formulation of conjugate dual
problems by means of a general perturbation approach for different classes of primal
problems which occur in convex programming. Considering a so-called perturba-
tion function ® : X x Y — R, where X and Y are supposed to be separated locally
convex spaces, one can attach to the optimization problem

(PG) inf ®(x,0)
xeX
the following dual problem

(DG) sup {=®*(0,y")},
yrey*

where ®* : X* x Y* — R is the conjugate function of ®, while X* and Y *
are the topological dual spaces of X and Y, respectively. Some facts connected to
this approach, which has been well-described in the monographs due to Ekeland
and Temam [67], Rockafellar [116] and Zilinescu [127] are recalled in the first
section along with some considerations concerning the existence of weak and strong
duality for the primal-dual pair of optimization problems. We call strong duality
the situation when the optimal objective values of the primal and dual coincide
and the dual problem has an optimal solution. In this section, some generalized
interior point regularity conditions expressed via the perturbation function ® are
also resumed and in Theorem 1.7 a strong duality result is given by collecting the
corresponding results from [67,113,116,127]. In Section2 the general approach is

R.I. Bot, Conjugate Duality in Convex Optimization, Lecture Notes in Economics and 1
Mathematical Systems 637, DOI 10.1007/978-3-642-04900-2_0,
(© Springer-Verlag Berlin Heidelberg 2010



2 Introduction

particularized to the case of the primal optimization problem
(P4 inf {£(x) + (g 0 A) ()},
xeX

where £ : X — Randg : Y — R are proper and convex functionsand 4 : X — Y
is a linear continuous operator fulfilling A(dom f) Ndom g # @. By considering an
appropriate perturbation function one obtains as conjugate dual of (P4) its Fenchel
dual problem

(D) sup {—f*(=A*y*) — g* (v
y*rey*

Generalized interior point regularity conditions and strong duality theorems for this
primal—dual pair and for some particular instances of it are delivered by specializing
the statements provided in the previous section for (P G)—(DG). In this way, we
rediscover the regularity conditions and the corresponding strong duality assertions
stated by Rockafellar in [112,113], Rodrigues and Simons in [118] and Attouch and
Brézis in [2], respectively. In the next section, similar investigations are made for
the optimization problem with geometric and cone constraints

(P€) inf f(x).
A={xeS:gkx)e-C}

with X and Z separated locally convex spaces, where Z is partially ordered by the
nonempty convex cone C C Z, S C X a nonempty convex set, f : X — Ra
proper and convex functionand g : X — Z°® = Z U {oo¢} a proper and C-convex
function fulfilling dom f NS N g~ '(=C) # @. By means of different perturba-
tion functions, we introduce three conjugate dual problems to (P€), namely the
so-called Lagrange, Fenchel and Fenchel-Lagrange duals, the latter being a com-
bination of the other two. A general scheme illustrating the relations between the
optimal objective values of the three duals is provided (see also [14, 39, 124]). By
considering along the convexity assumptions some topological additional hypothe-
ses for the sets and functions involved, we also state generalized interior point
regularity conditions and strong duality theorems for these three primal—dual pairs.
One of the condition we obtain in this way in connection to Lagrange duality is the
classical Slater constraint qualification, but also a number of regularity conditions
in Fréchet spaces is delivered for each of the three duality schemes treated here. It is
worth noticing that, again with respect to Lagrange duality, some classical regular-
ity conditions are rediscovered as are the ones formulated by Rockafellar in [112]
in Banach spaces or by Jeyakumar and Wolkowicz in [87] for linear programming
problems. In the fourth section we work with the composed convex optimization
primal problem

(PEE) inf{f(x) + g o h(x)}.
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Here X and Z are separated locally convex spaces, where Z is partially ordered by
the nonempty convex cone C C Z, f : X — R is a proper and convex function,
g 1 Z — R a proper convex and C-increasing function fulfilling, by convention,
glooc) =4ocoandh : X — Z* = Z U {ococ} is a proper and C-convex function
such that 2(dom f N dom#A) N domg # . We use two perturbation functions in
order to formulate corresponding conjugate duals to (P€€). By particularizing the
results from Section 1, we also give generalized interior point regularity conditions
and strong duality theorems for both primal—dual pairs. One of the dual problems
to (P€C) that we obtain in this way is nothing else than the one considered by
Combari, Laghdir and Thibault in [57]. Some of the regularity conditions we pro-
vide in connection with this duality concept slightly generalizes some conditions
introduced in [57], while for the origins of the other ones we refer to the works of
Zilinescu (cf. [125,127]).

Chapter II. The main goal of the second chapter is to furnish generalizations of
the celebrated Moreau—Rockafellar theorem from which so-called closedness-type
regularity conditions for the problems treated in ChapterI are derived. In Section 5
we show that in case ® : X x ¥ — R is a proper, convex and lower semicontinuous
function such that 0 € Pry (dom ®), one has for all x* € X*

(@, 0)*(x*) = clo ( inf ®*(, y*)) "),
y*eY

the lower semicontinuous hull being taken in the weak™ topology w(X™*, X) on X *.
This formula, which is a consequence of a result from Precupanu’s paper [110], is
said to be a generalized Moreau—Rockafellar formula. As a consequence of it we
obtain the following characterization expressed by means of epigraphs

epi((D(-, 0))*) = clo*xr (epi (y*lgl* o*(., y*))) =l (PrX*xR(epi (D*)) ’

the closure being taken in (X™*, w(X™*, X)) x R. This means that the assumption
Pry+xr(epi ®*) is closed in (X*,w(X™*, X)) x R is a necessary and sufficient
condition, called closedness-type regularity condition, for having

(@, 0)*(x*) = y£ne1;1* O (x*, y*) Vx* e X*.

This situation is known in the literature under the name stable strong duality. Con-
sequently, the above closedness-type condition turns out to be sufficient for having
strong duality for (PG) and (DG). In Theorem 5.5 we state that the generalized
interior point regularity conditions formulated in Section 1 for the primal—-dual pair
(PG)—(DG) are sufficient for stable strong duality, too, and, at the same time,
that they imply the mentioned closedness-type regularity condition. Closedness-
type conditions have been first introduced for the optimization problem minimizing
the sum of two functions and its Fenchel dual problem by Burachik and Jeyakumar
in [46-48]. For the optimization problem with geometric and cone constraints and its
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Lagrange dual closedness-type conditions have been first considered by Jeyakumar,
Dinh and Lee in [84] and Jeyakumar, Song, Dinh and Lee in [86]. These consid-
erations are made for problems stated in Banach spaces and partially under quite
strong topological assumptions for the functions involved. Under the pioneering
works on closedness-type regularity conditions for different classes of optimization
problems and corresponding conjugate duals, we mention here also the papers of
Bot and Wanka [39,40] and Bot, Grad and Wanka [24,29]. In this book, we work
in a more general setting and show how the closedness-type conditions from the
mentioned literature relate to the ones we derive from the general ones when deal-
ing with the corresponding particular instances of the general optimization problem
(PG). But first, we provide in Section6 by means of the perturbation functions
considered in Section 4 in the context of the composed convex optimization prob-
lem (P €€) generalized Moreau—Rockafellar results and from here closedness-type
regularity conditions for both dual problems introduced there. To this aim, we con-
sider the supplementary assumptions that f and g are lower semicontinuous and
h is star C-lower semicontinuous. Example 6.5 presents a situation where the gen-
eralized interior point conditions are not fulfilled unlike the closedness-type ones.
These achievements are based on investigations due to Bot, Grad and Wanka from
[27]. By employing Theorems 6.6 and 6.11, one can deduce that the closedness-
type regularity conditions turn out to be necessary and sufficient for corresponding
e-subdifferential sum formulae, fact which was pointed out in [33]. Similar asser-
tions can be obtained by using the perturbation functions considered in Sections 2
and 3, but we derive them in the forthcoming sections as particular instances of the
composed convex case. More precisely, in Section 7 we deliver Moreau—Rockafellar
formulae for f 4+ g o A, where f, g and A are considered as in the definition of
(P4), this time by taking in the composed convex setting Z = ¥, C = {0} and
h:X —Y,h(x) = Ax,x € X. In this way we rediscover some results of Bot
and Wanka published in [40]. We further consider three particular instances, one of
them when X = Y and A is the identity on X . In this case we obtain the classical
Moreau—Rockafellar Formula (f + g)* = cly+ (f *Og™*) while the closedness-type
condition becomes: epi f* + epi g* is closed in (X *, w(X*, X)) x R. The latter is
proved to be necessary and sufficient for having

(f +9)*(x*) = min {f*(x* —y*) + g*(y*)} Vx* e X*
y*ey*
or, equivalently,

0:(f + ) = [ (B f(x) + 9e,8(x)) Ve = 0 ¥x € X.

£1,620>0
g1tex=¢

This equivalence was first pointed out by Burachik and Jeyakumar in [47] in
Banach spaces and follows as a particular instance of the general scheme. In Sec-
tion 8, we turn our attention to the problem with geometric and cone constraints
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and provide generalized Moreau—Rockafellar formulae for the conjugate of f +
8tyes:2(y)e—cy along with corresponding regularity conditions of closedness-type

for (P€) and its Lagrange, Fenchel and Fenchel-Lagrange dual problems. By these
particularizations, the statements given in Section 6 become the ones from [24] con-
cerning regularity conditions and the ones from [33] concerning their connections
to subdifferential formulae, respectively. We also study the relations among the con-
sidered closedness-type conditions and show by some examples that they are weaker
than the corresponding generalized interior point ones. The last section of the chap-
ter, Section 9, introduces the notion of closedness regarding a set. For U and V two
subsets of a separated locally convex space X we say that U is closed regarding the
set Vit U NV = U N cl(V). Under the hypotheses assumed for ® in Section 5,
when U C X* is a nonempty subset one has

(®(-,0)*(x*) = min ®*(x*,y*)Vx* e U
y*eY*

if and only if Pry«xg (epi ®*) is closed regarding the set U xR in (X *, w(X™*, X)) x
R. Introducing such a notion turns out to have a positive effect on the characteriza-
tion of stable strong duality, especially in the case when the perturbation function
& fails to be lower semicontinuous. As a consequence, one can provide closedness-
type regularity conditions for (P€€) and its two duals also in case when 7 is (only)
C-epi closed, as it has been noticed by Bot, Grad and Wanka in [29]. The statements
we give in this setting substantially improve the ones stated by Combari, Laghdir
and Thibault in [58]. On the other hand, we provide a necessary and sufficient con-
dition for having an exact formula for the conjugate of the infimal value function
of a convex function through a convex process. We notice that generalized interior
point conditions guaranteeing this formula can be found in [127, Theorem 2.8.6].
Chapter IIl. Working in real normed spaces, we deal in this chapter with for-
mulae for the biconjugates of different convex functions on X. In Theorem 10.3,
the main result of Section 10, we show that if X and Y are normed spaces and
® : X xY — R is a proper, convex and lower semicontinuous function such
that 0 € Pry (dom ®), then (®(-,0))** = ®**(-,0) if and only if the lower semi-
continuous hulls of inf)+cy+ ®*(-, y*) in the weak™ and strong topologies of X ™*
coincide. In Theorem 10.4 sufficient conditions, which guarantee this equality, are
given (see also [21]). In the next section, these achievements are applied to the
different classes of convex functions considered in the previous chapters and cor-
responding formulae for their biconjugates are given. In this way, we rediscover
and partially extend some results given by Zailinescu in [129]. In Section 12 the
supremum of an (infinite) family of proper, convex and lower semicontinuous func-
tions f; : X — R,t € T, is considered. For the conjugate of this supremum
Moreau—Rockafellar-type formulae along with different characterizations of its epi-
graph are provided. We extend the investigations to the biconjugate of the supremum
and close the section with Theorem 12.6, where we formulate sufficient weak
conditions for having (sup,er f1)** = sup,er f;**. The case T = 2 is treated
separately in Section 13. There we give also a refined formula for the conjugate
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of the supremum of two functions and show that the equality above is true under
the classical Attouch—Brézis regularity condition. With this result, we propose an
alternative proof of a statement which is due to Fitzpatrick and Simons (see [71]).

Chapter 1V. In this chapter, we weaken the closedness-type regularity condi-
tions and obtain a further class of conditions which does not necessarily ensure
stable strong duality, but are still sufficient for strong duality. We make this in Sec-
tion 14 for the primal-dual pair (P G)—-(DG), as well as for the composed convex
optimization problem (P€€) and its conjugate duals formulated in Section 4, by
assuming for the latter that & is star C-lower semicontinuous. For similar inves-
tigations made in case % is C-epi closed we refer the reader to [29]. In the next
section we particularize these regularity conditions to the case of the primal—dual
pair (P4)—(D4) and to further special instances of it. Example 15.3, which has
been first considered in [40], presents a situation where this new condition is ful-
filled unlike the closedness-type one stated in Section 7. A converse duality theorem
for (P4)—(D4) is also formulated and proved. The approach we consider is based
on a fruitful idea used by Bauschke in [4] and later by Ng and Song in [102]. Regu-
larity conditions, weaker than the closedness-type ones, for (P€) and its Lagrange
and Fenchel-Lagrange duals are considered in Section 16 (see also [24, 39]). By
a suitable example, we show that there exist situations where the first ones are
fulfilled while the latter fail. A comparison of the new regularity conditions with
similar sufficient conditions for Lagrange duality stated by Jeyakumar and its co-
authors in [84, 86] is also made. As a particular case we rediscover the so-called
Farkas—Minkowski condition for a system of (infinitely many) convex inequalities,
which comes from the literature dealing with semi-infinite programming problems
(see, for instance, [64,74,75]). In the lines of the investigations made by Bot, Grad
and Wanka in [30,31], in Section 17 we continue treating the primal problem (P <)
and its Lagrange and Fenchel-Lagrange duals and consider the situation called fotal
duality. This is the situation when strong duality holds and the primal problem has
an optimal solution, too. We characterize it via some formulae expressed by using
the subdifferentials of the functions involved, which we call generalized Basic Con-
straint Qualifications (gBCQ), as they can be seen as extensions of the classical
Basic Constraint Qualifications (BCQ). For the original formulation of the latter
we refer to the book of Hiriart-Urruty and Lemaréchal [79]. When the cone con-
straints in the formulation of the primal problem are replaced by (infinitely many)
inequality constraints (gBCQ) becomes the so-called locally Farkas—Minkowski
condition, which also occurs in a considerable number of investigations on infinite
and semi-infinite programming problems (see for instance [64, 65,69, 74]).

Chapter V. The fifth chapter of this work, where we offer some deeper insights
into Fenchel duality, is divided into two parts. In the first part we deal with so-called
totally Fenchel unstable functions, while in the second part regularity conditions
expressed via the quasi interior and quasi-relative interior are addressed. If X is a
separated locally convex space and f, g : X — R are two arbitrary proper functions,
we say that the pair f, g is fotally Fenchel unstable if f and g satisfy Fenchel
duality but
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yhZe X and (f + ) (" +2%) = fF(y") + g*(c") implies y* + 2" = 0.

This notion has been recently introduced by Stephen Simons in [120]. In Section 18
we deliver some characterizations of this situation and discuss an example of such
a pair of functions given in [120]. Corollary 18.9 gives an answer to Problem 11.5
posed by Simons in [120] in the context of this example. To this end we appeal to
the notion of a weak™*-extreme point of a set, which appears in different results hav-
ing their origins in the geometric functional analysis. An alternative solution for this
problem by using a minmax theorem is also provided and is based on the investi-
gations done by Bot and Csetnek in [16]. Further, in Section 19, we give a negative
answer to Problem 11.6 in [120] and prove actually that there is no pair of proper
and convex totally Fenchel unstable functions if X is a nonzero finite dimensional
space. In the second part of Chapter V, our goal is to deliver generalized interior
point regularity conditions for both Fenchel and Lagrange duality formulated via the
quasi interior and quasi-relative interior, the latter being considered first by Borwein
and Lewis in [11]. In Section 20 these two notions are introduced and character-
ized. Separation results for convex sets under some conditions expressed via these
two generalized interior notions are proved. They extend some similar statements
proven in [59, 60]. An important role in the following investigations is played by
a separation result of the same type stated by Cammaroto and Di Bella in [54].
Theorem 21.5, which is the main result of Section 21, furnishes the announced suf-
ficient conditions for Fenchel duality. This theorem is followed by other theorems
and corollaries which fulfill the same task. In Example 21.10 we present a problem
for which the classical generalized interior point conditions are not verified, but the
strong duality theorems given in this section are applicable. These investigations are
based on the work of Bot, Csetnek and Wanka in [20]. In the next section, we extend
the investigations to the optimization problem with geometric and cone constraints
(P€) and its Lagrange dual. Corresponding regularity conditions and strong dual-
ity theorems are derived from the ones obtained in Section 20 by using an approach
due to Magnanti (cf. [95]). The strong duality theorems stated here improve and
correct some results recently given in the literature (see, for instance, [54, 59, 60]).
For more details on this topic, we refer to the investigations due to Bot, Csetnek and
Moldovan in [17].

Chapter VI. The last chapter is dedicated to the applications of the conju-
gate duality in the field of monotone operators. Some preliminary notions and
results are introduced in Section 23 along with the notions of Fitzpatrick function
and representative function associated to a monotone operator. Through these two
objects, which have been considered first by Fitzpatrick (see [70]), one can con-
nect the theory of monotone operators to results coming from the convex analysis.
Neglected for many years until re-popularized in [7, 8, 52, 98, 104—-106, 121], they
have given rise to a great number of publications which rediscovered and extended
the important results of the theory of monotone operators by using tools from the
convex analysis. In the next section we consider X and Y reflexive Banach spaces,
S:X = X* T:Y = Y* maximal monotone operators with representative func-
tions hs : X x X* > Rand hy : ¥ xY* —> R, respectively,and 4 : X — Y
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a linear continuous operator such that A(Pry (domhg)) N Pry(domhr) # @. We
give a closedness-type regularity condition, called (RCST4"T4) (see also [18,23])
expressed by means of the conjugate functions of g and 7 which ensures that
S 4+ A*TA is a maximal monotone operator. We prove that (RC S JrA*TA) is implied
by the generalized interior point regularity conditions stated in the literature which
fulfill this task, too, as are the ones given by Pennanen in [103] and Penot and
Zélinescu in [108]. The maximal monotonicity of A*TA and, in case X = Y and A
is the identity on X, of S 4T is considered as a particular case in Section 25. In both
situations, we give examples of maximal monotone operators for which the general-
ized interior point conditions, as are in the second particular instance the ones due to
Rockafellar (see [115]), Borwein (see [7]), Penot (see [105]), Chu (see [56]), Penna-
nen (see [103]), Penot and Zalinescu (see [108, 128]), fail while the closedness-type
conditions are verified. Two open problems regarding this topic are formulated. In
Section 26, we deal with enlargements of monotone operators defined by means of
corresponding representative functions in general Banach spaces, a notion inspired
by the e-subdifferential of a proper, convex and lower semicontinuous function and
which is due to Burachik and Svaiter (see [51,53]). More precisely, in the same lines
of the investigations made by Bot and Csetnek in [15] we give a so-called bivari-
ate infimal convolution formula which turns out to be necessary and sufficient for
having a sum formula for enlargements of maximal monotone operators. As a spe-
cial case, we rediscover the equivalence between the condition that epi f* + epi g*
is closed in (X™*, w(X™, X)) x R and the fulfillment of the s-subdifferential sum
formula obtained in Section7 when f,g : X — R are proper, convex and lower
semicontinuous functions with dom f Ndomg # @.



Chapter I
Perturbation Functions and Dual Problems

1 A General Approach for Duality

The starting point of our investigations is a general approach for constructing a dual
optimization problem to a primal one based on the theory of conjugate functions.
Consider X a separated locally convex spaceand F : X — R = R U {£o0} a
given function. We assume that F is proper, namely that F(x) > —oo forall x € X
and its domain dom F = {x € X : F(x) < +oo} is nonempty. To the general

optimization problem, called also primal problem,
(PG) inf F(x)
xeX

one can assign a conjugate dual problem by making use of the so-called pertur-
bation approach. To this end, we consider Y another separated locally convex
space and the function ® : X x Y — R, called perturbation function, fulfilling
®(x,0) = F(x) forall x € X. The initial problem (P G) is nothing else than

(PG) inf ®(x,0).
xeX

Let X* and Y * be the topological dual spaces of the space of the primal variables X
and the space of the perturbation variables Y , respectively. Assume in the following
that both dual spaces are endowed with the weak™ topology, denoted by w(X ™, X)
and w(Y *,Y), respectively. We denote by (-, -) the duality product in X* x X, i.e.
for x* € X and x € X we have (x*, x) := x*(x). Having a function f : X — R,
f*:X* - Rdefined by f*(x*) = sup,cx{(x*, x) — f(x)} will be the conjugate
Junction of f. For the function f and its conjugate f* the so-called Young—Fenchel
inequality is always fulfilled: f*(x*)+ f(x) > (x*, x) forall x € X and x* € X*.
A conjugate dual problem to (P G) can be formulated as being

(DG)  sup {—=®%(0,y")}.
y*ey*

R.I. Bot, Conjugate Duality in Convex Optimization, Lecture Notes in Economics and 9
Mathematical Systems 637, DOI 10.1007/978-3-642-04900-2_1,
(© Springer-Verlag Berlin Heidelberg 2010
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where ®* : X* x Y* — R is the conjugate function of ®. Further, we denote by
v(PG) and v(D G) the optimal objective values of the problems (P G) and (DG),
respectively. The next result shows that weak duality, namely the fact that the opti-
mal objective value of the primal problem is always greater than or equal to the
optimal objective value of the dual problem, is a consequence of the way in which
the latter problem is defined.

Theorem 1.1. It holds
—00 = v(DG) < v(PG) < +o0.
Proof. Forall x € X and all y* € Y*, by the Young—Fenchel inequality, we have
®(x,0) + @7(0, %) = (0.x) + (y*,0) = 0 & (x,0) = —*(0,y"),
which implies that v(P G) > v(DG). O

Next, we characterize the existence of strong duality, namely of the situation
when v(PG) = v(DG) and the dual has an optimal solution. To this end, we con-
sider the infimal value function of ®, h : Y — R defined by h(y) = inf{®(x, y) :
x € X}. One can notice that v(PG) = h(0). As follows from the next result, the
optimal objective value of (DG) can be expressed by using the biconjugate of 4.
This is defined as 2** = (h*)*.

Proposition 1.2. It holds v(DG) = h**(0).

Proof. For all y* € Y* there is

h*(y*) = sur;{<y*,y) —h(y)} = sug{(y*,y) — ®(x,y)} = ®*(0,y%). (1.1)
e Tey

Thus
R**(0) = sup {~=h*(y*)} = sup {—=®*(0,y")} = v(DG).

y*eYy* y*ey*

]

Since h**(x) < h(x) forall x € X, one has that #**(0) < /(0), which is nothing
else than the relation that states the existence of weak duality, i.e. v(DG) < v(PG).

Considering a function f : X — R, we say that f is convex if forall x,y € X
and all A € [0, 1]itholds f(Ax + (1 —1)y) < Af(x) + (1 —A) f(»), whenever the
following conventions are considered: (4-00) 4 (—00) = (—00) + (4-00) = 400,
0(400) = 400 and 0(—o0) = 0. The epigraph of the function f is the setepi f =
{(x,r) € XxR: f(x) < r}and we have that f is convex if and only if its epigraph
is a convex set. In this situation dom f is a convex set, too. Having U C X a given
set, we denote by int(U) and cl(U) the topological interior and closure of the set
U, respectively. The indicator function of U is 8y : X — R,
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50 (x) = 0, ifx eU,

400, otherwise.
Its conjugate function is the support function of U, oy : X* — R, oy (x*) =
sup,cy (x*, u). Further, we denote by f;7 : X* — R, SO (™) = sup,cpi{x*. x) —
f(x)} = (f + 8p)*(x*) the conjugate of | with respect to the set U. According
to the conventions made above, we treat 0f as being equal to Sgom r. The lower
semicontinuous hull of the function f is the function cl f : X — R, the epigraph
of which is equal to cl(epi f). By the Fenchel-Moreau Theorem (see, for instance,
[127, Theorem 2.3.4]) one has that whenever f : X — R is a convex function such
that cl f is proper, then f** = cl f. We also want to notice that cl f is proper if
and only if f* is proper.

Definition 1.3. We say that the problem (P G) is normal if h(0) € R and / is lower
semicontinuous at 0.

The next result provides a characterization of the normality of (P G).

Theorem 1.4 (cf. [67]). Assume that ® : X xY — Risa proper and convex
function. Then the following statements are equivalent:

(i) The problem (P G) is normal.
(ii) It holds v(P G) = v(DG) and this value is finite.

Proof. (i) = (ii) We notice first that
h**(y) <clh(y) <h(y)Vy €Y. (1.2)

Since @ is convex, & is also convex and this implies that cl/ is convex, too. The
problem (P G) being normal, it follows that c1#(0) = h(0) € R. Since cl’ is
a convex and lower semicontinuous function, we have that cl2(y) > —oo for all
y € Y (see, for instance, [127, Proposition 2.2.5]). This guarantees the properness
of clh. Taking into consideration that the conjugate of a function is equal to the
conjugate of its lower semicontinuous hull, by the Fenchel-Moreau Theorem, we
obtain cl2 = (clh)** = ((clh)*)* = (h*)* = h** and so h**(0) = clh(0) =

h(0) € R. Since v(PG) = h(0) and v(DG) = h**(0), (ii) is true.
(i1) = (i) The statement (i i) can be equivalently written as 2**(0) = i(0) € R.
Then, by (1.2), we get that c17(0) = h(0) € R, which means that (P G) is normal.
O

In order to be able to characterize the strong duality for (P G) and (D G) we need
to introduce some further elements from convex analysis. Consider f : X — R a
given function and ¢ > 0. If x € X is such that f(x) € R, the e-subdifferential of
fatxisthesetd, f(x) ={x* e X*: f(y)— f(x) > (x*,y—x)—eVy € X}.
Otherwise, we set d¢ f(x) := 0. We denote by df(x) := do f(x) the subdiffer-
ential of f at x. If df(x) # @, then f is said to be subdifferentiable at x. The
e-subdifferential of the indicator function of a nonempty set U € X atx € U,
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NG (x) == 0:0u)(x) = {x* € X* : (x*,y —x) < e Vy € U}, is called
the e-normal set of the set U at x. The normal cone of the set U at x € U is
Ny (x) := NJ(x).

The elements x* € df(x) are called subgradients of f. One can easily verify
that for all ¢ > 0

X* €0 f(x) & fFT) + f(x) = (x" x) +e, (1.3)
which has as consequence that
xX*edf(x) & 1)+ f(x) = (x", x). (1.4)

By means of the e-subdifferential one can characterize the e-optimal solutions of
the problem (P G). For ¢ > 0 we call X € dom F an e-optimal solution for (P G)
if F(x) —e < F(x) forall x € X, which is the same with saying that 0 € 9, F(X).
For ¢ = 0 we get that X € dom F is an optimal solution for (P G) if and only if
0 € IF (X).

Definition 1.5. We say that the problem (PG) is stable if h(0) € R and & is
subdifferentiable at 0.

Theorem 1.6 (cf. [67]). Assume that ® : X xY — Risa proper and convex
function. Then the following statements are equivalent:

(i) The problem (P G) is stable.
(ii) The primal problem (PG) is normal and the dual (DG) has an optimal
solution. In this situation the set of optimal solutions of (D G) is equal to dh(0).

Proof. (i) = (ii) Assume that 2(0) € R and 0h(0) # @. Thus A(0) = h**(0)
(cf. [127, Theorem 2.4.1]), which is nothing else than v(PG) = v(DG) € R. By
Theorem 1.4 follows that (P G) is normal. Further, consider an element y* € 94(0).
We have h(0) + h*(¥*) = O or, equivalently, v(PG) = h(0) = —h*(J*) =
—®*(0, y*) and, by Theorem 1.1, it follows that y* is an optimal solution for (D G).

(ii) = (i) Assume that (P G) is normal and the dual (D G) has an optimal solu-
tion y* € Y*. Thus h(0) = v(PG) = v(DG) = —®*(0,y*) = —h*(3*) € R,
which is the same with 2(0) 4+ 2*(3*) = 0 < 3* € 0h(0). Since the set dk(0) is
nonempty, the stability of (P G) is guaranteed. (]

As we have seen above, the stability completely characterizes the existence of
strong duality for a given convex optimization problem and its conjugate dual.
Therefore, one of the main issues in the optimization theory is to formulate suffi-
cient conditions, called regularity conditions, which ensure that the primal problem
is stable. We formulate in the following some so-called generalized interior point
regularity conditions by using the perturbation function & which we considered
in this section. To this end we need to introduce some extensions of the classical
interior of a set.



1 A General Approach for Duality 13

Having U a subset of X, we denote by lin(U), aff(U), co(U), cone(U) and
coneco(U) its linear hull, affine hull, convex hull, conic hull and convex conic
hull, respectively. The algebraic interior of U is the set core(U) = {u € U :
Vx € X, 3§ > O suchthat VA € [0,8] : u + Ax € U}, while the intrinsic
core of U is the set (cf. [77]) icr(U) = {u € U : Vx € aff(U — U), 6 >
0 such that VA € [0,8] : u + Ax € U}. When U C X is a convex set, then
u € core(U) < cone(U —u) = X, while u € icr(U) < cone(U — u) is a linear
subspace. One has that int(U) < core(U) C icr(U). In case U is convex and one
of the following conditions is fulfilled: int(U) # @; X is Banach and U is closed;
X is finite dimensional, then int(U) = core(U) (cf. [116]). For a convex set with
empty interior and nonempty algebraic interior we refer to [13, Exercise 4.1.9]. Fur-
ther, by maintaining the convexity assumption for U one can consider the strong
quasi-relative interior of this set, denoted by sqri(U), as being the set of those
u € U for which cone(U — u) is a closed linear subspace (cf. [10, 11]). We have that
core(U) C sqri(U) C icr(U) and due to [76] it holds u € sqri(U) if and only if
u € icr(U) and aff(U — u) is a closed linear subspace. Assuming additionally that
X is finite dimensional, it yields icr(U) = sqri(U) = ri(U), where by ri(U) we
denote the relative interior of the set U. This is the set of the interior points of U
relative to the affine hull of U.

Assume in the following that the perturbation function ® : X x ¥ — R is
proper and convex such that 0 € Pry (dom ®). Here Pry : X x Y — Y, defined by
Pry(x,y) = y,(x,y) € X xY, s the projection operator on Y . The first regularity
condition which we state here is formulated in the general setting where X and Y
are separated locally convex spaces (cf. [67]):

(RCP) | dx’ € X such that (x",0) € dom ® and ®(x’, -) is continuous at 0.

For the forthcoming regularity conditions we assume that X and Y are Fréchet
spaces (cf. [116,126,127]):

(R C;D ) | X and Y are Fréchet spaces, ® is lower semicontinuous and
0 € sqri(Pry (dom ®)).

The regularity condition (RC2<I> ) has been introduced as the weakest one in a suc-
cession of regularity conditions involving different generalized interior notions (cf.
[116]):

(RC;I,> X and Y are Fréchet spaces, ® is lower semicontinuous and
0 € core(Pry (dom ®)),

respectively,

(RC;?, X and Y are Fréchet spaces, ® is lower semicontinuous and
0 € int(Pry (dom ®)).

Regarding the last two conditions, we want to make the following comment. In
case ® is convex and lower semicontinuous its infimal value function & : ¥ —
R, h(y) = infyex ®(x,y), is convex but not necessarily lower semicontinu-
ous, fulfilling dom% = Pry(dom ®). Nevertheless, when X and Y are Fréchet
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spaces, by [127, Proposition 2.2.18] the function 4 is li-convex. Using [127, The-
orem 2.2.20] it follows that core(dom /) = int(dom /), which has as consequence
the equivalence of the regularity conditions (RC;I,> ) and (RC;E,). Thus, (RC;?,) &
(RCP) = (RC), all these conditions being implied by (RC?) when X and
Y are Fréchet spaces and ® is lower semicontinuous. One should notice that the
relation 0 € sqri(Pry (dom ®)) in (R C2<I> ) can be replaced by the equivalent formu-
lation 0 € icr(Pry (dom ®)) and aff(Pry (dom ®)) is a closed linear subspace (cf.
[76, Proposition 3.4]). The following generalized interior point regularity condition
is of interest especially when dealing with convex optimization problems in finite
dimensional spaces (cf. [113, 127]):

(RC;I’) | dim(lin(Pry (dom ®))) < +oc0 and 0 € ri(Pry (dom ®)).

By collecting the corresponding results from [67, 113,116, 127] one can state the
following strong duality theorem for the primal—-dual pair (P G) — (DG).

Theorem 1.7. Let ® : X x Y — R be a proper and convex function such that
0 € Pry (dom ®). If one of the regularity conditions (RC;D), i €4{1,2,3}, isfulfilled,
then v(PG) = v(DG) and the dual has an optimal solution.

Remark 1.8. One should notice that in the result above if one of the regularity con-
ditions (RC;D), i € {1,2,2,2", 3}, is satisfied, then the feasibility assumption
0 € Pry (dom ®) is automatically fulfilled. The same applies for the strong duality
theorems that we state in the forthcoming sections for different particular instances
of the general primal—dual pair (P G)—(D G). Nevertheless, we opted for imposing
the feasibility assumption when formulating the primal problem in order to avoid
dealing with degenerate optimization problems.

2 The Problem Having the Composition with a Linear
Continuous Operator in the Objective Function

By using the general approach described in the previous section we develop a conju-
gate duality theory and provide corresponding generalized interior point regularity
conditions for the following optimization problem

(P inf {f() + (g 0 ()}

and some particular instances of it. Here X and Y are separated locally convex
spaces, A : X — Y is a linear continuous operatorand f : X — Randg:Y — R
are proper functions fulfilling A(dom f) N domg # @. Consider as perturbation
function to (P4) &4 : X xY — R, ®4(x,y) = f(x) + g(Ax +y), where y € ¥
is the perturbation variable. Denote by A* : Y* — X* the adjoint operator of A
defined by (A*y*, x) = (y*, Ax) forall (x, y*) € X x Y *. The conjugate function
of ®4, (®4)* : X* x Y* — R, has for all (x*,y*) € X* x Y* the following
formulation
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(@) (x*, y*) = Sug{(X*,x) + (") = f() —g(Ax + )} = Sug{(X*,x)
yer rey

(" —Ax) = f(x) —g(r)} = Sgg{(x* — ATy x)+ (yFr) = f(x) —g(r)}
rey

= [Tt =AY + g7 00). 2.1
The conjugate dual of (P4) obtained by means of the perturbation function 4
looks like
(DY) sup {—f*(=A*y*) = g* (")}
y*ey*

and can be seen as a Fenchel-type dual problem to (PY). By the weak duality
theorem Theorem 1.1 follows v(D4) < v(P4).

Assuming additionally that f and g are convex functions, it follows that ®4
is proper and convex, too, and the feasibility condition guarantees that 0 € Pry
(dom®4) = {y € Y : 3x € dom f suchthat y € domg — Ax} = domg —
A(dom f). Thus the regularity condition (RC fb ) can be equivalently written as

(RCIA) | 3x’ € dom f N A~ (dom g) such that g is continuous at Ax’.

When V' C Y is a given set, denote A~ (V) = {x € X : Ax € V}. In Fréchet
spaces one can deduce from the general case the following regularity conditions for
the pair (P4)—(D4)

(RCZA) X and Y are Fréchet spaces, f and g are lower semicontinuous
and 0 € sqri(dom g — A(dom f))

along with its stronger versions

7 and Y are Fréchet spaces, f and g are lower semicontinuous
RC4) | X and Y are Fréchet sp d 1 iconti
and 0 € core(dom g — A(dom f'))

and

(RCZ“}, X and Y are Fréchet spaces, f and g are lower semicontinuous
and 0 € int(dom g — A(dom f)),

which are in fact equivalent.

Rockafellar considered (RCZ",‘) in [112], while Rodrigues dealt with (RCZA) in
[117] (see also the paper of Rodrigues and Simons [118]). Gowda and Teboulle have
given in [76] an equivalent formulation for (RCZA) by means of the intrinsic core.
In the finite dimensional setting one can use the following regularity condition

(RC4") | dim(lin(dom g — A(dom f))) < +o0 and
ri(dom g) Nri(A(dom f))) # @,

which becomes in case X = R” and Y = R™

(RC;Z‘I.”) | Jx’ € ri(dom f') such that Ax’ € ri(dom g).
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This is the classical regularity condition for this primal—dual pair in finite dimen-
sional spaces and has been stated by Rockafellar in [113, Corollary 31.2.1].
We have the following strong duality theorem (see also [127]).

Theorem 2.1. Let f : X — Rand g : Y — R be proper and convex functions and
A : X — Y be a linear continuous operator such that A(dom f) N domg # @.
If one of the regularity conditions (RCI.A), i € {1,2,3}, is fulfilled, then v(P4) =
v(D4) and the dual has an optimal solution.

By taking X = Y and A = idy, the identity operator on X, the primal problem
becomes

(P¥) inf {/(x) + g()}.

while the perturbation function ®9 : X x X — R is defined by ®(x,y) =
f(x) + g(x + y). Its conjugate is given by the following formula

(@Y (" y") = fF@ =y + O VE ) e X x X (22)
and the conjugate dual of (P9) looks like

(D) sup {—f*(—y*)—g* (™)},

yreX*

which is actually the classical Fenchel dual problem to (Pi¢). The existence of weak
duality for (P9) and (D'?) follows from Theorem 1.1, too.

By particularizing the regularity conditions enunciated for the pair (P4)—(D4),
they become

(RCid) | Jx’ € dom f N dom g such that g (or f) is continuous at x’,
in case X is a Fréchet space

RCJ9) | X is a Fréchet space, f and g are lower semicontinuous
2 p
and 0 € sqri(dom g — dom f)

along with its stronger versions

(RCZi‘il X is a Fréchet space, f and g are lower semicontinuous
and 0 € core(dom g — dom f)
and

(RCzi‘},) X is a Fréchet space, f and g are lower semicontinuous
and 0 € int(dom g — dom f),

which are in fact equivalent.

The regularity condition (RC1Y) was introduced by Attouch and Brézis in [2] in
case X is a Banach space and bears their names. In the finite dimensional case one
can consider

(RCY) | dim(lin(dom g — dom f)) < 400 and ri(dom g) N ri(dom f) # @,
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which becomes when X = R”

(RC}ﬁjl.n) | ri({dom f) Nri(dom g) # @,
in fact, the classical regularity condition considered by Rockafellar in [113, The-
orem 31.1] (see also [12]) for proving the Fenchel Duality Theorem in finite
dimensional spaces. One should notice that whenever f is polyhedral in the formu-
lation of the regularity condition one can replace ri(dom f) by dom f. The same
applies if g is polyhedral.

Theorem 2.2. Let f, g : X — R be proper and convex functions such that dom f N
domg # . If one of the regularity conditions (RCl.‘d), i €{1,2,3}, is fulfilled, then
V(P9 = v(D'Y) and the dual has an optimal solution.

We come now to a second special case of (P4), namely the one when f(x) = 0
for all x € X. This leads to the primal problem

(P4) inf (g0 A)(x)

and to the perturbation function @4« : X x ¥ — R, @4 (x, y) = g(Ax + y). The
conjugate of dAs (<I)Ag)* X*xY* = R,is, forall (x*,y*) € X* xY*, given
by

g*(y*), ifx* =A* *’

(@A) (x*, y*) = f*(x*—A*y*) +g* (") = L . (2.3)
00, otherwise

and it provides the following dual problem to (P 4¢)

(D) sup {—g*(»™)}.
y*ey*
A*y*=0

By Theorem 1.1 it holds v(D4¢) < y(P4s).
Denoting by R(A) := {Ax : x € X} the range of the operator A, the regularity
conditions stated for (P4) give rise to the following formulations

(RClAg) | Jx’ € A~'(dom g) such that g is continuous at Ax’,

in case X and Y are Fréchet spaces

(RCZA ¢) | X and Y are Fréchet spaces, g is lower semicontinuous
and 0 € sqri(dom g — R(A))

along with its stronger versions

(RC;g ) | X and Y are Fréchet spaces, g is lower semicontinuous
and 0 € core(dom g — R(A))
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and

A . . . .
(RC,) | X and Y are Fréchet spaces, g is lower semicontinuous

and 0 € int(dom g — R(A)),
which are in fact equivalent, while in the finite dimensional setting one has

(RC*) | dim(lin(dom g — R(A4))) < +o00 and ri(dom g) N R(A) # 0.

Theorem 2.3. Let g : Y — R be a proper and convex functionand A : X — Y be
a linear continuous operator such that R(A) N dom g # @. If one of the regularity
conditions (RC,.Ag), i €{1,2,3), is fulfilled, then v(P4¢) = v(D4¢) and the dual
has an optimal solution.

The next pair of primal-dual problems, which we consider here, will be intro-
duced as a special instance of (P4¢)—(D4¢). Form > 21let f; : X — R,i =
1,...,m, be proper functions such that (L, dom f; # @ and take Y = X™ :=
Xx..xX,g: X" >R, gx',....x™) =", fitx')and 4 : X — X", Ax =

(x,...,x). For this choice, the primal optimization problem (P 4¢) looks like
m
P¥) inf ; :
(P%) xlgx§;fz<x>}
Since for all (x!*,...,x™*) € X* x ... x X* = (X*)", g*(x'*,... x™) =

ST () and A*(x, L x™*) = 37 xT*, the dual (D4#) turns out to be

1

m
(D% swp %—Zfi*(x’*)} .
x'*eX*i=1,...m, i=1

m .
3 xi*=0
i=1

For the primal—dual pair (P ¥)—(D¥) weak duality holds automatically.
As domg = []/L,dom f; and A~!(domg) = (i, dom f;, the regularity
condition (RC IA #) is nothing else than

m
Jx’ € () dom f; such that f; is continuous at x’,i = 1,...,m.
i=1

(RCF)

For this special choice of g and A, one has R(A) = {(x,...,x) : x € X}, aset

which we denote by Axm. Thus (RCI.A”'), i €{2,2,2" 3}, lead to the following
regularity conditions (if X is a Fréchet space, then X' is also a Fréchet space):

(RC2>:) X is a Fréchet space, f; is lower semicontinuous,i = 1,...,m,

m
and 0 € sqri (H dom f; — Axm)
i=1
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along with its stronger versions
(RC; X is a Fréchet space, f; is lower semicontinuous,i = 1,...,m,

m
and 0 € core(ﬂ dom f; — Axm)
i=1

and

(RCZE,, X is a Fréchet space, f; is lower semicontinuous,i = 1,...,m,

m
and 0 € int(l—[ dom f; —AXm),

i=1

which are in fact equivalent, while in the finite dimensional case we have

(RC3)

m m

dim (lin (H dom f; — Axm)) < +ooand () ri(dom f;) # @.
i=1 i=1

The strong duality theorem for the (PE) and its conjugate dual problem (DE)

follows.

Theorem 2.4. Let f; : X — R,i = 1,...,m, be proper and convex functions such
that ({, dom f; # @. If one of the regularity conditions (RCiE), i e{l,2,3}is
fulfilled, then v(P¥) = v(D¥) and the dual has an optimal solution.

Remark 2.5. The primal—dual pair (P*)—(D¥) can be also seen as a particular
instance of (P4)-(D4) by dealing with one of the functions that appear in the
sum separately from the others. Working in this way, one would obtain the same
dual problem to (PZ), but different regularity conditions. By doing so, one can
easily observe that instead of (RCIE) it is enough to assume that there exists
x € (L, dom f; such that m — 1 functions f; are continuous at x’. Regarding
the regularity conditions (RCI.E), i €{1,2,2,2" 3}, it is worth mentioning that in
case m = 2 they coincide with the regularity conditions (RC}Y), i € {1,2,2/,2",3},
respectively, stated for the primal—dual pair (P¢)—(D'?).

3 The Problem with Geometric and Cone Constraints

By considering different perturbation functions, we assign in this section to an
optimization problem with geometric and cone constrains three dual problems and
establish the relations between their optimal objective values. We also provide gen-
eralized interior point regularity conditions which turn out to be sufficient for having
strong duality in all three situations.

Consider X and Z separated locally convex spaces, where Z is partially ordered
by the nonempty convex cone C, i.e. on Z there is a partial order <c defined by
7<cy <& y—zeCfory,ze Z. Werecall that C C Z isaconeifforall A >0
and all ¢ € C one has Ac € C. Throughout this book we assume, as follows by
the definition, that the considered cones always contain the origin. To Z we attach
a greatest element with respect to <c, which does not belong to Z and is denoted
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by coc. Let Z* = Z U {ococ}. Then for any z € Z*® one has z <¢ ococ¢ and one can
consider on Z* the following operations: z + coc = co¢ +z = coc, too¢c = 0O¢C
forallt > 0 and (z*,00c) = +ooforallz* e C*:={A € Z*:(A,c) >0Vc €
C}. The set C* is said to be the dual cone of C.

Some of the notions that exist for functions with extended real values may be
given for functions having their ranges in infinite dimensional spaces. For a function
g : X — Z° we call domain of g the setdomg = {x € X : g(x) € Z} and we
say that g is proper when dom g # @. The function g is said to be C -convex if for
allx,y € Xandall A € [0,1], g(Ax + (1 = 1)y) <c¢ Ag(x) + (1 — 1)g(y). The
C-epigraph of g is the set defined by epic g = {(x,2) e X xZ : z € g(x) + C}.
Also in this setting one has that g is C-convex if and only if epi. g is a convex set.
For z* € C* we denote by (z*g) : X — R the function defined by (z*g)(x) =
(z*, g(x)). Obviously, for all z* € C*, dom(z*g) = dom g.

The primal problem which we investigate in this section is

(P€) inf f(x).
A={xeS:gkx)e-C}

where S C X is a given nonempty setand f : X — Rand g : X — Z* are proper
functions fulfilling dom £ NS N g~ (—C) # @. Here we denote by g~ 1(—C) the
set{x € X :g(x)e—-C}.

For the beginning, we take Z as the space of the perturbation variables and define
dCL X xZ —> R

(DCL(X,Z)Z f(x)» lfxe‘.gvg(x)ez_c’
+00, otherwise.

The conjugate function of €~ has for all (x*,z*) € X* x Z* the following form

(@CL)*(x*,2*) = sup  {{x*,x) + (. 2) — f(x)} = sup {(—z*,5)}

x x _ _ U+ (=29)g)s (™). if ¥ e =CF,
* EQIS’“X RAR A +00, otherwise.
3.1
The dual problem of (P€) which we obtain by means of the perturbation function
PCL is
(DL)  sup {—(f + (Z*2)5(0)},

*eC*

or, equivalently,
(D) sup inf{/(x) + &) ()},

*eC*

which is nothing else than the classical Lagrange dual problem to (P€). By
Theorem 1.1, we automatically have that v(D€L) < v(P©).
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The second perturbation function we consider for (P€) is ®¢F : X x X — R,

f(x+y), ifxeS, gx)e—-C,

CF (x,y) = .
+00, otherwise,

with X being the space of the perturbation variables. As ®C7 (x, y) = f(x + y) +
8.4(x) forall (x,y) € X x X, its conjugate follows from (2.2), i.e.

(@CF)* (™, y*) = f* ) +oal* =y ) VO*,y) e XF x X* (32)
and this leads to the following conjugate dual problem to (P€)

(DEF)  sup {—f*(y*) —oa(=y")}

y*eX*
Since the primal problem (P€) can be written as

(P€) inf {f(x) +8a(0)},

(DCF) can be seen as the Fenchel dual problem to (PC). Also in this case weak
duality holds, i.e. v(D€F) < v(P°).

For constructing the third conjugate dual problem to (P€), we perturb both the
argument of its objective function and the cone constraints. We take X x Z as the
space of perturbation variables and define ®€FZ : X x X x Z — R by

f(x+y), ifxeS, gx)ez—C,

PCrL(x, y,2) = .
+00, otherwise.

For all (x*, y*,z*) € X* x X* x Z* the conjugate function of ®CFL looks like

(@CFL)*(x*, y* .2 = sup  {(x*.x)+ () + () - S+ )
xeS,yeX,zeZ
g(x)—ze—C

= sup{(x* — y*. x) + (% g(x))} + Su}rz{(y*,r) — f(r)} + sup {(=z".5)}

xeS se—C

_ )TN H (g5 (6 -y, if e —CT,

. (3.3)
+00, otherwise,

and it furnishes the following dual problem to (P€)

(DErL) sup =0 - @ 9)s(—yh)].

y*eX* *eC*



22 I Perturbation Functions and Dual Problems

We call (DCFL) the Fenchel-Lagrange dual problem to (P€), since it can be seen
as a combination of the classical Fenchel and Lagrange duals. By the weak duality
theorem we have v(DCFL) < y(PC).

The three dual problems constructed above for (P€) have been introduced and
investigated for problems in finite dimensional spaces in [124] and for problems in
infinite dimensional spaces in [39].

Remark 3.1. The name Fenchel-Lagrange for the dual problem (DCFL) can be
motivated by the fact that in the definition of ®CFL both the cone constraints
(like for (D€~)) and the argument of the objective function (like for (DCF)) are
perturbed. Another motivation for this name is given below.

The Lagrange dual problem of (P€) can be formulated as being

(D) sup Inf {f(x) + (("g) + ) (D)}

7*eC* X

Forevery z* € C* the Fenchel dual of the infimum problem in the objective function
of the problem above looks like (cf. Section 2)

sup {—f*(y") = (9)5(=y")}.

yreX*

By replacing in the objective function of (DCL) the infimum problem by its
Fenchel dual, one gets exactly the Fenchel-Lagrange dual of (P€). Weak duality
is automatically ensured.

Consider now the Fenchel dual problem of (P€) formulated as being

(DEF)  sup {—f*(r*) + inf (y*, )}
y*eX*

For every y* € X* the Lagrange dual of the infimum problem which appears in the
objective function of (DCF) is

sup inf {{y*,x) + (2"g)(x)} = Sup, (- )5(=y)}.

*eC* x€eS

By replacing in the objective function of (DCF) the infimum problem by its
Lagrange dual, what we get is again the Fenchel-Lagrange dual of (P€). Weak
duality is also in this situation automatically ensured. Consequently, (DCFL) can be
seen as a combination of the Fenchel and Lagrange dual problems of (P€).

The following result offers an image of the relations which exist between the
optimal objective values of (D€L), (DCF) and (DCFL).
Proposition 3.2. It holds:

(i) W(DEFL) < w(DCL);
(ii) v(DEFL) < v(DCF).
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Proof. (i) Let z* € C* be fixed. Since

sup {—f*(y") — (T 9)s(—y")}

yreX*
is the Fenchel dual of the problem
inf { f(x) + (("¢) + 8s)(X)},
xeX
by Theorem 1.1, it follows that

sup =707 = 5 (—yM)) = inf{/ () + (" 8) + 85)(x)}-
y*eX* xe

Taking the supremum over z* € C* in both sides of the equality above, the relation
v(DCFLY < y(DCL) follows automatically.
(ii) Let y* € X™* be fixed. Since

sup {—(2*)s(—y")}

Z* € C *
is the Lagrange dual problem of

e
xlrelA(y LX),

using again Theorem 1.1 it yields
—f*O") + sup {=EQ5(=yM)} = —fT(") + inf (y*. x).
*eC* xeA

Taking the supremum over y* € X* in both sides of the inequality above, we obtain
v(DEFL) < y(DCF). O

Combining Proposition 3.2 with the fact that weak duality holds for (P€) and
the three conjugate duals, one obtains the following scheme (see also [14, 39, 124])

v(DCL) c
YDy VPO (3.4)

v(D Crr ) <
The reader is referred to [124] for examples which show that in general the inequali-
ties in (3.4) can be strict and that between v(D €~ ) and v(D €F ) no ordering relation
can be established (see also [36,37]).

Starting from the generalized interior point regularity conditions given in Sec-
tion 1, we deduce, in the following, corresponding regularity conditions and formu-
late corresponding strong duality results for (P €) and the three duals treated above.
To this end, we additionally assume that S C X is a convex set, f : X — Risa
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convex function and g : X — Z°® is a C-convex function. Under these hypotheses,
the three perturbation functions are proper and convex and O is an element in the
projection of their domains on the space of the perturbation variables.

At the beginning we deal with the Lagrange dual problem (D€L ). The regularity
condition (RC lq’ ) states in this particular case that there exists x’ € dom f N S N
g~ 1(—C) such that the function z > f(x') 4 8s(x’) + 8g(x+c(2) is continuous
at 0, which is the same with saying that there exists x’ € dom f N S N g~1(=C)
such that 0 € int(g(x") + C) or, equivalently, with asking that

(RCICL) | Jx’ € dom f N S such that g(x’) € —int(C).

This is nothing else than the classical Slater constraint qualification.

Before coming to the other regularity conditions, we give an overview on the
notions that can be found in the literature for extensions of the lower semicontinuity
from real-valued to vector-valued functions. We start with the notion of C-lower
semicontinuity which has been introduced by Penot and Théra in [107] and then
refined in [1,57]. The function g : X — Z°* is said to be C -lower semicontinuous
at x € X if for any neighborhood V of 0 and any b € Y satisfying b <¢ g(x), there
exists a neighborhood U of x in X such that g(U) C b+ V +C U{ooc}. If gis C-
lower semicontinuous at all x € X, then we say that g is C-lower semicontinuous.
Very close to this notion, Combari, Laghdir and Thibault introduced in [57] the
notion of a C-sequentially lower semicontinuous function, which coincides with
the C -lower semicontinuity when X and Z are metric spaces.

We mainly deal in this work with other two extensions of the lower semicontinu-
ity, namely the star C-lower semicontinuity and the C -epi closedness. According to
[86], we say that g : X — Z°* is star C-lower semicontinuous at x € X if for all
7* € C* (*g) is lower semicontinuous at x. The function g is said to be star C-
lower semicontinuous if it is star C-lower semicontinuous at all x € X. The notion
of a C-epi closed function was introduced by Luc in [94]. We call g C-epi closed if
its C-epigraph epic g is a closed set. By [94, Theorem 5.9] follows that every star
C -lower semicontinuous function is C-epi closed. One can easily observe that when
Z = R and C = Ry the notions C-lower semicontinuity, and C-epi closedness
coincide, as they collapse in this case into the classical lower semicontinuity.

An example of a C-epi closed function which is not star C-lower semicontinuous
was given in [107, Example 1.2]. Nevertheless, this function fails to be C-convex.
The function in the example below is both C-convex and C -epi closed, but not star
C-lower semicontinuous.

Example 3.3. Consider the function

(L.x),ifx >0,

. 2\e 2 —
g:R—> RY)* =R U {OORi}v g(x) = 002 , otherwise.
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It is easy to verify that g is Ri—convex and Ri-epi—closed, but not star Ri—lower
semicontinuous. For instance, for z* = (0, l)T € Ri one has

ifx >0
0.0 g =" ! ’
(0. )" £)(x) +00, otherwise,

which fails to be lower semicontinuous.

We come now to the class of regularity conditions which assume that X and Z
are Fréchet spaces. One has Prz (dom ®€£) = g(dom f N S Ndomg) + C and in
order to guarantee the lower semicontinuity for ®Z it is enough to assume that S is
closed, f is lower semicontinuous and g is C-epi closed. Under these assumptions,
the epigraph of the perturbation function

epi ®CL = {(x,z.r) € X X Z xR : (x,r) eepi f1N(S xZxR)N(epic g xR)

is a closed set. These lead to the following regularity condition

(RCzc L) X and Z are Fréchet spaces, S is closed, f is lower semicontinuous,
g is C-epi closed and 0 € sqri (g(dom f NS Ndomg) + C)

along with its stronger versions

(RCzc/ £y X and Z are Fréchet spaces, S is closed, f is lower semicontinuous,
g is C-epi closed and 0 € core (g(dom f NS Ndomg) + C)

and

(RCZC,/L X and Z are Fréchet spaces, S is closed, f is lower semicontinuous,
g is C-epiclosed and 0 € int (g(dom f N S Ndomg) + C),

which are in fact equivalent.

In Banach spaces, the condition (RCZC/ L) has been considered by Rockafellar
in [112], while a particular formulation of (R Czc L) has been stated for linear pro-
gramming problems in [87]. Mentioning that in the finite dimensional setting one
can consider the following regularity condition for the pair (P€)—(DL)

(RC3CL) dim (lin (g(dom f NS Ndomg) + C)) < +oo and
0 eri(g(dom f NS Ndomg) + C),

we are now able to formulate the Lagrange strong duality theorem, which is a
consequence of Theorem 1.7.

Theorem 3.4. Let S C X be a nonempty convex set, f : X — R a proper
and convex function and g : X — Z° a proper and C-convex function such
that dom f NS N g7 (—=C) # 0. If one of the regularity conditions (RCZ-CL),
i € {1,2,3), is fulfilled, then v(P€) = v(DCL) and the dual has an optimal
solution.
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We turn our attention now to the regularity conditions which guarantee strong dual-
ity for (P€) and its dual (D€F). They can be derived from the ones given in
Section2 for Fenchel duality, as A is a nonempty convex set. Thus (RCl-id),i €
{1,2,2',2”,3}, lead to the following regularity conditions

(RCICF) | Jx” € dom f N A such that f is continuous at x’,
in case X is a Fréchet space

(RC2C )| X is a Fréchet space, A is closed, f is lower semicontinuous
and 0 € sqgri(dom f — A)

along with its stronger versions

(RCzc, )| X is a Fréchet space, A is closed, f is lower semicontinuous
and 0 € core(dom f — A)

and

(RCzc,,F X is a Fréchet space, A is closed, f is lower semicontinuous
and 0 € int(dom f — A),

which are in fact equivalent, while in the finite dimensional case one has
(RCF) | dim(lin(dom f — A)) < +00 and ri(dom £) N ri(A) # 0.

Let us notice that for having A closed it is enough to assume that S is closed and g
is C-epi closed. From Theorem 2.2 we obtain the following result.

Theorem 3.5. Let S C X be a nonempty convex set, f : X — R a proper
and convex function and g : X — Z° a proper and C-convex function such
that dom f NS N g7 (=C) # @. If one of the regularity conditions (RCZ-CF),
i € {1,2,3), is fulfilled, then v(P€) = v(DCF) and the dual has an optimal
solution.

Next, we particularize the regularity conditions given in Section 1 by considering
as perturbation function ®CFL . Thus, the regularity condition (RC lq’ ) states that
there exists x’ € dom f NS N g~ (—C) such that the function (y,z) — f(x’ +
¥) + 85 (x") + 8¢ (x/y+c (2) is continuous at (0, 0) and can be equivalently written as

(RCICFL) Jx’ € dom f N S such that f is continuous at x’
and g(x’) € —int(C).

For the other conditions, we need to determine the set Pryz (dom ®€FL). We
have

(y.7) € Pryxz(dom ®“FL) & 3x € X such that FL (x, y,7) < +00

< dx € S such that x + y € dom f and g(x) € z— C < Jx € § such that
(y,2) € (dom f —x) x (g(x) + C) & Ix € S such that (y,z) € dom f x C
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—(x,—g(x)) & (y,2) €dom f x C —epi_cy(—=g) N (S x Z)

and so
Pryxz (dom ®€FL) = dom f x C —epi(_¢y(—g) N (S x Z).

This gives rise to the following generalized interior point regularity conditions for
the primal—dual pair (P€)—(D€rL)

(RCZCFL) X and Z are Fréchet spaces, S is closed, f is lower
semicontinuous, g is C-epi closed and
0 € sqri (dom f x C —epi(_cy(—g) N (S x Z))
along with its stronger versions

(RCgFL) X and Z are Fréchet spaces, S is closed, f is lower
semicontinuous, g is C-epi closed and
0 € core (domf X C —epi_cy(—g) N (S x Z))
and

(RCzc,,F L) | X and Z are Fréchet spaces, S is closed, f is lower
semicontinuous, g is C-epi closed and
0 € int (dom f x C —epi_¢c)(—g) N (S x Z)),

which are in fact equivalent, while in the finite dimensional case we have

(RC3CFL) dim (lin (dom f x C — epi(_¢y(—g) N (S x Z))) < +oc and
0€ri (domf x C —epi_c)(—g) N (S x Z)).

The strong duality theorem for the pair (P€) — (D€FL) follows from Theorem 1.7.

Theorem 3.6. Let S C X be a nonempty convex set, f : X — R a proper
and convex function and g : X — Z° a proper and C-convex function such
that dom f N S N g7 (=C) # @. If one of the regularity conditions (RCZ-CFL),
i € {1,2,3), is fulfilled, then v(P€) = v(DCFL) and the dual has an optimal
solution.

Remark 3.7. By (3.4) it follows that whenever for (P€) and (D €FL) strong duality
holds, then v(P€) = w(DCL) = w(DCF) = v(DCFL). Moreover, if (7*,7*) €
X* x C* is an optimal solution of (DCFL), then 7* € X* is an optimal solution
of (D€F) and z* € C* is an optimal solution of (D€~). This means that in this
situation for the pairs (P€) — (DC%) and (P€) — (DCF) strong duality holds, too.

We close the section by treating a particular instance of the primal problem (P €)
for which we give some weak regularity conditions guaranteeing strong duality for
the primal problem and the three conjugate dual problems assigned to it. Consider
X=R"7Z=R" C = R'ﬂ, S € R”" a nonempty convex set, f : R” — R
a proper and convex function and g : R” — R™, g(x) = (g1(x),...,gm(x)7T,
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a ]R’” -convex function, i.e. g; is convex fori = 1,...,m, such that dom f N S N
_1( R™) # @. The primal problem becomes

(PS.) iggf(x),
A={xeS:gx) <0}

where by “<” we denote the partial order induced by the non-negative orthant R’}
on R™. Further, let L = {i € {1,...,m} : g; is affine} and N = {1,...,m}\ L.
Consider the following regularity condition (cf. [22,34,38,41,124])
(RC/?l.r;lL) 3x’ € ri(dom f) Nri(S) such that g; (x") < 0,i € L,
and g;(x') < 0,i € N.

In [124] the following strong duality theorem has been proved.
Theorem 3.8. Ler S C R” be a nonempty convex set, f : R" — R a proper
and convex function and g : R" — R™, g(x) = (g1(x),...,gm(x)T, a vector
function having each component g;,i = 1,...,m, convex such that dom f NS N

g (=R) # 0. If the regularity condition (RCC”) is fulfilled, then for (me)

and its Fenchel-Lagrange dual (denoted by (DCFnL)) strong duality holds, namely
v(me) = v(DjCciFnL) and the dual has an optimal solution.

Remark 3.9. The condition (RC;;L) provides strong duality for the Fenchel and
Lagrange dual problems of (me) too. Nevertheless, for having strong duality for
(P Fi n) and its Fenchel dual it is enough to assume that (cf. [113, 124])

(RCSL) | ri(dom f) Nti(A) # @

holds, while for having strong duality for (Pfin) and its Lagrange dual it is enough
to assume that (cf. [113, 124])

(RCfm) 3x’ € ri(dom f N §) such that g; (x') < 0,i € L,
and g;(x') < 0,i € N
holds.

4 The Composed Convex Optimization Problem

In this section, we employ the general approach described in the first section to
the formulation of two conjugate duals to an unconstrained composed convex opti-
mization problem. We also derive generalized interior point regularity conditions
and provide strong duality theorems. As one can see in the following sections,
the importance of dealing with the composed convex problem is given by the fact
that several classes of optimization problems, including the ones investigated in
Sections 2 and 3, can be treated as particular instances of it.
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Let X and Z be separated locally convex spaces, where Z is partially ordered
by the nonempty convex cone C C Z. Consider f : X — R a proper function,
g : Z — Raproper and C -increasing function fulfilling, by convention, g(coc) =
4+ooandh : X — Z* = ZU{ococ} a proper function such that #(dom fNdom )N
domg # @. We say that g is C-increasing if for y,z € Z such that z <¢ y one has
g(2) < g(y). The primal problem we deal with in this section is

(PEE) inf {f(x) + (g0 M)},

Consider first Z as a space of perturbation variables and ®¢€1 : X x Z — R
defined by ®€€1 (x,z) = f(x)+g(h(x)+z) as perturbation function. Its conjugate

(®CCY* . X* x Z* — R has for all (x*,z*) € X* x Z* the following expression

(@) (x*,2%) = sup {x™ x) + (2. 2) = f(x) = g(h(x) + 2)}

= Sug{bc*,X) — (& h(x) = f(0)} + sug{<z*,8) —8(5)}

= (f + @ )" (") + g7 ().

Since g is C-increasing, for z* ¢ C* it holds g*(z*) = +o0. Thus for (x*,z*) €
X* x Z* we get

_ &)+ (f + )T, if e CF,

PECH* (x*, ¥
( ) (x*,27) +00, otherwise.

“4.1)

Therefore, the dual problem to (P€) that we obtain by means of ®CC1 is

(DY) sup {—g"(Z") = (f + )" (0)} .

7*eC*

By Theorem 1.1, for the pair (P€€) — (D) weak duality holds, i.e. v(D€€1) <
v(PC€C).

For deriving a second conjugate dual to (P€€), we take X x Z as space of
perturbation variables and ®€€2 : X x X x Z — R, ®¢C2(x, y,2) = f(x + y) +
g(h(x) + z) as perturbation function. Its conjugate (P¢€2)* : X* x X* x Z* - R
looks for all (x*, y*,z*) € X* x X* x Z* like

(PC)* (x*, y* .2 = sup  {{(x*,x)+ () + (25D — f(x + )
x,yeX,z€Z

—8(h(x) +2)} = S:g{(X* —y5x) = h())} + S;IZP{(Z*, s) — &(9)}

+sup{{y*.r) = f(r)} = W) (F =y + 70T + g7

rey



30 I Perturbation Functions and Dual Problems

Taking again into consideration that g* takes outside C* the value +o00 we get

gr @)+ [T + @) (x* —y¥), ifF e CF,
+00, otherwise.
4.2)
The conjugate dual problem of (P€€) obtained via the perturbation function ®€ €2
is, consequently,

(CDCCz)*(x*’ y*’ Z*) —

(D) sup {=g" (@) = [TOT) = @M (=y")}
y*eX* *eC*

and for the pair (P€€)— (D€ €2) weak duality holds, too, i.e. v(D€2) < v(P€C).

For furnishing regularity conditions for the primal—dual pairs derived above, we
additionally assume that f and g are convex functions while / is a C-convex
function. In these hypotheses both perturbation functions ®€€1 and ®€€2 are
proper and convex and O is an element in the projection of their domains on the
corresponding spaces of perturbation variables.

We investigate first regularity conditions for the primal—dual pair (P€€) —
(D). The regularity condition (RC fb ) becomes in this particular case

(RCICC‘) 3x’ € dom f Ndomh N kA~ (dom g) such that
g is continuous at i (x’).

For the regularity conditions given in case X and Z are Fréchet spaces, we have
to guarantee that ®CC1 is lower semicontinuous and 0 € sqri(Prz(dom ®€C1)),
One has

z € Prz(dom®€1) & 3x € dom f N domh such that z € dom g — h(x)

& zedomg — h(dom f N domh)

and, consequently, Prz (dom ®¢€1) = dom g — h(dom f N dom /).

Next, we show that whenever f and g are lower semicontinuous and /% is star C -
lower semicontinuous, the lower semicontinuity of ®¢€1 is ensured. For all (x, z) €
X X Z itholds

(@)™ (x,2) = sup  {(x*.x)+ (25 2) = (f + @) (Y — g* ()}

x*eX* *eC*

= sup 1(".2) —g" (@) + sup {(xT.x) = (f + () ()}

*eC* x*eX*
= s {2 =g @) + (f + h)™ (%)}

Since for all z* € C* f + (z*h) is proper, convex and lower semicontinuous and
g is proper, convex and lower semicontinuous, by the Fenchel-Moreau Theorem, it
yields
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(@) ™ (x,2) = sup {(z5,2) — g* (@) + f(0) + T )(x)}

*eC*

= f()+ sup {{Z"h(x) +2) —g" ()} = f()+ sup {{" h(x) +2) —g" ()}

Fec* *ez*

= f(¥) + &7 (h(x) +2) = f(x) + g(h(x) + 2) = P (x,2),

which guarantees that ®€€1 is lower semicontinuous. We can state now the follow-
ing regularity condition

(RC2C C') X and Z are Fréchet spaces, f and g are lower semicontinuous,
h is star C -lower semicontinuous and
0 € sqri (dom g — h(dom f N dom h))

along with its stronger versions

(RCZC; C‘) X and Z are Fréchet spaces, f and g are lower semicontinuous,
h is star C -lower semicontinuous and
0 € core (dom g — h(dom f N domh))

and

(R C;C‘) X and Z are Fréchet spaces, f and g are lower semicontinuous,
h is star C -lower semicontinuous and
0 € int(dom g — h(dom f N domh)),

which are in fact equivalent. In the finite dimensional setting one has

(RC3CC‘) dim (lin (dom g — A(dom f N dom#h))) < +oo and
ri(dom g) Nri(h(dom f N domh)) # @.

The conditions (RCZC €1y and (RC2C, €1) have been introduced in [57] but under the
assumption that / is a sequentially C -lower semicontinuous function. The condition
(RC IC C‘) is a classical one in the literature dealing with composed convex opti-
mization problems (see, for instance, [127, Theorem 2.8.10 (i)]), while (RC3CC‘)
has been stated for the first time in [125]. A refinement of (RC3C C‘) in case when
X and Z are finite dimensional spaces has been given in [26] (for more details we
refer also to [25,32]). The strong duality theorem follows (cf. Theorem 1.7).

Theorem 4.1. Let f : X — R be a proper and convex function, g : Z — R a
proper convex and C -increasing function fulfilling, by convention, g(coc) = 400
and h : X — Z°* = Z U {ooc} a proper and C-convex function such that
h(dom f N domh) N domg # @. If one of the regularity conditions (RCI.CC‘),
i € {1,2,3}, is fulfilled, then v(P€€) = vw(DCC") and the dual has an optimal
solution.

We come now to the second primal—dual pair for which we provide regularity
conditions and a strong duality result, too. The condition (RC fb ) leads in this case to
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(RC1CC2) 3x’ € dom f N'dom A N h~!(dom g) such that f is continuous
at x” and g is continuous at A4 (x’).

When X and Z are Fréchet spaces, as in (RCZ‘I> ), we have to guarantee that PCC2
is lower semicontinuous and 0 € sqri(Pryxz(dom ®€€2)). Assuming that f and
g are lower semicontinuous and / is star C-lower semicontinuous, then €2 is
lower semicontinuous, too. Further, we have

(y.2) € Pryxz(dom @€¢2)

< dx € dom#h such that x + y € dom f and h(x) + z € domg
< dx € domh such that (y,z) € dom f x dom g — (x, h(x))
& (y,z) € dom f x dom g — epic &,

where in the last equivalence we used that g is C -increasing. In conclusion,
Pryxz(dom ®€2) = dom f x dom g — epic h

and one obtains the following regularity condition

(RC2C Cz) X and Z are Fréchet spaces, f and g are lower semicontinuous,
h is star C -lower semicontinuous and
0 € sqri (dom f x dom g — epic h)

along with its stronger versions

(R CZC; Cz) X and Z are Fréchet spaces, f and g are lower semicontinuous,
h is star C-lower semicontinuous and
0 € core (dom f x dom g — epic h)

and

(R Czc,/cz) X and Z are Fréchet spaces, f and g are lower semicontinuous,
h is star C-lower semicontinuous and
0 € int(dom f x domg — epic /),

which are in fact equivalent, while in the finite dimensional case one has

(RC3CC2) dim (lin (dom f x dom g — epic 1)) < +oo and
(ri(dom f) x ri(dom g)) Nri(epic h) # B.
Applying again Theorem 1.7, the following strong duality result can be stated.

Theorem 4.2. Let f : X — R be a proper and convex function, g : Z — R a
proper convex and C -increasing function fulfilling, by convention, g(coc) = 400
and h : X — Z* = Z U {ooc} a proper and C-convex function such that
h(dom f N domh) Ndomg # @. If one of the regularity conditions (RCZ-CCZ),
i € {1,2,3), is fulfilled, then v(P€€) = vw(DS€2) and the dual has an optimal

solution.
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Remark 4.3. Since forall z* € C*
(f + @*h)*(0) < y*ig)f(*{f*(y*) + )" (=y™)},

one has in general that v(D¢€2) < y(DCC1) < y(PCC). This means that whenever
for (P€€) and (D€2) strong duality holds, then we have v(D€¢€2) = y(D€C1) =
v(P€C). Moreover, if (7*,7*) € X* x C* is an optimal solution for (D€ €2), then
7* € C* is an optimal solution for (D€€1). Thus for (P€€) and (D) strong
duality holds, too.



Chapter 11
Moreau—Rockafellar Formulae
and Closedness-Type Regularity Conditions

5 Generalized Moreau—Rockafellar Formulae

Throughout this chapter, we assume that all topological dual spaces of the sep-
arated locally convex spaces considered are endowed with the corresponding
weak™ topologies. In this section, we give generalized Moreau—Rockafellar formu-
lae expressed via the perturbation function @ considered in Section 1 as well as
closedness-type regularity conditions for the general optimization problem (P G).
These will be particularized in the following sections to the different classes of
convex functions and corresponding convex optimization problems, respectively,
introduced in the previous chapter (see also [27]).

Let X and Y be separated locally convex spaces and X* and Y * be their topo-
logical dual spaces, respectively. Given a function ® : X xY — R, we have that ®*
is convex and, consequently, the infimal value function of ®*, inf)»cy+ ®* (-, y*) :
X* — R is also convex. For a subset of X* and a function defined on X* the
closure and the lower semicontinuous hull, respectively, in the weak™* topology are
denoted by cly*, while cly*xr denotes the closure of a subset of (X™*, w(X*, X))
xR. Here, we denote by R the natural topology on R. The following theorem can
be obtained from [110] and plays a determinant role in the investigations we make
in this chapter.

Theorem 5.1. Ler ® : X x Y — R be a proper, convex and lower semicontinuous
function such that 0 € Pry (dom ®). Then for each x* € X* one has

(®(,0)" (") = sup{(x™.x) = P(x, 0} = cle (ygg;* @*(-,y*>) (). 6.1

Proof. First, we determine the conjugate of infy«ey+ ®*(-, y*). For all x € X
there is

*
( inf ®*(-, y*)) (x) = sup { (x*,x)— inf ®*(x*, y*)%
y*ey* y*ey*

x*eX*

= sup {(x".x) = OT(x", yT)} = ¥ (x,0).

x*eX*,y*ey*

R.I. Bot, Conjugate Duality in Convex Optimization, Lecture Notes in Economics and 35
Mathematical Systems 637, DOI 10.1007/978-3-642-04900-2_2,
(© Springer-Verlag Berlin Heidelberg 2010
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Since & is proper, convex and lower semicontinuous, we get further that for all
x € X it holds (infy*ey* @*(-,y*))* (x) = ®(x,0). We prove that the func-
tion cly* (infyxey+ ®*(-, y*)) is proper. Assuming that it takes everywhere the
value o0 it yields that its conjugate, which coincides with (infyxey= ®*(-, y*))",
is everywhere —oo. This contradicts the properness of ®. The other possibility
of clyx (inf,+ey+ ®*(-, y*)) to be improper is to take somewhere the value —oo.
By the same argument as above, one would have that for all x € X ®(x,0) is
equal to +o00. Since this contradicts the feasibility assumption 0 € Pry (dom(®)),
cly* (infyxey= ®*(-, y*)) is everywhere greater than —oo, therefore it is proper.

The first equality in (5.1) arises from the definition of the conjugate function,
while, by the Fenchel-Moreau Theorem, we obtain

(®C,0)* = ( inf @*(-,y*)) = Clyp* ( inf CD*(-,y*)).
y*rey* y*ey*

This concludes the proof. (]
A first consequence of this result follows.

Theorem 5.2. Let ® : X x Y — R be a proper, convex and lower semicontinuous
Sfunction with 0 € Pry (dom(®)). Then

epi((P(-.0))*) = clo*xr (epi (y*ig;* * (., y*))) = cly*xr (Prx=xr(epi ®7)).
(5.2)

Proof. Whenever (x*,r) € Pry=xg(epi ®*) it is clear that infy+cy ®*(x*, y*) <
r, thus (x*,r) € epi (infyxey= ®*(-, y*)).

If (x*,r) € epi (infyxey* ®*(-, y*)), then for each & > 0 there is an y* € Y*
such that ®*(x*, y*) < r + &. Thus for all € > 0 we have (x*,r + &) € U,rcy+
epi(®*(-, ¥*)) = Pryxxr(epi ®*), and so (x*,r) € cly*xr (Pry=xr(epi ®*)).
Then we get

Pry+xr(epi ®*) C epi ( ing O*(-, y*)) C clo*xr (Prx+xr(epi ®*)) .
y*ey*

which implies the second equality in (5.2). Since the previous theorem yields
epi((D(-,0))*) = clp*xr (epi (infy*ey* D*(-, y*))), we get the desired conclu-
sion. ]

The theorems proved above lead to the following statement, given also in [49]
(see also [19]).

Corollary 5.3. Let ® : X x Y — R be a proper, convex and lower semicon-
tinuous function such that 0 € Pry (dom(®)). Then Pry+xg(epi ®*) is closed in
(X*, w(X*, X)) xR if and only if
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sup{{x*,x) — ®(x,0)} = min ®*(x*, y*) Vx* € X*. (5.3)
xeX yrerr

As usual, we write instead of inf (sup) for an attained infimum (supremum) min
(max).

In the following, we introduce the concept of stable strong duality. For every
x* € X™* we consider the extension of the primal optimization problem (P G)

(PG*") inf {®(x.0) - (x*, x)}.

The function ®*" : X x ¥ — R, ®*"(x,y) = ®(x, y) — (x*, x) is a perturbation
function for (P G*") and since

(@) (@, %) = O + x*, y*) V(' y*) € X* x ¥,
it introduces the following conjugate dual

(DG*)  sup {—(@*)*(0,y*)}

y*ey*

or, equivalently,
(DG¥)  sup {—*(x*.y")}.
y*eY*
Definition 5.4. We say that for the optimization problems (P G) and (D G) stable
strong duality holds, if for all x* € X* for (PG*") and (DG*") strong duality
holds, this means that v(PG*") = v(DG*") and the dual (DG*") has an optimal
solution.

By Corollary 5.3 if follows that, if ® is a proper and convex function with 0 €
Pry (dom @), asking that

(RC f’ ) | @ is lower semicontinuous and Pry+xr (epi *) is closed in
X*, 0o(X*, X)) xR

is a sufficient condition for stable strong duality. Consequently, as stable strong
duality implies strong duality (take in (5.3) x* = 0), (RC f’ ) is a sufficient condition
for strong duality, too. Because of the way in which it was formulated, we call it
closedness-type regularity condition.

Under the assumption that ® is proper and convex with 0 € Pry (dom ®) for all
x* € X*, we have dom ®*" = dom ® and therefore the generalized interior point
regularity conditions (RC;I’), i € {1,2,3}, are also sufficient for having strong
duality for (PG*") and (DG*"). Thus one can state the following result (see also
Corollary 2.7.3 in [127]).

Theorem 5.5. Let ® : X x Y — R be a proper and convex function such that
0 € Pry (dom ®). If one of the regularity conditions (RC;D), i €{1,2,3}, isfulfilled,
then for (P G) and (D G) stable strong duality holds, which is nothing else than
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sup{{x*,x) — ®(x,0)} = min ®*(x*, y*) Vx* € X*.
xeX yrer=

Next, we derive by means of the considerations made above closedness-type reg-
ularity conditions and corresponding stable strong duality results for the primal—dual
pairs treated in Sections 2—4. We provide also examples where the closedness-type
conditions are satisfied, but the generalized interior point ones fail.

6 Stable Strong Duality for the Composed Convex
Optimization Problem

In this section, we work in the same setting as in the Section4 and consider X and
Z separated locally convex spaces, where Z is partially ordered by the nonempty
convexconeC C Z, f : X — Ra proper and convex function, g : Z — Ra
proper, convex and C -increasing function fulfilling, by convention, g(coc) = +o00
and h : X — Z*®* = Z U {ooc} a proper and C-convex function such that
h(dom f N'domh) Ndomg # @. We give two generalized Moreau—Rockafellar
formulae for f + g o h by using the perturbation functions @€ and €2 intro-
duced in Section4. To this end, we additionally assume that f and g are lower
semicontinuous, while % is star C -lower semicontinuous. As we have seen, the per-
turbation function ®€€1 : X x Z — R, ®CC1(x,z) = f(x) + g(h(x) + z), which
we treat first, is in these hypotheses proper, convex and lower semicontinuous. From
(4.1) we get via Theorems 5.1 and 5.2 the following results, respectively.

Theorem 6.1. One has
(f +goh)" = clor (”*igg*{g*(z*) +(f + (z*h))*(-)}) . 6D
Theorem 6.2. It holds

epi((f + 5 o) = clorse (epi(_inf 12"+ (F + @0 ))

= cly*xr ( U ((0,g%(@%) +epi(f + (z*h))*)).(6.2)
z*edom g*

Proof. To get the result, we must only establish the set Pry g (epi(®€€1)*). One

has (x*,7) € Pry+xr(epi(®€C1)*) if and only if there is some z* € C* such

that g*(z*) + (f + (*h))*(x*) < r. Using that dom g* C C* this turns out to

be equivalent to the existence of a z* € dom g* fulfilling (x*,r) € (0, g*(z*)) +

epi(f + (z*h))* and further to

(x*rye U ((0.g"(") +epi(f + (Z"h)7).

z*edom g*
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Consequently, (5.2) is nothing else than (6.2). O
Corollary 5.3 leads to the following stable strong duality result.
Theorem 6.3. We have

(f +go)*(x") = in @)+ (f +Th) ")} Vat e X* (6.3)
if and only if

el g ((0, g*(2*)) + epi(f + (z*h))*) is closed in (X*, w(X*, X)) x R.
(6.4)

Remark 6.4. Taking into consideration Theorem 6.3 one can state for the primal
problem

(PEC) inf {£(x) + (g 0 M)}

and its conjugate dual problem

(DY) sup {—g"(*) = (f + )" (0)}

*eC*

the following closedness-type regularity condition

(RC 4C C‘) f and g are lower semicontinuous, / is star C-lower
semicontinuous and dU ((0, g*(2*)) + epi(f + (T*h))*) is

€domg*
closedin (X*, w(X™, X)) x R.
Example 6.5. By Theorem 5.5 and Theorem 6.3 one has (RCZCHC') & (RCSC‘)
= (RCZCC') = (RCfCl ). In the following we present a situation where (RC4CC‘)
is fulfilled while (RCS€") fails. Moreover, neither (RCL ") nor (RCE€") are
satisfied.

Let X = Z =R, C = {0}, f = 8r_, g(x) = (1/2)x* + 8, (x), x € R,
and & = idg. Here, we denote R4 = [0, +00) and R_ = (—o0,0]. Obviously,
dom f Ndomh N h~!(domg) = {0} and so (RCICC‘) is not verified. Further, it
holds dom g —h(dom f Ndomh) = R, thus cone(dom g —i(dom f Ndomh)) =

R+ and, since this set is not a linear subspace, (RCZC C‘) (and also (RC§ C‘) and

(RCSE)) are not fulfilled. As ri(dom g) N ri(h(dom f N domh)) = @, (RCS )
fails, too.
On the other hand, for all x*, z* € R it holds

0, ifz* <0,
(1/2)(z%)?, ifz* > 0,

0, if x* <z*,
+00, otherwise.

g = and (f + (") (x™) =

Thus for all z* < 0 we have (0, g*(2*)) +epi(f + (Z*h))* = [z*, +00) xR, while
forall z* > 0, (0, g*(z")) +epi(f + (z"h))* = [*, +00) x [(1/2)(z*)?, +00). So
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U (08" @) +epi(f + (h)7) = Rx R,

z*€dom

which is a closed set and this proves that (RC 4C C‘) holds.

The following characterization of (6.3) is valid without any convexity or topo-
logical assumption for the functions involved, in other words we only assume that
f : X — Ris a proper function, g : Z — R is a proper and C-increasing function
fulfilling, by convention, g(coc) = +ooand h : X — Z* = Z U{ococ} is a proper
function such that z(dom f N dom#A) Ndomg # @.

Theorem 6.6. The relation in (6.3) is fulfilled if and only if forall x € X ande > 0
one has

d(f +goh)(x) = U e, (f + M) (x).
£1,62>0,61+e2=¢
7%€C*Ndg, g (h(x))

Proof “="Letbee > 0.If x ¢ dom f Ndomh N h~!(dom g), there is nothing
to be proved, as both sets are empty. In case x € dom f Ndom#A N A~ (dom g) the
e-subdifferential formula follows by [127, Theorem 2.8.10].

“<" Let be x* € X* fixed. By the properties of the conjugate function, we
always have that

00 < (f +goh) (") = inf {g"E)+(f + ) )

In case (f +goh)*(x*) = 400 the conclusion follows automatically. Assume that
r:=(f + goh)*(x*) € R. Take an arbitrary x € dom f NdomA N ~~!(dom g).
Thus (f +goh)*(x™)+(f +goh)(x) = (x*, x) +[r + (f +goh)(x)—{x*, x)].
Denote by ¢ := r + (f + goh)(x) — (x*, x). By the Young—Fenchel inequality one
has ¢ > 0. On the other hand, by (1.3), x* € d.(f + g o h)(x) and, according to the
hypothesis there exist 1,62 > 0, &1 + &2 = € and z* € C* N dg, g(h(x)) such that
x* € 0g, (f +(2"h)(x). Ityields (f 4+ (") * (x*)+(f + @) (x) = (x*. x)+e&1
and g*(z*) + g(h(x)) < (*, h(x)) + &2 and from here

(f + @) (™) + ") + (f +goh)(x) = (x".x) +¢
or, equivalently,

(f + @) () +g" @) =r=(f+goh)™(x").

This concludes the proof. O

From Theorem 6.6 one can easily deduce that under the convexity and topo-
logical assumptions considered at the beginning of this section, the condition in
(6.4) is necessary and sufficient for the existence of a e-subdifferential sum for-
mula for f + g o h. Moreover, any sufficient condition for (6.3) guarantees the
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e-subdifferential sum formula given in the previous theorem. This also applies for
the regularity conditions (RCZ-CCl ),i € {1,2,3}. For similar results in case ¢ = 0
we refer to the article of Combari, Laghdir and Thibault [57].

Coming to the perturbation function ®€€2 : X x X x Z — R, ®¢C2(x, y,z) =
f(x 4+ y) + g(h(x) + z), we recall first that in the hypotheses considered at the
beginning of the section this function is proper, convex and lower semicontinuous.
By means of it, we give further Moreau—Rockafellar formulae for f + goh, provable
by using Theorem 5.1 as well as other characterizations of the epigraph of the con-
jugate of this function which follow from Theorem 5.2. To this end, the expression
of (®€€2)* given in (4.2) is used.

We recall first that for k; : X — Ri = 1,..m, proper functions we
denote by k10...0Ok,, : X — R their infimal convolution, which is defined by
kiO...Okm(x) = inf{>"7 ki (x") : Y7L, x' = x}. If for x € X this infimum
is attained, we say that k1[J...Ok,, is exact at x. If k1(J...Ok,, is exact at all
x € X, we say that k1. .. Ok, is exact.

Theorem 6.7. One has

(f +goh =clye | inf (g7 + /70" + @h)C— )

feC*

= cly» (,*igg*{g*@*) - f*D(Z*h)*(-)}) . (6.5)

Theorem 6.8. It holds

epi(f + goh)® =clyrxr (epl( inf AT@)+ O+ (- y*)}))
Z EC*
= clyrxR (e LY (0.g"(") + epi(z*h)*)) :

(6.6)

Proof. The first equality corresponds to the first one given in relation (5.2). For the
second one we have to determine the set Pry«xg (epi(®€€2)*). One has (x*,r) €
Pry+xgr (epi(®€€2)*) if and only if there are some y* € X* and z* € C* such that
g @)+ f*O*) + @h)*(x* — y*) < r or, equivalently, there exist y* € X*
and z* € C* such that (x*,r) € (u*, f*(»*)) + (0, g*(Z*)) + epi(z*h)*. Using
that dom g* C C*, this turns out to be equivalent to the existence of a z* € dom g*
fulfilling (x*,r) € epi f* + (0, g*(z*)) + epi(z*h)* and further to

(x*,r) eepi f* + Y (0, g*(z*)) + epi(z*h)*).
z¥edomg

This leads to the desired result. O
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By Corollary 5.3 we obtain the following characterization for the conjugate of
f+goh.

Theorem 6.9. We have

(f+goh)*(x*) = @)+ fFON) + T (X —y")) Vx" e X

* X* * eC*
(6.7)
if and only if

epi f* + dU ((0, g*(z*)) + epi(z*h)*) is closed in (X*, w(X™*, X)) x R.
z*edom g*
(6.8)

Remark 6.10. By Theorem 6.9 it yields that for the primal problem (P€€) and its
conjugate dual

(D) sup {=g" (@) = [T = )T (=y")}

y*eX*,*eC*
one can formulate the following closedness-type regularity condition

(RC 4C Cz) f and g are lower semicontinuous, / is star C-lower

semicontinuous and epi f* + *EdU . (o, g%(z%)) + epi(z*h)*) is
z om g

closedin (X*, w(X*, X)) x R.

By Theorems 5.5 and 6.9 we have (RCS,?) & (RCL?) = (RCE) =
(RC 4C CZ) and it is enough to consider the problem treated in Example 6.5 to see that
one can have (RCE ) fulfilled, while (RCY 2), but also (RCE €2) and (RCE ©2)
fail.

Indeed, as dom f N domA N A~ '(domg) = {0}, it is obvious that (RC1CC2)
is not satisfied. Taking into consideration that epic 7 = Ap2 = {(x,x) : x € R}
one has dom f x domg — epic i = Uxer((—00, x] X [x, +00)) and from here
one has that 0 € sqri(dom f x domg — epic h) if and only if Uyer((—o0, x] X
[x, +00)) = {(x, )T e R? : y > x} is a closed linear subspace. This is not the
case and therefore (RC 2) is not fulfilled. The same applies also for (RC, CC2)

and (RC;CZ).
On the other hand, epi f™* + U *cdomg* ((0, £*(z*)) + epi(z*h)*) = Ry xRy +

Ro X Ry U U esofz*} x [(1/2)(z%)%, +00) = R x Ry and this is a closed set.
Consequently, (RC 4C Cz) is valid.

The proof of the following result can be given in analogy to the one of Theo-
rem 6.6 and this is the reason why we omit it (see [33] for more details). One should
notice that like in the mentioned result we do not make any convexity or topological
assumption for the functions involved.
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Theorem 6.11. The relation in (6.7) is fulfilled if and only if for all x € X and
& > 0 one has

de(f +goh)(x) = U (9ey f(x) + 3e, (")) (X)) -

£1,62,63>0,61+e2+e3=¢
*eC* 0883g(h(x))

From Theorem 6.11 follows that every sufficient condition for (6.7), like the

conditions (RCiccz),i € {1, 2,3}, guarantees the g-subdifferential sum formula
above. For similar results in case ¢ = 0 we refer again to [57].

Remark 6.12. Since epi f* + Uzxedomg* ((0, g% (2*)) + epi(z*h)*) is contained in
the set Uzxedomg* ((0, g% (2%)) + epi(f + (z*h))*) and these sets have the same
closure in (X™*, w(X™, X)) x R (cf. Theorems 6.2 and 6.8), it follows that in case
(RCE2) is fulfilled, (RCE ") is fulfilled, too. The following example shows that
(RC4CC‘) is indeed weaker than (RC4CC2).

Example 6.13. Let X = R, Z =R, C = R and the convex and closed sets
U= {(x1,x2)T € R?:x; >0} and V = {(x1,x2)" € R?: 2x; + xZ < 0}. Take
f =6uy,g =idg and h = §y. As dom g = R it follows cone(dom g — h(dom f N
dom’)) = R, which is clearly a closed linear subspace. Thus (Rcf C‘) stands and
) (RC4CC‘) is valid, too. Let us see whether (RC4CC2) is satisfied or not in this
situation. We have for (y}, y5) € R? and z* € R4

*ook kY 0, lfyik fo,y; =0, kY 0, ifz* =1,
SEO1.y) = 400, otherwise, g (") = +00, otherwise,
and *32
02" i yr > 0,

koK ok 24
h (yl’y2)= O, 1fyik :y’zk :O,

+00, otherwise.

For (x},x3)T € R? it holds

(f +goh)"(x,x3) = sup {xx1+x3x2—8yny(x1,x2)} =0,

X1,X2€R
: * T __ T
while at (x}, x3)" = (1,1)" we have

inf e ") + O y) + @ A=y 1=y} =
+

O7,y3)eR? zxe

1
inf *(1—y7y,1) = inf

* =0,
y;i=<0 yi=<o 1=y

but there is no y; < 0 where this value is attained. This means that (6.7) is not
fulfilled and so, by Theorem 6.9, (RC ©2) is not valid.
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7 Stable Strong Duality for the Problem Having
the Composition with a Linear Continuous Operator
in the Objective Function

Consider X and Y separated locally convex spaces, the proper, convex and lower
semicontinuous functions f : X — Rand g : ¥ — R and the linear continuous
operator A : X — Y fulfilling A(dom f) Ndomg # @. Taking Z =Y, C = {0}
and h : X — Y, h(x) = Ax, we see that we are in a special case of the general
setting from Section 6. In the following, we adapt the results provided above to this
particular instance.

First we notice that C* = Y™ and for any y* € Y* and x* € X™ one has

(f + (" A))*(x*) = f*(x* — A*y™) and

0, if A*y* = x*,

*A * *y
74" (x7) +o00, otherwise.

For a proper function k : X — R and a continuous linear operator 4 : X — Y, we
define the infimal value function of f through A as being the function Af : ¥ — R,
Af(y) = inf{f(x) : x € X,Ax = y}. The formulae given in (6.1) and (6.5)
collapse into the following result.

Theorem 7.1. One has

(f +g0A)* = clys (y,jg}j*{f*(- — ATy + g*(y*)}) = cly- (f*0A%g").
(7.1)

Proof. The first equality follows directly from Theorem 6.1 (or Theorem 6.7). The
second equality is a consequence of the first equality in (6.5), which yields

X**Y

(f+g°A)*=clw*( )+ S5 0" + A (- y*)}).

For each x* € X* we have

inf {g7@)+ STON) + @A -y
€
= inf {/*O")+ inf  g*(z")

Fey*

yreX*
A*F=x*—y*

y*ig}f(*{f*(y*) + AT (X" =y} = (04T (x7),

which leads to the desired conclusion. O
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In the following statement we denote by (A* x idr)(epi g*) the image of the set
epi g* through the function (4* x idg) : Y* x R — X™* X R defined by (A* x
idg)(y*.r) = (A"y*.1).

Theorem 7.2. It holds
epi(f + g0 A) = clyoxr (epi ( inf (O + ST ATy *”))
y

= cly*xr (epi( f*OA*g*)) = clo*xr (epi f* + (A* xidr)(epig*)). (7.2)

Proof. The first two equalities follow directly from (7.1), while the last one is a
consequence of the second equality in Theorem 6.2 (or Theorem 6.8), by noticing
that
U ((0,"(z") +epi(f + (2" A))") = epi /™
z*edom g*
((0,™(z") + epi(z* 4)*) = epi f* + U (A% r)
z*€dom g * z*edomg*
reR,r>g*(z*)
=epi f* + (A" x idr)(epig™).

]

Theorem 6.3 (or Theorem 6.9) give rise to the following characterization of the
conjugate of f + g o A (see also [40]).

Theorem 7.3. We have
(f +goA)"(") = min {f*(" =A™ +g"()} Vx" e X* (73)
y*e *
if and only if
epi f* 4+ (A* x idgr)(epi g*) is closed in (X*, w(X*, X)) x R. (7.4)

Remark 7.4. For the primal—dual pair (P4)—(D4) (notice that in this special case
both dual problems (D€€1) and (D€€2) become (D4)), where

(P4 inf {£(x) + (g 0 A)()}

and
(D) sup {—f*(=A*y*) = g* ()},
y*eY*
one can formulate the following closedness-type regularity condition (cf. [40])
(RC f) f and g are lower semicontinuous and epi f* + (4™ x idr)(epig™)
isclosedin (X™*, w(X™*, X)) x R,

which is weaker than (RCA),i € {2,2/,2"}.
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From Theorem 6.6 (or Theorem 6.11) we obtain the following assertion (see
[33]), which has as consequence the fact that any sufficient condition for (7.3) guar-
antees the e-subdifferential formula for f + g o A, fact which was also pointed out
in [78,127].

Theorem 7.5. The relation in (7.3) is fulfilled if and only if for all x € X ande > 0
one has

0:(f +go )= | (9 f(x) + A4%0e,8(Ax)) .

£1,62>0
&g1+ter=¢

Next, we take X = Y and assume that A is the identity operator on X, while
f.g : X — R are proper, convex and lower semicontinuous functions such that
dom f N dom g # @. From Theorem 7.1 and Theorem 7.2 we obtain the following
results (see [40, 122, 127]), the first of them being known as the classical Moreau—
Rockafellar formula.

Theorem 7.6. One has

(i) (f +8)* =clo=(f*0Og");
(ii) epi(f + g)* = cly*xr (epi(f*g*)) = cly*xr (epi f* + epig™).

Further, from Theorem 7.3 we obtain the following statement.

Theorem 7.7. We have
(f+9 " = min (P =y + g (")) vxt e X* (7.5)
y*e *
if and only if
epi f* +epig” is closedin (X*,w(X*, X)) x R. (7.6)

Without making any convexity or topological assumption for f and g, namely
assuming only that they are proper with dom f N dom g # @, one can easily notice
that the relation (7.5), which is rewritable as (f + g)* = f*0Og* and f*Og™ is
exact, is equivalent to epi( f + g)* = epi f* + epig™*.

Remark 7.8. For the primal—-dual pair (P¢)—(D'?), where
(PY) inf {f(x) + g(x)}
xeX

and _
(D) sup {—f*(=y")—g* ()},
yreX*
one can consider as closedness-type regularity condition

(RCi%) | f and g are lower semicontinuous and epi f* + epi g*
is closed in (X™*, w(X™*, X)) x R.
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The condition (RCJY) is implied by (RC/9), i € {2,2',2"} and by taking, as in
Example 6.5, X =R, f = 8g_ and g(x) = (1/2)x>+ dr (x), one gets a situation
where all the generalized interior point regularity conditions formulated in Section 2
for this primal-dual pair fail, but (RCJ) is valid.

In Theorem 7.9, which we state below, we rediscover a result obtained in [47]
(see also [46,48] for partial statements) in case X is a Banach space.

Theorem 7.9. The relation in (7.5) is fulfilled if and only if for all x € X ande > 0
one has

0:(f+2) = | (3 f(¥) +8e,8(x)) .

£1,62>0
&g1tex=¢

We return to the initial setting, with g : ¥ — R a proper, convex and lower
semicontinuous function and A : X — Y a linear continuous operator and assume
that f is identical to 0 along with R(A) N dom g # @. Theorems 7.1 and 7.2 lead
to the following result, the first assertion of which was proved in [71].

Theorem 7.10. One has

(i) (g0 A)* = clpx(A"g");
(ii) epi(g o A)* = cly*xr (epi(A*g*)) = clp*xr ((A* x idr)(epi g*)).

From Theorem 7.3 one can derive the following result.

Theorem 7.11. We have

(goA)*(x*) = min (g} Vx* e X* (7.7
if and only if
(A* x idr)(epi g*) is closed in (X*, w(X™*, X)) x R. (7.8)

Remark 7.12. For the primal—dual pair (P42)—(D“#), where (see Section 2)
(PA4) inf (g o A)(x)
xeX

and
(D4)  sup {=g" ()},
y* ey *
A*y*=0
the following closedness-type regularity condition can be considered
(RCfg) g is lower semicontinuous and (A4* x idg)(epi g*) is closed
in (X*, 0(X*, X)) xR,

which is weaker than (RC/'%), i € {2,2/,2"}.
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The following characterization is a consequence of Theorem 7.5.

Theorem 7.13. The relation in (7.7) is fulfilled if and only if for all x € X and
& > 0 one has
Je(g 0 A)(x) = A™9,g(Ax).

Further, we specialize the setting above (as in Section?2) and assume that for
m > 2 the functions f; : X — Ri = 1,...,m, are proper, convex and lower
semicontinuous such that N7L, dom f; # @. Taking ¥ = X", g : X" — R,
gixt, ... x™m) = Y, fitx®yand 4 : X — X™ Ax = (x,...,x), we have
that g is proper, convex and lower semicontinuous with R(4) N dom g # @. More
tharzl that go A = > /', fi and for x* € X* A*g*(x*) = inf{Z:l'-"=1 fl-*.(xi*).:
Y X =x* = ffO...0Of5(x*). Moreover, (x*,r) € (A* x idg)(epi g*) if
and only if there exists (x!*,...,x™*) € (X*)™ such that g*(x'*, ..., x™*) <
rand A*(x'*,... x™*) = Zl'-"zlxi* = x™, which is equivalent to the fact
that there exists (x'*,...,x™*) € (X*)™ such that Y |-, ]‘i*(xi*) < r and
Yot x™* = x* and further to (x*,r) € Y7L, epi f;*. These considerations along
with Theorems 7.10 and 7.11 provide the following results, respectively.

Theorem 7.14. One has

(i) I, i) =clo=(fFO... 0%
(ii) epi(>_I fi)* = cloxxr (epi( /0. .. O£5) = cloxxr (3L, epi f*).

Theorem 7.15. We have
m * m m
(Z f,~) (x*) = min{Zfl-*(x;k) DY xf =X Vxt e X* (7.9)
i=1 i=1 i=1
if and only if
m
Zepi S is closed in (X™, w(X*, X)) x R. (7.10)

i=1

Remark 7.16. For the primal—dual pair (P ¥)—(D¥), where (see Section2)

E:ﬁ@%

i=1

PZ) inf
(P7) inf

and

(D) sup {—}jﬁ%ﬂﬂ}

xi*ex* i=1,...,m, i=1
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one can formulate the following closedness-type regularity condition

m
(RCE) /i is lower semicontinuous, i = 1,...,m, and ) epi f;* is
i=1
closed in (X*, w(X™*, X)) X R,

which is weaker than (RCI.E), i €{2,2/,2"}.
Theorem 7.13 leads to the following result.

Theorem 7.17. The relation in (7.9) is fulfilled if and only if for all x € X and
g > 0 one has

s (i ﬁ) = (i agimx)) :

i=1 £>0,i=1,..,m, \i=1

Zlm=1 e =¢

We close this section by giving an application of Theorem 7.17 in connection to
the so-called strong conical hull intersection property. Having Cy, ..., Cp,, convex
and closed subsets of X with N/_, C; # @, we say that {Cy, ..., Cy,} has the strong
conical hull intersection property (strong CHIP), if for all x € N, C;

o= 3 N o).

1 i=1

I’ 3§

i

The notion of strong CHIP has been introduced by Deutsch, Li and Ward in [63]
in Hilbert spaces and has proved to be useful when dealing with best approxima-
tion problems as well as in the conjugate duality theory (cf. [4,61-63]). Obviously,
{C1, ..., Cp} has the strong CHIP if and only if

a<'6 A)(x) ZB(SCi)(x)VxeﬁlCi.

i=1
Taking this into consideration we get from Theorem 7.17 the following result.

Corollary 7.18. Let Cy,...,Cy, be convex and closed subsets of X such that
N Ci # 0. If Y /L epiog; is closed in (X*, w(X*, X)) X R, then {C1,...,Cp}
has the strong CHIP.

For m = 2, a similar result has been given by Burachik and Jeyakumar in [48,
Theorem 3.1] for X a Banach space. A kind of reverse result of [48, Theorem 3.1]
was provided in [68] for X an Euclidean space and under different supplementary
geometric properties for the two convex and closed sets. On the other hand, Ng and
Song have given a sufficient condition for strong CHIP providing X is a Fréchet
space and a generalized interior point regularity condition is fulfilled (cf. [102, The-
orem 4.3]). Corollary 7.18 improves this result to general spaces and shows that it
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works under a weaker regularity condition. For relations between strong CHIP and
the so-called bounded linear regularity property which plays an important role when
providing convergence rates for algorithms solving convex optimization problems,
we refer to [5].

8 Stable Strong Duality for the Problem with Geometric
and Cone Constraints

Consider X and Z separated locally convex spaces, where Z is partially ordered
by the nonempty convex cone C € Z, S € X a nonempty convex and closed set,
f : X — Raproper, convex and lower semicontinuous functionand g : X — Z*a
proper, C -convex and C -epi closed function such that dom f NS N g~ (—C) # 0.
We define i : X — Z*° as being

gx), ifx € S,
ooc, otherwise.

h(x) = {

Thus 4 is a proper, C -convex and C -epi closed function and for all x € X it holds

f(x), ifx e S,g(x) e —C,

(f +d-com)x) = { +00, otherwise.

The function §_¢ is proper, convex, lower semicontinuous and C -increasing and
h(dom f Ndomh) N (—C) # @. The perturbation functions considered in Section 6
become ®CC1 : X xZ — R, ®CC1(x,2) = f(x)+8((um)esxZ:g(we—v—c} (X, 2) and
CDCCz X XXXZ — K’ @CCz (X, Y, Z) = f(x +y) +8{(u,v)€SXZ:g(u)€—v—C}(-x» Z)’
and are (except for a sign in the cone constraints, which has no influence on the
construction of the corresponding dual) the perturbation functions which lead to the
Lagrange and Fenchel-Lagrange dual problems, respectively, of the problem

(PS) inf f(x).
A={xeS:gkx)e—-C}

Both ®€€1 and ®¢€2 are proper, convex and lower semicontinuous. It is worth
mentioning that for guaranteeing the lower semicontinuity of the perturbation func-
tions in this case, it is not necessary to assume that / is star C -lower semicontinuous.
Further, one can apply the results given in Section 6 to this particular setting and
establish further Moreau—Rockafellar formulae as well as stable strong duality state-
ments for (P€). Using that §* . = o_c = 8¢+, Theorems 6.1 and 6.7 furnish the
following statement.
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Theorem 8.1. One has for all x* € X*

sup {{(x*,x) — f(x)} = (f + 8gyes:50)e—c) ™ (x™)
g(«éC)EES—C

e (z*igg*(f L+ 5s>*) (x*) = clye (z*igg*(f*ﬂ((Z*g) T 53)*)) ().
(8.1)

Theorems 6.2 and 6.8 provide the following characterizations by means of
epigraphs.

Theorem 8.2. It holds
epi (f + 8pyesame—ct)” = clorxn (epi ( nf (f+ @)+ SS)*))

= LU i+ @)+ 85)7) = el (epi (i, (700 + 89
(8.2)

= clyrxr (epi o+ U epi(ETe) + 8s)*) :
In this particular instance Theorem 6.3 has the following formulation (see also
[24]).
Theorem 8.3. We have

inf  {f(x) - (x*, x)} = max inf {/(x) + (Z"g)(x) — (x*,x)} Vx* e X~
g(x)e—C N e

(8.3)
if and only if

UC epi(f + (z*g) + 8s5)* is closed in (X*, w(X™*, X)) x R. (8.4)
Z*E *

Remark 8.4. Inspired by Theorem 8.3, which provides a necessary and sufficient
condition for stable strong duality for (P€) and its Lagrange dual

(D€1) sup inf {f(x) + (&) ()}

*eC*

one can formulate the following closedness-type regularity condition for this primal—
dual pair

(RC 4C LY | S is closed, f is lower semicontinuous, g is C-epi closed and
UC epi(f + (z*g) + 8s)* is closed in (X *, w(X™*, X)) x R.
*eC*

The fact that (RCS™) is implied by (RCSE),i € {2,2/,2"}, follows by Theo-
rem 5.5. We show in the following example that (RC 4C LY is, in fact, weaker than
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these generalized interior point regularity conditions. Moreover, (RC IC L), (R C3C Ly
and (R CfCiLn) are also not valid in this particular instance.

Example 8.5. (cf. [84, Example2.1))Let X = Z =R,C =Ry, S =R, f =idg
and g(x) = max{x,0}, x € R. That (RCICL) fails, is obvious. We have g(S N
dom f Ndomg) + C = R4 and since the cone generated by this set is not a
linear subspace, (RCZCL) (but also (RCzc,L) and (RCZC//L)) fail, too. It is easy to see
that (RC3C L) and (RCfCl.Ln ) are far from being satisfied, while the closedness-type

condition (RC 4C £ holds. Indeed, for all z* > 0 and x* € R one has

(f + (" g) +85)"(x*) = sup {{x*, x) — x — max{z*x, 0}}

x€R
0, ifl <x*=<z*+1,
+00, otherwise.

Therefore U x>q epi( f + (z¥g) +8s)* = Uprso[l,2* + 1] xRy =[1, +00) x Ry
and this is a closed set.

From Theorem 6.6 one obtains the following characterization of (8.3) via a
e-subdifferential sum formula. Also here, it is worth noticing that for the result
below no convexity or topological assumptions for the sets and functions involved
are needed.

Theorem 8.6. The relation in (8.3) is fulfilled if and only if forall x € X ande > 0
one has

s (f + Syes:gne—cy) (x) = U de, (f + (Z%g) +8s)(x).
£1,62>0,61+e2=¢
7 eC*,0=<(z*g)(x)+&2

The following refinement of relation (8.3) can be obtained by using Theorem 6.9
instead of Theorem 6.3 (see also [24]).

Theorem 8.7. We have

. _ * — _ * * _ * * *_ * V * X*
<%%£c{f(X) (x*,x)} y*exrr;?ziec*{ frO) = s (xT —y™)) Vx* e
g(x)€—

(8.3)
if and only if

epi f* + UC epi((z*g) + 8s)* is closed in (X*, w(X*, X)) x R. (8.6)
Z*E *
Remark 8.8. The previous result allows us to state another closedness-type regu-

larity condition for (P€), this time for ensuring strong duality with respect to its
Fenchel-Lagrange dual problem
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(DErL) sup = fF0%) = @i =y},
y*eX* *eC*

and this has the following formulation

(RC 4C FLY | S is closed, f is lower semicontinuous, g is C-epi closed and
epi f* + UC epi((z*g) + 8s5)* is closed in (X™*, w(X™*, X)) x R.
*eC*

As follows by Theorem 5.5, this regularity condition is weaker than (RCI.CF Ly,ie
{2,2’,2"}. For the problem considered in Example 8.5, none of the regularity condi-
tions given in Section 3 for the primal—dual pair (P€)—(DCFL) is satisfied, unlike
(RC{FE). That (RCLFE), (RCYFF) and (RC/F) are not fulfilled, is obvious.
Further, since dom f xC —epi_c(—g)N(SxZ) = RxR4+(R_xR4)U{(x, y)T €
R2:0 < x < y} = R x Ry, one has that the cone generated by this set is not a
linear subspace and so (RCZCFL) (but also (RCZC;FL) and (RCZC//FL)) are not valid.
Coming now to (RC4CFL), we see that f* = §¢;y and for all z* > 0 and x* € R it
holds
((z*g) + 85)*(x™) = sup {{x*, x) — max{z"x, 0}}
x€R
0, if 0 <x* <z*,
+00, otherwise.

Soepi f*+Uyr20 epi(2*g) +85)* = {1} xRy +Usr20[0, 2" xRy = [1, +00) x
R+ and this is a closed set. Consequently, (RC4CFL) is verified.

By applying Theorem 6.11, we can characterize (8.5) by means of a refined e-
subdifferential sum formula, without any convexity or topological assumption.

Theorem 8.9. The relation in (8.5) is fulfilled if and only if for all x € X ande > 0
one has

e (f + Spyesigye-cy) (x) = U (0c, S(xX) + 86, ((2*8) + 85)(x)) -

£1,62,63=>0
e1t+erte3=e
*eC* 0=<(*g)(x)+e3

Remark 8.10. A closedness-type regularity condition for the primal-dual pair
(P€)—(DCF), where

(DEF)  sup {—f*(y*) —oa(—y")},

yreX*

can be obtained directly from the considerations made in Remark 7.8. This looks
like

(RC4CF) f is lower semicontinuous, A is closed and epi f* + epio 4
isclosed in (X*, w(X™*, X)) x R,

and it is weaker than (RCiCF),i €{2,2,2"}.
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Remark 8.11. Applying Theorem 8.2 for the situation when f is identical to 0, it
yields (see [39] and [85] for the case when S = X)

ePi &}y cs.g(y)ecy = €PioA = Clo*xr ( *GUC* epi((z*g) + 83)*) ) (8.7)
Z
Thus, by Theorems 7.6 and 8.2, we obtain that

epi (f +8pesiame—cy) = clorxr (z*gc* epi(f + (7g) + SS)*)

= clyxxr (epi f* +epioa) = clyrxr (epi [+ clyrxr (*gc* epi((z*g) + 85)*))
(8.8)

= clyear (e f " Y. epi(e) + 8s>*) .
7
Since

epi (f + Spyesge—cy) 2epi f* +epioa 2 epi f* + U epi((Z"g) +85)",

it yields that (RCS7E) = (RCET).
On the other hand, since

epi (f + Spyesigne—cy) 2 _U_epi(f + (z*g) + 85)*

Z*EC*
s ook . * *
2epi [T+ U epi((Z7g) +85)7

one has that (RC 4C Ly = (RC 4C £). In the following two examples we present
two situations which illustrate that (RC 4C F) and, respectively, (RC 4C L) are not

necessarily equivalent to (RC 4C FLY,

Example8.12. Let X = Z =R, C = R4, S = R, f = idg and g(x) = x2,
x € R. In this setting A = {0}, epiocqg = R x Ry, epi f* = {1} x Ry and, as
epi f* +epiog = R x Ry is closed, (RC4CF) is satisfied. On the other hand, for
7* = 0 we have epi(z*g)* = {0} xR, while for z* > 0, epi(z*g)* = Uy*er{x*}x
[(X*)2

47%

—{—oo). From here we get

*)2
epif*—f-z*éJC* epi((z*g)+8s)* = {1} xR +{0} xR+ U UR{X*}X[(ZZ)B ,+oo)

*e
>0

X
Lk
Z

={1} xRt + {0} xRy UR x (0, +00) = {1} x Ry UR x (0, +00).

This is not a closed set and, consequently, (RC 4C FL) is not satisfied.
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Example 8.13. Let X = R%2, Z = R, C = Ry, S = {(xl,xz)T e R? :
2x1 + x% < 0}, f = dr,.xr and g identical to 0. The set which occurs in the
formulation of (RC4CL) is Uzxec+epi(f + (z%g) + 8s)* = epi(f + 8s)* and,
being closed, it follows that this regularity condition is fulfilled. On the other hand
(see Example 6.13),

epi [+ U epi((c"g)+8s)" = epi /" +epios = R-x{0}xR++{(0,0)" }xR+

U U ({(xf,x;‘)T} X [()iik)z,—i-oo)).

x>0
*
x5 €R

The element (0, l,O)T, which is in the closure of this set, does not belong to the
set itself, which means that epi /* + U xec+ epi((z*g) + 8s5)* fails to be closed.
Therefore (RC4CFL) is not fulfilled.

Remark 8.14. If f is continuous at some element belonging to dom f N A, then,
by Theorems 5.5, 7.6 and 7.7 one has for all z* € C* that epi( f + (z*g) + 6s)* =
epi /* + epi((z*g) + 85)* and, consequently, Uxec epi(f + (2g) + 8s)* =
epi f* + Uzxecx epi((z*g) + 8s)™*. Under this assumption, (8.3) is equivalent to

epi f* + UC epi((z*g) + 8s5)* is closed in (X*, w(X ™, X)) x R.
*eC*

This equivalence was proved in [86, Corollary 3.1] in case X is a Fréchet space
(this assumption is actually not necessary). One should notice that, whenever f is
continuous at some element from dom f N A, the Lagrange and Fenchel-Lagrange
dual problems of (P€) coincide.

Supposing that ¢ : X — Z° is continuous at some element belonging to
dom f N S, by the same arguments, one has that U xcc* epi((z*g) + 6s)* =
Uzxec* epi(z*g)*™ + epios and in this case (8.7) becomes (see, for instance, [39,
83,84,86])

%
Z

epidy s e(yye_cy = €PiOA = ClorxR ( EUC* epi(z*g)* + epios) )
We always have that
s ok . * * PR .
€p1 S{yes;g(y)e—c} 2 Z*SC* epi((z*g) +68s)™ 2 z*eUC* epi(z"g)” +epios (8.9)
and this means that, asking the set U xcc+ epi(z*g)* + epios to be closed in
(X*, w(X*, X)) x R, the inclusion relations in (8.9) turn out to be equalities. This

condition has been introduced in [84] (see also [39]) and is known in the literature
under the name closed cone constraint qualification (CCCQ).
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If f is continuous at some element belonging to dom f N A and (CCCQ)
is fulfilled, then epi(f + Ogyes:g(y)e—cy)* = epi f* + epios = epi f* +
U,xec* epi(z*g)* + epiog, which is nothing else than

epi f* + Uzrecx epi(z*g)* + epiog is closed in (X *, w(X™*, X)) x R.

From (8.8), Theorems 7.7, 8.3 and 8.9 one has that, under this assumption, for (P C)
and the three dual problems (D€L), (D€F) and (DCFL) strong duality holds. In
fact (see, for instance, [30,66]) we have

epi f* + Uyxecx epi(z*g)* + epiog is closed in (X*, w(X™, X)) x R.
if and only if for all x* € X*

inf {f(x) = {x*,x)} = max (= 0" = () W) —os(x™ —u* —y*)}.

g(x)e—C HeCH

9 Closedness Regarding a Set

The investigations made in Section 5 make clear that when characterizing the stable
strong duality via a closedness-type regularity condition, one has to assume for the
perturbation function properness, convexity and lower semicontinuity. But there are
a lot of situations when, for example, the lower semicontinuity is missing, like is
the case when dealing with f 4+ g o & under the assumption that % is (only) C-
epi closed. In this section we propose an approach which turns out to be useful for
giving necessary and sufficient conditions for stable strong duality, even in situations
when Corollary 5.3 is not applicable. We also show how this approach applies to the
composed convex problem in case 4 fails to be star C-lower semicontinuous, being
only C-epi closed.

For U, V two subsets of the separated locally convex space X we say that U is
closed regarding the set V if U NV = cl(U) N V. Obviously, if U is closed, then
U is closed regarding any subset of X. Let Y be another separated locally convex
space. The following theorem extends the assertion in Corollary 5.3.

Theorem 9.1. Ler ® : X x Y — R be a proper, convex and lower semicontinuous
function such that 0 € Pry (dom ®) and V be a nonempty subset of X*. Then the
following statements are equivalent:

(i) (PC,0)*(x") = supeex{(x*,x) — ®(x,0)} = minyrey> P*(x*, y")
Vx*eV;
(ii) Pry=xgr(epi ®*) is closed regarding the set V x R in (X*, w(X*, X)) x R.

Proof. (i) = (ii) Take an arbitrary (x*,7) € cly*xr (Prx=xr(epi ®*)) N (V x R).
By applying Theorem 5.2 we obtain that (x*,r) € epi(®(:,0))* or, equivalently,
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sup,ex{(x*, x) — ®(x,0)} < r. By (i), the existence of y* € Y™ such that
®*(x*, y*) < r is ensured, hence (x*,r) € Pry+xr(epi ®*) N (V x R) and (ii)
is satisfied.

(i) = (i) For the opposite implication we take x* € V arbitrary. By applying
the Young—Fenchel inequality it yields

(@C.0)°(") < inf (", "), ©.1)

In case (®(-,0))*(x*) = 400, there is nothing to be proven. So, we suppose that
(®(-,0))*(x*) < +oo. Taking into consideration that 0 € Pry (dom ®), one can
easily see that (®(-,0))*(x*) € R. By Theorem 5.2 and (ii) follows that

(™, (®(-,0)*(x™)) € epi(P(-,0))* N (V X R) = clyrxr (Pry+xr(epi *)) N (V x R)
= Pry*xgr(epi®*) N (V x R).

Hence there exists y* € Y™* such that ®*(x*,y*) < (P(-,0))*(x*) and,
by combining this with (9.1), we obtain (®(-,0)*(x*) = &*(x*,y*) =
miny«ey* ®*(x*, y*). The proof is complete.

O

Corollary 5.3 can be seen as a consequence of the previous result when taking
V := X*. Working with Theorem 9.1 instead of Corollary 5.3 one can generalize
the statements given in Theorems 6.3, 6.9, 7.3, 7.7, 7.11, 7.15, 8.3 and 8.7. We do
so only for Theorem 7.15, as we need this result in the following.

Theorem 9.2. Let f; : X — R,i=1,...,m,be proper, convex and lower semi-
continuous functions such that N_, dom f; # @ and V be a nonempty subset of
X*. Then the following statements are equivalent:

(i) (X7 £i)" (%) = min {372, f*(F) : 7L xf = x*) Vat eV
(ii) Y7L epi f;* is closed regarding the set V x R in (X*,w(X*, X)) x R.

Consider again the setting of Section6 with X and Z separated locally con-
vex spaces, where Z is partially ordered by the nonempty convex cone C C Z,
f X — R a proper, convex and lower semicontinuous function, g : Z — R a
proper, convex, C -increasing and lower semicontinuous function fulfilling, by con-
vention, g(coc) = +ocoand h : X — Z°* = Z U {ooc} a proper and C-convex
functions such that 2(dom f N dom#%) N domg # @. For the latter, we suppose
instead of & star C-lower semicontinuous that 4 is only C-epi closed. This has as
consequence the fact that the perturbation functions ®€€1 and ®¢€2 are not nec-
essarily lower semicontinuous. Nevertheless, we are able to give closedness-type
regularity conditions expressed via the notion of closedness regarding the set which
are necessary and sufficient for stable strong duality for f + g o A.
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To this end, we define F, F>» : X x Y — R as being Fi(x,y) = g(y) and
Fo(x,y) = f(X) + 8(uv)ex xy:h@—ve—c}(x, y). Forall x* € X* it holds

(f+goh)*(x™) = sup{{x™, x)=(f+goh)(x)} = sup {{x*,x)—f(x)—g(»)}

xeX xEX,yeY
h(x)—ye—C
= sup {{(x".x) = Fi(x,y) — F2(x,y)} = (F1 + F2)"(x*,0).  (9.2)

xeX,yeY

The functions F; and F, are proper, convex and lower semicontinuous (notice that
for the lower semicontinuity of F it is enough to assume that /4 is C-epi closed)
fulfilling dom F; N dom F» # @. By applying Theorem 9.2 in case m = 2 and
V =X*x{0} C X*xY*ityields

(F1 + F>)*(x*,0) = ( gm)lg ; {(Fr* v + F(x* —u*,—v")} Vx* e X*
u* v*¥)eX*xY*

if and only if

epi F}' + epi F is closed regarding the set X* x {0} x R in
X*, oX*, X)) x (XY *, 0oY*Y)) xR.

For (u*,v*) € X* x Y™ we have

kok ok * * *V*»ifu*z(),
Fr (e v®) = sup (u*,x) + sup (", ) — gy = | & &)

xeX yeY 400, otherwise
and
Fr* v = sup  {{u",x)+ (" y) = f0)} = sup  {{u*,x)
xeX,yey, xeX,ze—C
h(x)—ye—C

(f + (—v*h)*(*), ifv* € —C*,
+00, otherwise.

+" () —2) = f(0)} =

Thus epi F}* = {0} xepig* and epi F = Ugrec{(x*, —z*,r) 1 (x*,r) € epi(f +
(z*h))*} and the equivalence from above leads to the following result (see also [29]).

Theorem 9.3. We have
(f +goh)*(x*) = ereng {g" (@) + (f + E@"h)* (x")} Vx* e X*
if and only if

{0} x epig™ + UC {(x*,=z*, 1) : (x*,r) €epi(f + (*h))*} is closed
*eC*

regarding the set X* x {0} X Rin (X*, o(X*, X)) x (Y*,0(Y*,Y)) xR,
(9.3)
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Remark 9.4. For the primal—dual pair (P€€) — (D€€1), one can formulate, by
taking into consideration the statement above, a further closedness-type regularity
condition

(ﬁfcl) f and g are lower semicontinuous, % is C-epi closed and
{0} xepig*+ U {(x*, =z, r):(x* r)cepi(f + (z*h))*}is

Z* EC*
closed regarding the set X* x {0} x Rin (X™*, w(X*, X))x
Y*, o(Y*Y)) xR.
Noticing that for the same primal—dual pair in [58] the following generalized interior
point regularity condition has been considered

—CC . .
(RC, "y | X and Y are Fréchet spaces, f and g are lower semicontinuous,

h is C-epi closed and O € sqri(dom g — A(dom f N dom h)).

By [58, Theorem 3.4] and Theorem 9.3 it follows that (WZCCI) = (ﬁfc‘ ). In

fact, if (WZCCI) is fulfilled, then {0} x epig* + Uzrec+{(x*,—2*,1r) : (x*,r) €
epi(f + (z*h))*} is not only closed regarding the set X * x {0} x R, but even closed.
For the problem considered in Example 6.5, one can easily notice that (ﬁfc‘ ) is
not fulfilled, while (ﬁfcl) is satisfied. Indeed, the set

03 xepigh + U A", —2"r): (3%, r) € epi(f + @h)7)

={0}xR_ xRy + U [, +o0) x {—7*} xRy = RxRx R4
Z*€R
is closed and, consequently, closed regarding R x {0} x R.

Let us also mention that from Theorem 9.3 it follows that the statement in (9.3)
is a necessary and sufficient condition for the e-subdifferential sum formula given
in Theorem 6.6. This improves and extends the assertion in [58, Corollary 3.6].

We stay in the same setting and consider the functions G;,G, : X x ¥ — R
defined by Gi(x,y) = f(x) and G2(x,y) = Sfu)exxyh@w—ve—C}(X,¥). As
F, = G1+G;, forall x* € X*,itholds (f+goh)*(x*) = (F1+G1+G2)*(x*,0).
The functions G; and G, are proper, convex and lower semicontinuous and fulfill
dom F; N'dom G1 N dom G, # @. By applying again Theorem 9.2 we obtain

(Fi + G1 + G2)*(x*,0) = min (FF(ut.vh)

v, 5 v3)EX* XY *
+G67 (u3.v3) + Gy (X" —uj —uz, —vi —v3)} Vx© e X7
if and only if

epi FJ" + epi G + epi G is closed regarding the set X* x {0} x R in
X*, oX*, X)) x (Y*, 0(Y*,Y)) xR.
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For (u*,v*) € X* x Y* it holds

f*w*), if v =0,

Gru*,v* = i
i ) +00, otherwise,

and
D AT . * _(*
R L
+o00, otherwise
andsoepi Gy = {(x*,0,7): (x*,r) e epi f*}andepi G5 = Uyrec+{(x*, —2*,r) :
(x*,r) € epi(z*h)*}. Now we can formulate the following result (see also [29]).

Theorem 9.5. We have

(f+gom)*(x*) = min__ {g"E@") + fF() + ) (" —y")} Vx* e X*

yrEX* *eCH

if and only if

{0} x epig™ + {(x*,0,7) : (x*,r) € epi f*}
+ UC L(x*, =2%,r) o (x*,r) € epi(z*h)*} is closed regarding the set (9 4)
*eC*

X*x {0} x Rin (X*,0(X*, X)) x (Y*,0(Y*,Y)) x R.

Remark 9.6. As in Remark 9.4, one can give also for the primal—dual pair (P¢€) —
(D€€2) a second closedness-type regularity condition, which is applicable in case
h is C-epi closed,

(ﬁfcz) f and g are lower semicontinuous, / is C-epi closed and
{0} xepig* + {(x*,0,r): (x*,r) €epi f*} + UC {(x*,=z*,r):
*eC*
(x*,r) € epi(z*h)*} is closed regarding the set X* x {0} x R
in(X*,0o(X*, X)) x(¥Y*, o(Y* Y)) xR.

Since

epi(F) + F2)* = cly* xw*xw= (epi Fi* + epi F,*) = cly*xw*xr (epi F|* + epi G + epi G5)
Depi F[" +epi F,' Depi F* +epi G + epi G5,

it follows that if (ﬁfcz) is fulfilled, then (ﬁfcl) is also verified. For the prob-
lem in Example 6.13, we have that (RC ') holds, which is easily verifiable, and

SO (ﬁfcl) is satisfied. On the other hand, as proved, (6.7) is not valid and the
same applies, as follows from Theorem 9.5, for (9.4). Therefore, we have a situation
. —CC —CCy. . .
where, unlike (RC, ), (RC, %) is not satisfied.
By the same arguments as in Remark 9.4, one has that the statement in (9.4) is
a necessary and sufficient condition for the e-subdifferential formula provided in

Theorem 6.11.
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Remark 9.7. When X and Y are separated locally convex spaces, f : X — R and
g : Y — Rare proper, convex and lower semicontinuous functionsand 4 : X — Y
is a linear continuous operator fulfilling A(dom f) N domg # @, then by taking
Z=Y,C ={0}andh : X — Y, h(x) = Ax, the statements in (9.3) and (9.4)
provide equivalent characterizations for the conjugate formula of f + g o A and
collapse to (cf. [29])

epi f* + (A" xidr)(epig™) is closed in (X *, w(X™, X)) x R,

which is exactly the necessary and sufficient condition introduced in Section 7 for
stable strong duality for (P4) and (D4).

Now consider X and Z separated locally convex spaces, where Z is partially
ordered by the nonempty convex cone C € Z, S € X a nonempty convex and
closed set, f : X — R a proper, convex and lower semicontinuous function and
g : X — Z* aproper, C-convex and C-epi closed function such that dom f NS N
g Y (—=C) # 0. Taking h : X — Z* as

h(x) = g(x), ifx e S,
ooc, otherwise,

the statements in (9.3) and (9.4) furnish equivalent characterizations for the conju-

gate formulae of f* 4 8(yes:4(y)e—c} and are nothing else than (cf. [24])

UC epi(f + (z*g) + 8s)* isclosed in (X *, w(X™*, X)) xR
*eC*

and

epi f* + Uc epi((z*g) + 8s5)™ is closed in (X *, w(X™*, X)) x R,
*eC*

respectively. These are exactly the necessary and sufficient conditions introduced in
Section 8 for stable strong duality for (P€) and its Lagrange and Fenchel-Lagrange
dual problem, respectively.

Remark 9.8. In this section, as well as in Section 6, we equivalently characterize the
relations in (6.3) and, respectively, (6.7) by some geometric conditions involving
epigraphs. The discussion will be further carried on only for the formula (6.3), as
for (6.7) the things work similarly.

In Section 6 we proved, under the assumption that / is star C-lower semicontin-
uous, that (6.3) is valid if and only if

M:= U  ((0,g*@@*))+epi(f + (z¥h))*) isclosed in (X*, w(X™*, X)) x R.

z*edom g*

In this section, by relaxing the star C-lower semicontinuity for / to C-epi closed-
ness, we equivalently characterize (6.3) by another condition, namely,
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N :={0} xepig* + Uc {(x*,=z*,r): (x*,r) €epi(f + (*h))*} is closed
*eC*
regarding the set X™* x {0} x Rin (X*, w(X*, X)) x (Y*,0(Y*,Y)) x R.

For all (x*,r) € X* x R one has that (x*,0,7) € N N (X* x {0} x R) if and only
if (x*,r) € M and thus M is closed if and only if N' N (X* x {0} x R) is closed.
On the other hand, one has

NN (X* x {0} x R) C clp*xp*xr (N N (X* x {0} x R))

- Clw*xw*xR(]\[) N (X* X {0} X R)'

Therefore, whenever A is closed regarding the set X * x {0} xR in(X™*, (X *, X))x
(Y*,0(Y*,Y)) x R, then one has that M is closed in (X*, w(X™*, X)) x R. This
means that by strengthening the initial topological assumption on the function /4,
by taking & star C-lower semicontinuous, we obtain that (6.3) is equivalent to a
condition that is implied by the one stated in case & is C-epi closed. Thus one
loses something by restricting the hypotheses, but there is a gain in the regularity
condition which equivalently characterizes (6.3). Therefore it is up to the user to
decide what is more important in each specific situation: weaker hypotheses on 4 or
weaker regularity conditions.

Noticing that a similar discussion can also be made for (6.7), we state the
following open problem.

Open problem 9.9 Do there exist X and Z separated locally convex spaces, where
Z is partially ordered by the nonempty convex cone C C Z, a proper, convex and
lower semicontinuous function f : X — R, a proper, convex, C-increasing and
lower semicontinuous function g : Z — R fulfilling, by convention, g(coc) =
+o00 and a proper, C -convex and C-epi closed functionz : X — Z°®* = Z U {ococ}
such that i(dom f N domh) N domg # @, which is not star C-lower semi-
continuous, such that (6.3) (or (6.7)) is fulfilled, but (9.3) (or, respectively, (9.4))
fails?

We conclude the section by making some investigations on a further situation for
which the notion closed regarding a set turns out to be useful when characterizing
stable strong duality. To this end, we consider X and Y two separated locally convex
spaces, g : Y — R a proper, convex and lower semicontinuous function and C :
X =2 Y a convex closed process. We recall that a process is a multifunction C :
X =3 Y, the graph of which, G(C) = {(x,y) € X xY : y € C(x)}, is a cone.
When G(C) is convex or closed we say that C is a convex process or closed process,
respectively. The adjoint of the process C is the process C* : Y* = X* defined as
GIC*) ={(y*,x*) e Y* x X* : (—x*,y*) € (G(C))*}. C* is a convex process
which is closed in (X™*, w(X*, X)) x (Y *, w(Y*,Y)). We also assume that dom g N
R(C) # @, where R(C) = Uyxex C(x) is the range of C.

Consider the function ¢ : X — R, ¢(x) = inf{g(y) : y € C(x)}, which we
call infimal value function of ¢ through the convex process C. For all x* € X* the
conjugate of this function looks like
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e*(x*) = sup {{(x*.x)—g(»)} = sup {{(x*.x)—g(y)—bce)(x.y)}
xeX,yeY xeX,yeY
(x.)€G(C)

Defining Fi, F> : X x Y — Rby Fi(x,y) = g(y) and F>(x,y) = Scey(x,y), it
follows that for all x* € X™* ¢*(x*) = (F; + F2)*(x*,0). The functions F; and F,
are proper, convex and lower semicontinuous and the intersection of their domains
is nonempty. Therefore, by Theorem 9.2, one has that for all x* € X*

(F1 + F2)*(x*,0) = ( gm)lg ’ {Ff " v + Ff(x* —u®,—v")} Vx* e X*
u* v¥)eX*xY*
9.5)

if and only if

epi F}* + epi F; is closed regarding the set X™* x {0} x R in
X*,0oX*, X)) x (Y*,o(Y*,Y)) xR.

For (u*,v*) € X* x Y* we have

g*w®), ifu* =0,

FXu*,v*) = .
i ) +00, otherwise,

and
0, if (—u*, —v*) € (G(C))*,

F* *’ * —
2 W7 { +00, otherwise

and so, the equality in (9.5) is nothing else than
¢ (") = min {g"() 1 (=x" V) € (GEC)T)
= Vlréi}p*{g*(v*) (v, x%) e G(ICH) = Wrﬁr;i}r}l*{g*(v*) x*eCr(v)Vx*t e X*.
This leads to the following statement.
Theorem 9.10. We have
*(x*) = viréi}l*{g*(v*) x*elC*(vH)vx*t e X* (9.6)
if and only if

{0} x epig* — (G(C))* x R_ is closed regarding the set X* x {0} x R ©.7)

in(X*,oX*, X)) xX*,oY*,Y) xR. '
Remark 9.11. Different sufficient conditions which ensure formula (9.6) have been
given in [127, Theorem 2.8.6]. In case A : X — Y is a linear continuous operator
and C is defined as C(x) = {Ax}, x € X, then ¢ turns out to be g o A, while the
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equivalence in Theorem 9.10 becomes

(g0 A)"(x*) = y*ey*mxgnzA*y* {g" (")} Vx* e X*

if and only if
(A* x idg)(epig*) is closed in (X *, w(X*, X)) x R.

In this way, we rediscover the statement of Theorem 7.11.



Chapter 111
Biconjugate Functions

10 The Biconjugate of a General Perturbation Function

As follows from the Fenchel-Moreau Theorem, when the dual of a normed space
X is endowed with the weak™® topology, the biconjugate of a proper, convex and
lower semicontinuous function defined on X coincides with the function itself. This
is not necessarily the case when X * is endowed with the strong topology. Working
in the latter setting, we give in this chapter formulae for the biconjugates for some
classes of functions, which appear in the convex optimization, that hold provided
the validity of some suitable regularity conditions.

Consider X a normed space with the norm || - | and X* its topological dual
space, the norm of which being denoted by || - ||«. On this space we work with
three topologies, namely the strong one induced by | - ||« which attaches X** as

dual to X *, the weak™ one induced by X on X™*, w(X™*, X), which makes X to be
the dual of X* and the weak one induced by X** on X*, w(X*, X**), that is the
weakest topology on X* which attaches X ** as dual to X *. We specify each time
when a weak topology is used, otherwise the strong one is considered. Like in the
previous section, for sets and functions the closures and the lower semicontinuous
hulls, respectively, in the weak™ topologies are denoted by cl,+, while the ones in
the weak topologies are denoted by cl,,. A normed space X can be identified with
a subspace of X**, and we denote by X the canonical image in X ** of the element
x € X,ie (X,x*) = (x*,x) forall x € X and x* € X*, where by (-, -) we denote
the duality product in both X* x X and X** x X*. For U C X denote also U=
{X : x € U}. In this setting, when f : X — R is a given function, its biconjugate
0 X** — Ris defined by f**(x**) = sup{(x**, x*) — f*(x*) : x* € X*}.
For the beginning we prove the following preliminary result.

Lemma 10.1. Ler X be a normed space and let the convex function f : X — R
have a nonempty domain. To f we attach the function

oAk~
AIX** E’ Tl — f(x), ifx™ =X,
Y - AC +00, otherwise.

If clgy* ]/"\isproper, then f** = cly» ]/"\

R.I. Bot, Conjugate Duality in Convex Optimization, Lecture Notes in Economics and 65
Mathematical Systems 637, DOI 10.1007/978-3-642-04900-2_3,
(© Springer-Verlag Berlin Heidelberg 2010
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Proof. Fix an x** € X**. Then one has

) = sup {7 xT) = ) = sup {7 xT) — 1)
x*eX* x*eX* rer
r=f*(x*)
= sup {x*,x*)—r} = sup {{x**,x*) —r}
x*eX* reR x*eX* reR
f)=(x*,y)—r VyeX FOF)=(r** x*)—r Vy**eX
= sup {(x*™ x*)—r} = clw*f(x**).

x*eX*,reR
Cly* fF)=(y™* x*)—r Vy**reXx**

Having the assumed properness and the obvious convexity of cly,+ f, which is
also w™*(X™**, X*)-lower semicontinuous, we use here that it coincides with the
pointwise supremum of the set of its affine minorants (see [67]). ]

The following corollary, which follows as a particular case of Lemma 10.1, was
proved in [55, Section 4].

Corollary 10.2. If X is a normed space, for a nonempty convex set U C X one has
Gv)™ =36, . @)

Consider Y another normed space and let Y * be its topological dual. Since there
is no possibility of confusion, we denote the norms on X and Y by || - || and the ones
on their duals by || - ||«. We have the following general result (see [21]).

Theorem 10.3. Let ® : X x Y — R be a proper and convex function such
that 0 € Pry(dom ®). Then (®(-,0))** > ®**(-,0). If ® is also lower semi-
continuous, then (O(-,0))** = ®**(-,0) if and only if cly* (infy*ey* dD*(-,y*))
=cl (infy*ey* (D*(,y*))

Proof. The first inequality follows from (®(:,0))* < infy«ey+ ®*(-, y*), by con-
sidering the conjugates of these two functions. Take & moreover lower semicontin-
uous. Then, using Theorem 5.1, one gets

(D, 0)* = cly= ( inf CID*(-,y*)) <cly ( inf Q)*(-,y*))
y*rey* y*rey*

=c1( inf cb*(-,y*)) < inf ®*(,y%),
y*ey* yrey*

from which, by considering the conjugates and taking into consideration that a
function and its closure have the same conjugate, follows

(@(-, 0)** = (clw* (y*n;lf/* q;*(,’y*))) > (cl (y*nellf/* o* (-, y*)))
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*
= ( inf <1>*(-,y*)) = ®**(-,0).
y*ey*

It is straightforward that if the closure of infy+ey+ ®*(-, y*) coincides with its
weak™ closure one gets (®(-,0))** = ®**(-,0). Assume now this equality true.

Then by the previous relation we have

(e () = o)

followed by

(clw* ( inf CID*(',y*))) (x***) = (cl( inf CID*(',y*))) (X)) Ve xR,
yEEY* y*er*

(10.1)
The weak™ closure of infy«cy= ®*(-, y*) is proper and convex (see, for instance,
the proof of Theorem 5.1) and also weak™* lower semicontinuous, which yields
that it is lower semicontinuous, too. On the other hand, cl (infy«ey* ®*(-, y*)) is
convex and lower semicontinuous and also proper because it is greater than or
equal to the proper function clgx (infy*ey* * (-, y*)) and if it would be every-
where equal to +o0o then ®* would be everywhere +o0o, too. But when this
happens, then for all x € X ®(x,0) = ®**(X,0) = —oo, which contradicts
the properness of ®. By the Fenchel-Moreau Theorem we obtain for all x* €
X* that (cly (infyreys @*(, 3*)))" (x%) = cly= (infyrey ®*(, y*)) (x*) and
(cl (infyrey= ®*(,¥%))™ (%) = cl(infyreys ®*(,y*)) (x*) ¥x* € X*.
Finally, (10.1) yields cly* (infyxey* ®*(-, y*)) = cl (infyxey+ ®*(-, y*)). d
Theorem 10.4. Let ® : X x Y — R be a proper, convex and lower semicontinuous
function such that 0 € Pry (dom ®). If one of the following conditions:

(i) Pryxxgr(epi ®*) is closed in (X*, w(X™*, X)) x R;
(ii) X andY are Banach spaces and 0 € sqri(Pry (dom ®));

is satisfied, then (®(-,0))** = ©**(.,0).
Proof. By Theorem 5.5 it follows that (ii) implies (i), which is nothing else than (cf.

Corollary 5.3) (®(-,0))*(x*) = miny+ey* ®*(x*, y*) for all x* € X*. From (5.1)
it follows that

cly* ( inf CD*(-,y*)) = cl( inf @*(-,y*)) = inf ®*(,y%)
yreYy* yrey* yrey*

and Theorem 10.3 leads to the desired conclusion. O

Remark 10.5. One should notice that for proving relation (®(-, 0))** > ®**(-,0)
in Theorem 10.3, we use neither the properness nor the convexity assumed for ©.
On the other hand, since the epigraph of the closure of the infimal value function of
®* coincides with the closure of the projection of epi ®* on X * x R, the equalities
in Theorem 10.3 are further equivalent to
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cloxr (Prx=xr(epi(®*)) = cl (Pry=xr(epi(®*))).

Notice also that, renouncing in Theorem 10.4 the lower semicontinuity assumption
for @, but asking instead that the regularity conditions (RC 1‘1’ ) is fulfilled, one gets
the same conclusion.

11 Biconjugates Formulae for Different Classes
of Convex Functions

We give in this section formulae for the biconjugate functions of some functions
that appear often in convex optimization by deducing them from the general results
provided in Section 10. The convex functions we investigate here are the ones for
which we have given in Sections 6-8 generalized Moreau—Rockafellar results.

We start by considering the proper and convex functions f : X — R and
g 1 Y — R and the linear continuous operator A : X — Y fulfilling the fea-
sibility condition A(dom f) N domg # @. We are interested in giving a formula
for the biconjugate of the function f + g o A. In order to do this, we take again
as perturbation function ®4 : X x ¥ — R, ®4(x,y) = f(x) + g(Ax + y).
By (2.1), the conjugate of ®4 is (®4)* : X* x Y* — R, (d4)*(x*,y*) =
f*(x* — A*y*) + g*(y*). After a simple calculation, its biconjugate turns out
to be

((DA)**()C**,y**) 1 GRS AN E, ((I)A)**(X**,y**)
— f**(.x**) +g**(A**x** +y**)
It holds Pry (dom ®4) = dom g—A(dom f) (cf. Section 2), infyx ey (D4)* (-, y*) =

f*OA*g* and Pry«xg (epi(®4)*) = epi f* + (A* x idr)(epi g*) (cf. Section 7)
and so, from Theorems 10.3 and 10.4, we get the following statement.

Theorem 11.1. One always has (f + g o A)** > f** 4+ g** o A™*. Assuming the
additional hypothesis

(H%) f and g are lower semicontinuous

fulfilled, it follows that the inequality above is always fulfilled as equality if and
only if cly+(f*0A*g*) = cl(f*0A*g*). Under (H?), if one of the following
conditions:

(i) epi f* + (A* x idr)(epi g*) is closed in (X*, w(X™*, X)) x R;

(ii) X andY are Banach spaces and 0 € sqri(dom g — A(dom f));

is satisfied, then (f + g o A)** = f** 4 g** o A™*.

When taking X =Y and A= idy we obtain the following statement as a
particular case of the previous theorem.
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Theorem 11.2. One always has (f + g)** = f** + g**. Assuming the additional
hypothesis

(H'YY f and g are lower semicontinuous

Jfulfilled, it follows that the inequality above is always fulfilled as equality if and only
if clp+(f*0g*) = cl( f*0g*). Under (H'Y), if one of the following conditions:

(i) epi f* +epig™ is closed in (X*,w(X*, X)) x R;
(ii) X is a Banach space and 0 € sqri(dom g — dom f);

is satisfied, then (f + g)** = f** 4+ g**

Assuming in Theorem 11.1 that f is identical to 0 we obtain the following
assertion.

Theorem 11.3. One always has (g o A)** > g** o A**. Assuming the additional
hypothesis

(H Ag ) g is lower semicontinuous

fulfilled, it follows that the inequality above is always fulfilled as equality if and only
if clys (A*g*) = cl(A*g*). Under (H*2), if one of the following conditions:

(i) (A* x idr)(epig™) is closed in (X*, w(X™*, X)) x R;
(ii) X andY are Banach spaces and 0 € sqri(dom g — R(A));

is satisfied, then (g o A)** = g** o A**,

For m > 2 considering f; : K I = 1, ...m, proper and convex func-
tions fulfilling N7Z, dom f; # @ Y = X" X" 5 R, g(x, ..., x™) =
Yoty fi(x") and A X = XM, = (x ,Xx), one has (cf. Sections?2

and 7) domg — R(A) = ]—L_ldomfl — AXm A* * = fr0O...0f,; and
(A* x idr)(epig*) = > /L, epi f;*. Moreover, g**((xl)** (x'”)**) =
S FA((x)**) and AM*F(x**) = (x**,...,x**). Theorem 11.3 leads to the
following result.

Theorem 11.4. One always has (3 ;—, fi)** = Y7, f**. Assuming the addi-
tional hypothesis

(HF) f; is lower semicontinuous, i = 1,...,m,

fulfilled, it follows that the inequality above is always fulfilled as equality if and only
if clo(f¥O...0Of%) = cl(f*O...0F£F). Under (H®), if one of the following
conditions:
m
(i) > epi f;* is closed in (X*,w(X™, X)) x R;
i=1
m
(ii) X is a Banach space and 0 € sqri (H dom f; — Axm);
i=1

is satisfied, then (3_j—; fi)** = Y i, f;**
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One can notice that in the last three theorems we rediscover and partially extend
some results given in [129]. The statement proved in Theorem 11.2(ii), namely that
when X is a Banach space, f, g : X — R are proper, convex and lower semicontinu-
ous functions fulfilling 0 € sqri(dom g—dom f'), one has (f +g)** = f**+g**is
well-known in the literature (see [71]). Rockafellar has used in [114, Proposition 1]
the equality (f + g)** = f** 4+ g**, when proving that the subdifferential of a
proper, convex and lower semicontinuous function on X is maximal monotone.

The setting we consider next is the following: X and Z are separated locally
convex spaces, where Z is partially ordered by the nonempty convex cone C C Z,
S C X is a nonempty and convex set, f : X — R a proper and convex func-
tion and g : X — Z°® a proper and C-convex function such that dom f N S N
g 1 (=C) # 0. We take for ® the three perturbation functions which provided
the Lagrange, Fenchel and Fenchel-Lagrange dual problems to (P€). We start with
PCL : X xZ — R, ®CL(x,2) = f(xX)+8es:gwye—ci(x). By (3.1), its conjugate
is (PCL)* : X* x Z* > R,

((DCL)*(_X*’Z*) — (f +((=z")g) + 8s5)* (x™), ifz G.—C ,
+00, otherwise.

Further, one can determine the second conjugate of ®C~, which is (®CL)** : X ** x
Z** — E’

(@)™ (r*.2™) = sup {=("".2") + (f + ("g) +89)"" (")),

7*eC*

We found out that Prz(dom ®°£) = g(dom f N Sdomg) + C (cf. Section 3),
infe ez (BCL)* (-, 2%) = infrecs (f + (2*€) + 85)* and Prywxz (epi(CL)*) =
Uzxec* epi( f + (z*g) + 8s5)* (cf. Section 8) and Theorem 10.3 and, consequently,
Theorem 10.4 furnish the following result.

Theorem 11.5. One always has (f + 84)** > supec«(f + (2*g) + 8s)**.
Assuming the additional hypothesis

(HCL) S is closed, f is lower semicontinuous and g is C -epi closed

fulfilled, it follows that the inequality above is always fulfilled as equality if and
only if cly* (inforec= (f + (2¥8) +85)*) = cl(infxec+(f + (2*g) +85)*). Under
(HECL), if one of the following conditions:

(i) UC epi(f + (z*g) + 8s)* is closed in (X*, w(X™*, X)) x R;
*eC*
(ii) X and Z are Banach spaces and 0 € sqri(g(dom f NS Ndomg) + C);
is satisfied, then (f + 6.4)** = suprcc«(f + (2"g) + 85)**.
Considering ®€F : X xX — R, ®CF (x,y) = f(x+y)+8.4(x), as perturbation

function, one can employ Corollary 10.2 and Theorem 11.2 for obtaining another
formula for the biconjugate of f + § 4.
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Theorem 11.6. One always has (f + 8™ = f™* + 8, _(a) Assuming the
additional hypothesis

(HCF) f is lower semicontinuous and A is closed

fulfilled, it follows that the inequality above is always fulfilled as equality if and only
if clos (f*0oa) = cl( f*0o.a). Under (HCF), if one of the following conditions:

(i) epi f* + epio is closed in (X*, w(X™*, X)) xR;
(ii) X is a Banach space and O € sqri(dom f — A);

is satisfied, then (f + §4)** = f** + 8e1, ()"

If we want to separate f from g in the formula of ( f* + 6.4)**, a good choice is
to consider the perturbation function OCFL 1 X x X x Z — R, ®CFL(x, y,2) =
S (x+y)+ 8iues:g(uye:—c} (x), which leads to the Fenchel-Lagrange dual problem
to (P€). Its conjugate (®CFL)* : X* x X* x Z* — Ris (cf. (3.3)),

((I)CFL)*(X*,y*’Z*) _ SEOT) + (((=29)g) +8s)* (x* — y*), if* € ._C*»
+00, otherwise,

while its second conjugate (PCFL)** : X** x X** x Z** — R turns out to be

(@CFL)**(x**’y**’Z** — f**(x**+y**)+ Sug {—(Z**,Z*)+((Z*g)+8S)**(X**)}
*eC*

For the next theorem, we take into consideration the fact thatPry x z (dom ®FF Ly=
dom f x C — epi_¢cy(—g) N (S x Z) (cf. Section3), infyxex* xez* (PCFL)*
(. y*,2%) = infaecx f*O((z*g) + 8s)* and Pryxr (epi(PCFL)*) = epi f* +
Uzxec* epi((z*g) + 8s)* (cf. Section 8) and obtain via Theorems 10.3 and 10.4 the
following result.

Theorem 11.7. One always has (f + 8.4)** > f** + supccc+((z*g) + 85)**.
Assuming the additional hypothesis (HCL) fulfilled, it follows that the inequality
above is always fulfilled as equality if and only if cly«(infxecx f*O((z*g) +
§s)*) = cl(infarecx f*O((z*g) + 85)*). Under (HCL), if one of the following
conditions:

(i) epi f* + UC epi((z*g) + 8s)* is closed in (X*, w(X*, X)) xR;
7*eC*
(ii) X and Z are Banach spaces and
0 € sqri (domf X C —epi_cy(—g) N (S x Z));
is satisfied, then (f + 84)** = f** + supcc«((2¥g) + 8s5)*™.
We close the section by giving formulae for the biconjugate of the composed
convex function f + g o, by working in the same framework as in Section 4, more

precisely by considering X and Z be separated locally convex spaces, where Z is
partially ordered by the nonempty convex cone C C Z, f : X — R a proper and
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convex function, g : Z — R a proper, convex and C-increasing function fulfilling,
by convention, g(coc) = +ocand h : X — Z* = Z U {ooc} a proper and
C -convex function such that i(dom f N dom#A) N dom g # @.

We take first as perturbation function ®€€1 : X x Z — R, ®¢Ci(x,z) =
f(x) + g(h(x) + 2). Its conjugate is (cf. (4.1)) (PCC)* : X* x Z* - R,

(@CCTY* (x*, %) = gr @) + (f + h)*(x*), if ¥ € C*,

’ 400, otherwise,

and from here one obtains for the biconjugate of PCC1 (PCCHy»* . x** 5 7**
R, the following expression

(@)™ (™, ) = sup {7 xF) () =g F @)= (f + @) ()

= sup {(Z")—g* @)+ (f + h)* ().

z¥€dom g*

As we have seen in the previous section, Prz(dom ®¢€1) = dom g — h(dom f N
domh) (cf. Section 4), inf rez+ (PCC)* (-, %) =inforec+ {€* (*) +(f +(2*h)* ()}
and Pryxg (epi(®CC)*) = Uzredomg* (0, g*(2*)) + epi(f + (z*h))* (cf. Sec-
tion 6). Moreover, in case f and g are lower semicontinuous and 4 is star C-lower
semicontinuous, the perturbation function ®C€C1 turns out to be lower semicontin-
uous, too (see Section4). Consequently, by Theorems 10.3 and 10.4, we obtain the
following statement concerning ( f* + g o h)**.

Theorem 11.8. One always has

(f+goh)™= sup {—g"E@")+(f+ )™}

z*edom g*

Assuming the additional hypothesis

(HCC) f and g are lower semicontinuous and h is star C -lower semicontinuous
fulfilled, it follows that the inequality above is always fulfilled as equality if and
only if

Cly* (Z*igg*{g*(z*)—{—(f—f—(z*h))*(,)}) =l (Z*ié‘g*{g*(f)+(f+(2*h))*(‘)})-

Under (HCC), if one of the following conditions:

(i) Uzredomg*((0.€%(2%)) + epi(f + (2*h))*) is closed in (X*, w(X*, X)) xR;
(ii) X and Z are Banach spaces and 0 € sqri(dom g — h(dom f N dom h));

is satisfied, then (f + g © h)™ = SUP_xegom g+ 1—8" () + (f + )™ ()}
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If we want to have f separated from / in the formula of the biconjugate, the
perturbation function ®¢€2 : X x X x Z — R, ®¢2(x,y,2) = f(x + y) +
g(h(x) + z), can be considered. Its conjugate is (cf. (4.2)) (®CC1)* : X* x X* x
Z* >R

g @)+ fFO) + )T (x* —y¥), if e CF,

PCC)* (x*, y*, %) =
( ) (T T2 +00, otherwise,

while its biconjugate (P C2)** : X** x X** x Z** — R turns out to be

(@C)™ (™, y**, ) = sup  {TF ) H () T ) =g (@) 0T)
“*. ,*EX*
;*E}domg*

SR =y} = SR s () =g @)+ ).

z*€dom g*

In this case, we have Pryxz(dom ®¢€2) = dom f x domg — epic h (cf. Sec-
tion4), infy«cx« xezx (PCC2)* (-, y*,2*) = infaec+{g*(c*) + [*O*h)* ()}
and Pry =g (epi(®€€2)*) = epi f* 4+ U redom g * (0, g% (z*)) + epi(z*h)* (cf. Sec-
tion 6). Noticing also that under (H¢€) ®€€2 is lower semicontinuous we obtain
the following result.

Theorem 11.9. One always has

(f+gom)™ = "+ sup {—¢")+ ™0

z*€dom g*

Assuming the additional hypothesis (HC ) fulfilled, it follows that the inequality
above is always fulfilled as equality if and only if

clo” (zﬁé‘é*{g*(z*) +f *D(Z*h)*(')}) = (z*ié‘é*{g*(z*) + f*D(z*h)*(-)}) '

Under (HC©), if one of the following conditions:

(i) epi f* 4 Uzxedomg* ((0, g*(z*)) +epi(z*h)*) is closed in (X*, w(X*, X)) xR;
(ii) X and Z are Banach spaces and 0 € sqri(dom f x dom g — epic h);

is satisfied, then (f + g o h)™ = f** + Sup_«cgomg+1—8* (") + (Z*h)** ()}

12 The Supremum of an (Infinite) Family of Convex Functions

In this section, we perform some investigations concerning the supremum of an
(infinite) family of convex functions and provide several formulae and characteri-
zations for its conjugate and biconjugate function. In the case of the latter we relax
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the hypothesis imposed on the space in which we work in the sense that instead of
a normed space, as in the previous sections, it is taken to be only separated locally
convex.

Consider a dual system formed by a separated locally convex vector space
X and its topological dual space X*, which is assumed for the beginning to be
endowed with the weak™® topology. Let the proper convex functions f; : X —
R,t € T, where T is an arbitrary index set, possibly uncountable, such that
dom (sup,cz f;) # @. This yields that the set N;e7 dom f; is nonempty. By R”
we denote the space of all functions z : T — R, endowed with the product
topology and with the operations being the usual pointwise ones. For simplicity,
we denote z; = z(¢) for z € RT and all t € T. Let Agr be the subset of the
constant functions z € R”. The dual space of R is (RT)*, the so-called space
of generalized finite sequences 7* = (z})ier such that z; € R forallt € T,
and with only finitely many z; different from zero. The positive cone in RT is
Ri ={zeRT :z = z(t) = 0Vt € T}, and its dual is the positive cone in
(RT)*, namely (RT)* = {z* = (f)rer € RT)* : zf > 0 Vs € T}. Denote also
P={*¢ (Ri)* : ZteTZ;k = 1}.

Further, we additionally assume that f; : X — R, € T, are lower semicontin-
uous and define

) Tve _ oT . (ft (xX)ter, if x € Nger dom f;,
JiX = ®)7 =R Uloogr ), f(x) = 00T, otherwise.
Evidently, f is proper, ]Ri -convex and Ri -epi closed.

One can easily notice that, when denoting by |S| the cardinality of the set S, for
all x € X there is

sup fy(x) = sup sup E zZy fs(x).
teT SCT  z3>0 VseS (g
IS|<+o0 2ses =1

For all the finite subsets S of 7 and any z; > 0,s € S, fulfilling ) ¢ 25 = 1, the
function x = ) ¢ 25 f5(x) is proper, convex and lower semicontinuous. From the
Fenchel-Moreau Theorem it follows that this function is equal to its biconjugate,
thus for all x € X one has

*k
sup f(x) = sup  sup (ZZ?J%) (x)
teT SCT *>0 VseS
Sl<too s cgpmt
*

- sg,}?im(ZZ:fs) (x). (12.1)

>0 VseS €S
Yses =1
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Proposition 12.1. The function

*

IX* K *y — inf * *
mXT SR = il (Zzsfs> (x*)
F>0 VseS €S

ZSES Z§<=l
is proper and convex.

Proof. Whenever S C T with S finite and z; > O forall s € S with ) " ¢ 2f =1,
the function (ZSE 5% fs)* is proper, thus 1 cannot be identical to +00. Assuming
the existence of some x* € X* where n(x*) = —oo, it follows that sup,cr f7 is
identical to 400, which contradicts the feasibility hypothesis dom (sup,cr f;) # 9.
Therefore, 7 is proper.

In order to prove its convexity, let some arbitrary A € [0, 1] and x}, x5 € X*.
What we have to show is

n(Ax] + (1 —A)x3) < An(xy) + (1 = H)n(x3).

If A € {0,1} or n(x{) = 400 or n(x3) = +oo, the inequality above is valid.
Let further A € (0, 1) and n(xy), n(x5) € R. Then, there are some «, § € R such
that n(x}) < o and n(x5) < B. Thus, there exist the finite subsets S; and S
of T and z; > O foralls € Sy U Sy suchthat (o 25 = 1, (cs, 25 = 1,

(Xses, 2 fs)" (xF) < and (Xses, 2 fs)" (x¥) < B. Consequently,
*

nAXF+ (1 =Dx) < | A D S fh+0=-1) Y Zf| Oxf+0-0)x3)

sES SES>
< 2oAgf] G+ D=0 f ] ([(A=1x5) <ra+ (1= 1)B.
SES] SES>

Letting o converge towards n(xy) and B towards 7(x}), one has the desired
conclusion. ]

The function cly* n is convex and w(X™*, X)-lower semicontinuous, and its
properness can be proven similarly to that of 7. By applying again the Fenchel-
Moreau Theorem, from (12.1) it follows that

= Clgp* inf * . 12.2
() = |y, (205) 122)

>0 VseS €S
Yses =1
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For every arbitrary vector topology 7 on X * one has

* *
U epi E 2 fs| Cepi inf E 2 fs
SCT,|S|<+o0
SCT,|S|<+o0 seS >0 VseS seS
>0 VseS ixes Fe1

5

Yseszs=1

Cexr | J  epi (Zz;‘ fs)

SCT,|S|<+o00 SES
7¥>0 VseS§
Yses =1

and, consequently,

* *
epi (sup 1) =l | e | it (ZZE‘/@)

teT
>0 VseS €S
Yses =1

= cly*xr U epi(Zz;‘fs) . (12.3)

SCT,|S|<+00 seS
23>0 VseS
Yses =1

On the other hand, for all x* € X ™ there is

* *

) < inf (2% F)*(x%) < inf * - 14

() 002 e pren s e (S 60 a2
>0 VseS €S

ZSES Z.;kzl

The first inequality is obvious, therefore, we prove only the second one. Let be
x* € X*.If the infimum in the right-hand side of the relation above is equal to
+o00, there is nothing to prove. Otherwise, take an arbitrary r € R strictly greater
than this infimum. Thus there is a finite subset S of T and some zf; > O for
all s € S with )" cgzf = 1 for which (3 _;cgzr fs)*(x*) < r. Considering a
z" € P which satisfies z; = zi when s € S and zZj = 0 otherwise, it follows
that infrep (2% f)*(x*) < @ )" (x*) < Q ses2s f5)"(x*) < r. Since r was
arbitrarily chosen, (12.4) follows.
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By taking (12.2) and (12.4) into consideration, it yields

(s0p.) ) = (nt " 7)),

teT

On the other hand, we have
U epi(z* f)* C epi ( inf (z*f)*) C clp*xr ( U epi(z*f)*) .
*epP *eP *eP

The relations above lead to

epi (sup ft) = clp*xRr (epi ( inf (z*f)*)) = clo*xr ( U epi(Z*f)*) :
teT *€P *€P
(12.5)

For every finite subset S of T and all z; > 0, whenever s € § with
Y iesZt = 1, we have, by using Theorem 7.14(ii), epi (Y e52i fs)" =
clo*xr (Xges €pi(zr f5)*). On the other hand, for an arbitrary proper function
k: X — Rand A > 0 it holds epi(Ak*) = Aepik*. Using this fact, we get
further

epi (Z z;‘fs) = clp*xRr (Z Z; epi fs*) C clp*xr (co (th epi f,*)) ,

seS seS

whence

*
epi (sup ft) C clp*xR (co ( U epi ft*)) ) (12.6)
teT teT

Taking an arbitrary element (x*,r) € co (User epi f;*), there is a finite subset S
of T and some zj > O forall s € S with ) gzy = 1 for which (x*,r) €

Siesziepi £ Cepi (Yyes 25 f5) " This yields (Y 525 f) " (x*) < r. Let be
z* € P which satisfies z; = z; when s € S and zj = 0, otherwise. Then there is

(z*f)*<x*)=(Zz:fswsep\sdom fs) (") < (Zz;‘fs) (") <.

seS seS

This means that (x*,r) € epi(Z* f)* C Uxep epi(z* f)*, which yields

*
el N . * c P *
co (th epi f; ) C U epi (Zzs fs) - Z*LEJP epi(z* f)*. (12.7)

SCT,|S|<+00 seS

75>0 VseS

Yses =1
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By using (12.5), (12.6) and (12.7), we obtain

*
epi (sup ft) = cly*xRr (co ( U epi ft*)) ) (12.8)
teT teT

On the other hand,

i f* Cepili *| Ccl,« i f.*) Cecl,* if*
tLEJTeplft _epl(tlgft)_clw xR (ILEJTeplft)_clw xR (co(tLEJTeplft ))

and from here it follows that

cly*xr (co (tgr epi ft*)) = clp* xR (co (epi (tig ft*))) . (12.9)

Here, for a function k : X — R we denote by cok : X — R the convex hull of k,
which is the greatest convex function everywhere less than or equal to k. We have
that epicl(cok) = cl(co(epik)). Combining (12.8) with (12.9), we rediscover the

known formula
*
epi (sup ft) = clp*xRr (co (epi (inf ft*))) . (12.10)
teT teT

Remark 12.2. Whenever co (User epi f;*) is closed in (X*, o(X*, X)) x R or,
equivalently, epi (sup;er f;)* = co (Urer epi f;*), by (12.5), (12.7) and (12.8), it
yields that for all x* € X* it holds

*
*
* . * Nk ok - * *
su X = min (g X = min Z X ).
(s ) %) = min 177 sg,|S|<+oo(Zsﬁ) (")

>0 VseS €S

Yses =1

Next we deal with the biconjugate function of sup, <7 f;. According to [89], with
a family M of totally saturated bounded subsets of X, one can induce on X* the
so-called uniform convergence topology on M denoted 7. We consider further X *
being endowed with 7. Restricting the sets in M to satisfy certain properties, one
obtains different classical locally convex topologies on X *. For instance, when all
the elements of M are finite sets tpq becomes the weak™ topology, when they are
absolutely convex and weakly compact it coincides with the Mackey topology t,
while when all these sets are weakly bounded we get the strong topology on X ™*, .
Note that 75 coincides, when X is a normed space, with the norm topology induced
by the norm on X *. The weak™ topology is the weakest uniform convergence topol-
ogy that can be considered on X *, while 7, is the strongest. The dual of X* is X if
and only if 7o is weaker than 1%, but stronger than weak*. On the other hand, when
Ta is strictly stronger than i, but weaker than 13, the dual of X*, denoted X **
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and referred to also as the bidual of X, does not coincide anymore with X. Note
that by endowing X* with any to stronger than weak™ its dual has X among its
linear subspaces.

In the following, we take X™* to be endowed with an arbitrary uniform conver-
gence topology a4 which is strictly stronger than tz, but weaker than 7. In this
case X* has a dual X ** which does not coincide with X .

The following statement regarding the biconjugate of the supremumof f;, 1 € T,
can be given (see also [21]).

Theorem 12.3. One always has (sup,cr f)* > Sup_«ep(z* f)**. Assuming the
additional hypothesis

(HT) f, is lower semicontinuous, t € T,

fulfilled, there is always

(sup f,)** = (cla,* (ing)(z*f)*))* > sup (z* f)**. (12.11)

teT *eP

When X is a normed space the inequality in (12.11) is always fulfilled as equality if
and only if ¢l (infep (2% £)*) = cl (infrep (2% £)*). IF(HT) is fulfilled and one
of the following conditions:

(i) co ( UT epi ft*) is closed in (X*, w(X*, X)) xR;
te
(ii) T is at most countable, X is a Fréchet space and

0e sqri(]_[ f (tQTdom f,) — Agr —HRJTF)’.

teT
is satisfied or if
(iii) T is finite,

k%

then (sup,er f1)" = SuPz*eP(Z*f)**'

Proof. For each z* € P one has sup,c7 f; > (z* f) and from here (sup,c7 f1)** >
(z* f)**. This yields the first inequality. Provided the fulfillment of (H7), we have
seen that one always has (sup;c7 f;)* = clo* (infy*ep(z* £)*). By conjugating in
both sides, we obtain

K% * *
() = (e (7)) = (e nt) = s
teT *epP *eP <P

(12.12)
If cly* (infxep(2* f)*) = cl (infxep(2* f)*), then the inequality in (12.12) is ful-
filled as equality and this means that the inequality in (12.11) turns into an equality.
Viceversa, assuming that (12.11) is fulfilled as equality, it automatically follows that
(clp* (infxep(z* £)*))* = (cl (infxep (z* £)*))* and, since X is a normed space,
using a similar argumentation to the one in the proof of Theorem 10.3, we obtain
clo* (infrep (2 £)*) = cl (infrep (2% f)7).
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To prove the second part of the theorem, we treat each of the conditions (i)—(iii)
separately. In case (HT) is fulfilled and (i) holds, by Remark 12.2, one has that

(sup f,) = min (* f)*. (12.13)
7*eP

teT

We prove next that under (H T (ii) is also sufficient for having (12.13). We consider
C = Ri, S =XxR, f(x,u) =uand g(x,u) = f(x)—i, where it € RT is such
that i, = u for all € T. One can easily notice that S is nonempty, convex and
closed, f is proper, convex and lower semicontinuous, g is proper, Ri—convex and
Ri—epi closed and the feasibility condition dom f NSNg~! (—Ri) = ) is satisfied.
As T is an at most countable set, R” is a Fréchet space. Thus, by Theorem 5.5, if
0 € sqri (gr((ﬂter dom f;) x R) + Ri) which is nothing else than the regularity

condition in (ii), then (as (RCZC L) is fulfilled) for the convex optimization problem

inf  f(x,u) (12.14)
(x,u)es
g(xw)=,70
+

and its Lagrange dual problem stable strong duality holds. Thus for all x* € X™* it
yields

*

(Sup ft) (x*)=— inf {u—(x*,x)} = min (f + (Z*§)"(x,0).

teT (x,u)eX xR z*e(JRi)*
St (x)—u<0 VteT

For all z* € (]Ri)* and x* € X* one has

(f + @) (.0 = sup {(x*,x>—u—(z*f)(x)+uzzt*}=sup{(x*,x>

xeX.ueR eT xeX

=" f)(x)} + supu (ZZ,* - 1) = 1 @ f)*(x™), if* € P,

herwise.
weR  \ o7 +00, otherwise

and, therefore, the equality in (12.13) is also in this case satisfied.

Suppose now that (iii) is valid, thus let 7 = {1, ..., n}. In this case R” becomes
R” and taking x" € N}_, dom f; there is always an u’ > max;=1,..., f;(x") such
that (f;(x") — u');=1,...n € —int(R7.). This means that for the convex optimization
problem in (12.14) the regularity condition (RCIC LY is fulfilled. Again, by Theo-
rem 5.5, for this problem and its Lagrange dual stable strong duality holds. Thus
(SUpyzi<p £i)F = min{(Xm /)7 5 = 00 = L..n Yo = 1,
which is nothing but (12.13). Alternatively, when (iii) holds one can apply [127,
Corollary 2.8.11] to obtain the same conclusion.
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We have proven that under any of the three conditions we considered relation
(12.13) holds. Taking the conjugates of the terms in both sides of it, the desired
conclusion follows. ]

Remark 12.4. In a similar way, one can prove that it always holds

)=o)

teT T SCT,|S|<+o00
50 vses S
ZSES Z;k=1

Assume that (HT) is fulfilled. Then

*

KK * *k
(sup f,) = |clyp* inf Zz;" fs > sup Zz’: il .
teT SCT,|S|<+o0 SCT,|S|<+00 \icg

>0 Vses €S 5>0 VseS

*__
Yses =1 Yesi=1

Moreover, when X is a normed space, the inequality in the relation above is always
fulfilled as equality if and only if

cly* inf * =cl inf *
@ scT,1S|<+00 (ZZ&fS> SCT,|S|<+00 (ZZ&J[S>

>0 VseS €S >0 VseS €S
Yses =1 Yses =1

Assuming (HT) and condition (i) in Theorem 12.3 fulfilled, from Remark 12.2 one

has that o
*k
(sup f,) = sup (Z z;fs) .

teT SCT,|S|<+00
23>0 VseS se€S

dses =1
Remark 12.5. Taking into consideration the discussion made on the topologies that
can be considered on X *, one can expect to extend in a natural way the results given
in the previous section from normed to locally convex spaces, in which case the
conditions stated at (ii) would impose the spaces to be Fréchet, instead of Banach.

Concerning the biconjugate of the supremum of an (infinite) family of convex
functions ( f;);er, it is natural to look for conditions which guarantee the formula
(supser f1)** = sup,er f,**. In the following result, we show that under (HT)
condition (i) in Theorem 12.3 guarantees this formula, too.

Theorem 12.6. One always has (Sup,cr fi)** > sup;er f,**. Assuming the addi-
tional hypothesis (Hr) and that co ( UT epi ft*) is closed in (X*, w(X™*, X)) xR,
te

it follows (sup;er f1)*™ = super f;**.
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Proof. By conjugating twice both sides of the inequality f; < sup,.r fr we get
S5 < (supyer fr)™* forall s € T. Thus sup,cp f;** < (sup,er f1)™*. Since
Urer epi f;* is a subset of epi (inf,er ft*) one has

co (th epi ft*) Cco (epi (tiél; ft*)) ) (12.15)

Since epi (infyer f;*) < epi(co (infrer f;*)) and the latter is a convex set, from
(12.15), it yields

co (th epi ft*) Cco (epi (tiél; ft*)) C epi (co (tiél; ft*)) ) (12.16)

On the other hand, by (12.8) and (12.9), there is

*
epi (sup ft) = cly*xr (co( U epi fz*)) = cly*xRr (co (epi (inf ft*)))
teT teT teT
= epi (Clw* <R (CO (}2; ft*))) = clp*xr (epi co (tiETf" ft*)) .

Further, as co ( UT epi f,*) is closedin (X* w(X*, X))xR, we get epi (sup,er f1)*
te

= epi (co (inf,er ft*)) which provides (sup;cr f1)* = co (inf,er f,*) For the
conjugates of these functions it holds (sup,c7 f;)** = (co (infrer £,*))". Since

1 inf £,* < inf £* ) < inf f*
ool ) o) <

by [127, Theorem 2.3.1(iv)], it follows that the conjugate of co (infteT ft*) coin-

cides with the one of inf;er f;*. Therefore, we have (Sup,cr f1)** = (inf,er ft*)* =
sup;er i U

Remark 12.7. We want to notice that we have no knowledge of a generalized
interior point condition to guarantee the equality in the theorem above.

13 The Supremum of Two Convex Functions

In this section, we carry on the investigations made in Section 12 by dealing with the
supremum of two convex functions. We give some refined formulae for the conju-
gate of the supremum and show that under the Attouch—Brézis regularity condition,
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one has equality between the biconjugate of the supremum and the supremum of the
biconjugates of the two functions.

Consider X anormed space with X * its topological dual space and f, g : X — R
two proper and convex functions such that dom f N domg # @. Let us denote by
fVvg:X >R, fVg(x)=max{f(x),g(x)} the pointwise maximum of f and
g. Being in the situation when T is finite, from the proof of Theorem 12.3 we obtain
a refined version of (12.5). More precisely, for all x* € X* it holds

(f v = min Af +(1-21)g)" (x")
A€[0,1]
and from here one has

epi(f v )" = rei epi(Af + (1—-21)g)"

= Ae%{) l)epi (Af + (1 - A)g)* U ePi (f + Sdomg)* U ePi (g + Sdomf)>‘< . (131)

Assuming further that f and g are lower semicontinuous, we get via (12.3) a
second formulation for the epigraph of epi( /" V g)*, namely

epi(f V g)* = clorxr |epi f* Uepig* U | ) epi(Af + (1—2)g)*
A€(0,1)

Noticing that
epi f* Uepig”® Cclyrxr (Ae(Lé l)()t epi ¥+ (1=21) epig*))
C cly*xr ( U epi(Af + (1 — )L)g)*) .
A€(0,1)

it follows thatepi( f v g)* = clo*xr (Ure(o,1) epi(Af + (1 — 1)g)*). On the other
hand, we have

U epi(Af +(1—-1)g)* < epi( inf (Af 4+ (11— /\)g)*)
A€(0,1) A€(0,1)
C cly*xr ( U epi(Af + (1 —)t)g)*)
A€(0,1)

and therefore

ePilf v ©)" = clusxr ( inf (Lf + (1 A)g)*)
A€(0,1)

= clp*xr ( U epi(Af + (1 — )&)g)*) . (13.2)
A€(0,1)
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Employing the closure in (X™*, || - ||«) x R, we obviously have

cl (AE(L(J),l)epi(kf + (- )&)g)*)

Cclpsxr [ U epi(Af + (1 —=1)g)" | =epi(f Vv g)*.
A€(0,1)

Proposition 13.1. The following inclusion always holds

epi (f + 5domg)* Cecl (Aet{) ) epi(Af + (1 — /\)g)*) .

s

Proof. Let (x*,r) € epi (f + 8domg)* or, equivalently, (f + Sdomg)* x*) <r.
Because g is proper, convex and lower semicontinuous it follows that g* is a proper
function and therefore there exists a y* € X* such that g*(y*) € R.

Foralln > 1 we denote A, :== 1/n and u, := (n — 1)/n and get

(A& + bn ) (Any™ + pnx™) = sup {Any™ + tnX™. x) — Ang(x) — pn f(x)}

<An sup  {{y".x) —g(0)} + pn sup  {{x", x) — f(x)}

x€dom f Ndom g x€dom fNdom g
< A sup{(y*,x) — g(x)} + pn sup Hx™, x) — (f + Sdomg)(X)}
xeX xeX

= Ang*(y*) + Hn(f + Sdomg)*(X*) <r+ An (g*(y*) - (f + Sdomg)*(X*)) .

Thus for all n > 1 it holds ()L,,y* + mnx*r + Ay (g*(y*) —(f + Sdomg)*
(x*))) € epi(Ang + pn f)* S Useo.1) epi(Af + (1 —A)g)™, which implies that

(x*,r)ec (AE%(J) 1)epi Af+a- )t)g)*) )

s

O

Because of the symmetry of the functions f and g, by Proposition 13.1, we also
have epi (g + 5domf)* C ¢l (Usego,1y epi(Af + (1 —1)g)*) and so (13.1) implies
thatepi(f V g)* C ¢l (Upeco,1) epi(Af + (1 — A)g)*). Thus (see also [42])

ePilf v ©)" = clusxr (Ae%é L epi + (1 A)g)*)

=cl (AE%(J) 1)epi(/\f +(1-21)g) ) . (13.3)

s
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As the latter closure is nothing else than the closure of infye,1)(Af + (1 — 1) g)*
in (X*, || - [l«) x R, it yields

epi(f v g)* =cl (epi ( inf (Af+(1-— )L)g)*))
A€(0,1)

and from here

(f Vo) =cl( inf (Af+(1 —/\)g)*). (13.4)
A€(0,1)

In the following we turn back to the formula for epi( f Vv g)* given in (13.1) and
show what it becomes, provided the Attouch-Brézis regularity condition (RC5%)
is fulfilled, namely X is a Banach space, f and g are lower semicontinuous and
0 € sgri(dom g — dom f'). By Theorems 5.5, 7.6 and 7.7, this condition guarantees
that for all A, u > 0 epi(Af + ug)* = epi(Af)* + epi(ug)* = Aepi f* +
uepi g*. Unfortunately, one cannot use the same argument for proving that epi( f +
Sdomg)™ = epi f* +epid} g as 8dom ¢ 1is not necessarily lower semicontinuous.
Nevertheless, this follows from [127, Theorem 2.8.7(v)], since both f and Sgom ¢
are li-convex functions. Consequently, relation (13.1) becomes

epi(f v g)* = AE(% 1)(/\ epi f*+ (1 —A)epig")

U (epi /™ + epioaomg) U (epig™ + epiouom 7) - (13.5)
Therefore, if (RCJ) is fulfilled, then the conjugate of f Vv g at x* € X* looks like

(fVvg)*(x™) = min inf ST+ -DgTEN), min ()
A€(0,1),y* z*eX y*rex
A.y*+(1_A,)Z*=.x* y*—|—z*=x*
+ouomg ()} min {g" (V") + owom 1 ()} (13.6)

yo.z
Y*g*=x*

In [71, Remark 3] Fitzpatrick and Simons give an example which shows that the
equality

(fVve @Er) = min AL 0" + (1 =1)g" (")}
A€[0,1],y*,2¥eX™
Ay*+(1—-A)7*=x*

is not true for all x* € X*.

Regarding the biconjugate of f Vv g, we have seen in the previous section that
in case f and g are proper, convex and lower semicontinuous fulfilling dom f N
domg # @ and co (epi f* Uepig™*) isclosedin (X*, w(X*, X)) xR, then one has
on X** that (f Vv g)** = f** v g**. This is true even if X is a separated locally
convex space.
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We prove next, by using relation (13.4), that the same conclusion follows when
X is a normed space and the Attouch—Brézis regularity condition (RC;d) holds.
The proof of the next result was proposed by Constantin Zalinescu. For alternative
proofs we refer to [42,71,129].

Theorem 13.2. Assume that X is a Banach space and f,g : X — R are proper,
convex and lower semicontinuous functions with dom f N domg # @ such that
0 € sqri(dom g —dom ). Then (f Vv g)** = f** v g**.

Proof. From (13.4), by using some elementary properties of the conjugate func-
tions, we get that

(fvg)* = (cl( inf (Af + (1 —/\)g)*))
A€(0,1)

= ( inf (Af + (1 —)t)g)*) = sup (Af +(1—N)g)*™".
A€(0,1) A€(0,1)

Assumption (ii) in Theorem 11.2 is satisfied and so for all A € (0, 1) it yields

Af +A=2)9" = @A) + (1 -21)g)™.

For all x** € X** and all A € (0, 1) we have (Af)**(x**) = ((Af)*)*(x**) =
A ((1/2)))" (x**) = Af**(x**) and, analogously, ((1 — 1)g)**(x**) = (1 —

A)g** (x**). Since f, f*, g and g* are proper functions, f** and g** are also
proper and we finally get
(fve)™ = sup (Af™+(A-Ng™)=f"vg™
A€(0,1)
(]

In case X is a Banach space, we formulated in this chapter two sufficient
conditions that guaranteed that the biconjugate of the supremum of two proper,
convex and lower semicontinuous functions was equal to the supremum of their
biconjugates. More precisely, we have a generalized interior point condition and a
closedness-type one. We have seen in ChapterIl that, in general, the generalized
interior point conditions turned to be stronger than the closedness-type one. This
observation gives rise to the following open problem.

Open problem 13.3 Let X be a Banach space and f,g : X — R be proper,
convex and lower semicontinuous functions with dom f N domg # @ such that
0 € sqri(dom g — dom f). Is in this case the set co (epi /™ U epi g*) necessarily
closed in (X*, w(X*, X)) x R?



Chapter IV
Strong and Total Conjugate Duality

14 A General Closedness—Type Regularity Condition
for (Only) Strong Duality

In this chapter, we are interested in formulating regularity conditions of closedness-
type, which do not necessarily guarantee stable strong duality, but are sufficient for
having strong duality. First, we do this for the primal-dual pair (P G)—(DG) and
after that we particularize the general result to the different classes of problems
investigated in the previous chapters.

Assume that X and Y are separated locally convex spaces, with X* and Y*
their topological dual spaces, respectively, and ® : X x ¥ — R is a proper
and convex function such that 0 € Pry(dom ®). Throughout this chapter we
assume that the dual spaces are endowed with the weak™ topologies. As proved
by Theorem 5.1, if ® is lower semicontinuous, then for all x* € X* one has
(@, 0))*(x*) = cly* (infyxey* ®*(-, y*)) (x*). Starting from this fact, one can
formulate the following regularity condition for (P G) and its conjugate dual (D G)

(Rqu’) ® is lower semicontinuous and infyxey* ®* (-, y*) is lower
semicontinuous and exact at 0.
We say that infy«ey= ®*(-, y*) is exact at ¥* € X* if there exists y* € Y™ such
that infy+ey+ ®*(x*, y*) = ®*(X*, y*). We have the following general result.

Theorem 14.1. Let ® : X x Y — R be a proper and convex function such that
0 € Pry (dom(®)). If(RCSq’) is fulfilled, then v(PG) = v(DG) and the dual (DG)
has an optimal solution.

Proof. Theorem 5.1 implies that for all x* € X* it holds (®(-,0))*(x*) =
inf«cy+ ®*(x*, y*). Moreover, inf, «cy = ®* (-, y*) is exact at 0 and therefore there
exists y* € Y* such that (see also Theorem 1.1)

v(PG) = inf &(x,0) = —(®(-0)"(0)

=—0%(0,5%) = sup {—=0*(0,y")} = v(DG)

y*rey*
and from here the conclusion follows. O
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Remark 14.2. One should notice that under the supplementary assumption that ®
is a lower semicontinuous function, the strong duality for (P G) and (D G) can be
equivalently expressed by asking that infy«cy+ ®* (-, y*) is lower semicontinuous
at 0 and exact at 0. In this chapter, we deal with sufficient conditions for this situa-
tion and (RC5<I> ) turns out to be an appropriate one. Moreover, one has that (RC;I’ )
is implied by the closedness-type condition (RC f’ ). There are enough situations
where one does not need to ensure stable strong duality, but only strong duality
and in this case it is enough to ask that the condition introduced above is satisfied.
Situations where (RC;I> ) is valid, while (RC f’ ) fails, will be addressed in the next
sections for some particular cases of the general primal-dual pair (P G)—(DG).

First, let us furnish the formulations of (RC 54’ ) for the case of the composed con-
vex optimization problem (P ) and its two conjugate duals (D€€1) and (D€ €2),
respectively. Consider X and Z separated locally convex spaces, where Z is par-
tially ordered by the nonempty convex cone C € Z, f : X — R a proper and
convex function, g : Z — R a proper, convex and C-increasing function fulfill-
ing, by convention, g(coc) = +oocand h : X — Z*®* = Z U {ooc} a proper
and C-convex function such that #(dom f N dom /) N dom g # @. If, additionally,
f and g are lower semicontinuous and # is star C-lower semicontinuous, then we
have proved that the perturbation functions ®€€1 and ®€€2 are proper, convex and
lower semicontinuous and O is an element of the projection of their domains on the
corresponding spaces of perturbation variables. By (4.1) and (4.2), the regularity
condition (RC;I> ) becomes in these situations

(RCSC C‘) f and g are lower semicontinuous, / is star C-lower
semicontinuous and x* ing {g*@) + (f + h)*(x*)}
Z*e *
is lower semicontinuous and exact at 0
and

(RCSC ©) | f and g are lower semicontinuous, / is star C-lower
semicontinuous and x* + inf {g*(E*)+ f*(™) + () * (x* — y*)}

is lower semicontinuous and exact at 0,

respectively. From Theorem 14.1 one can derive the following result.

=l

Theorem 14.3. Let f : X — R be a proper and convex function, g : Z —
a proper, convex and C -increasing function fulfilling, by convention, g(coc) =
4ooandh : X — Z* = Z U {ooc} a proper and C-convex function such that
h(dom f NdomhA) Ndomg # @.

(i) If(RCSCC') is fulfilled, then v(P€€) = v(DC1) and the dual has an optimal
solution.

(ii) If(Rcsccz) is fulfilled, then v(P€€) = v(D€€2) and the dual has an optimal
solution.
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Remark 14.4. Under the topological assumptions made above for f, g and 4, we
have that (see Theorems 6.1 and 6.7)

(g0 =clor (_inf 186+ + h )

=c1m*( A SO E y*)})

< nf (@A O S |l g @40+ (=),

l
Consequently, if x* + infy+ex+ +ec{g* (@) + f*(*) + Th)*(x* — y*)} is
lower semicontinuous, then x* + infxec*{g*(@*) + (f + (z*h))*(x*)} is lower
semicontinuous, too. Moreover, if the first function is exact at 0, namely there exist
(37*,7*) € X* x C* for which

g+ [N+ T (=) = y*ig)f(*{g*(z*Hf*(y*) +E (=¥}

7eC*

then g*(z*) + (f 4+ (Z*h)*(0) = infxec+{g™ (") + (f + (z*h))*(0)}, which means
that x* > infxec*{g*(Z*) + (f + (2*h))*(x*)} is exact at 0, too. This proves that
(RCSC C2) implies (RCSC C‘). Examples which show that the reverse implication
is not true can be gathered from the ones given in the next sections for particular
instances of the composed convex problem.

Remark 14.5. Similar sufficient conditions for having strong duality for (P€€) and
the dual problems (D€€1) and (DC€2), respectively, can be given also in case &
fails to be star C-lower semicontinuous, but it is C-epi closed. For investigations
made for this situation we refer to [29].

15 Strong Fenchel Duality

Consider X and Y two separated locally convex spaces, A : X — Y a linear
continuous operator and f : X — Rand g : Y — R proper and convex func-
tions fulfilling A(dom f) N domg # @. For the perturbation function ®4, as
proved in Theorem 7.1, for all x* € X* we have that infyxcy»(®4)*(x*, y*) =
(f*OA*g*)(x*). By specializing (RC;I> ) we obtain a further regularity condition
for (P4) and its Fenchel dual problem (D4)

(RC;‘) f and g are lower semicontinuous and f*[(JA*g™* is lower
semicontinuous and exact at 0,

while, by Theorem 14.1, we get to the following result (see also [29,40]).
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Theorem 15.1. Let f : X — Rand g : Y — R be proper and convex functions
and A : X — Y be a linear continuous operator such that A(dom f)Ndom g # @.
If(RC§4) is fulfilled, then v(P4) = v(D4) and the dual has an optimal solution.

Coming to the situation when X = Y and A = idy, the regularity condition
(RCSA) turns out to be

(RCY) | f and g are lower semicontinuous and f*[g* is lower
semicontinuous and exact at 0,

while Theorem 15.1 furnishes the following strong duality result for (Pi¢) — (D'¢).

Theorem 15.2. Let f,g : X = R be proper and convex functions such that
dom f Ndomg # 0. If(RC;d) is fulfilled, then v(P'Y) = v(D'%) and the dual
has an optimal solution.

The fact that the condition above is implied by (RC f‘d) follows from the discus-
sion made in Remark 14.2. In the following example, we have a situation where
(RCH) is fulfilled, unlike (RC)Y).

Example 15.3 (cf. [29]). Consider the functions f, g : R*> — R defined by

_ 0, if [(x1, x2)[| < 1,
S, x0) = % 400, otherwise
and g = 8[1,400)xRr, Where by | - || we denote the Euclidean norm of R?. Both func-

tions are proper, convex and lower semicontinuous and it holds dom f N domg =
{(1,0)T}. Thus for all (x},x3)T € R? we have f*(x},x3) = [|(x],x3)T| and

* : *
g*(x* X*)I x]»lfxl SO,X;:O»
12 400, otherwise
and from here

(/TN ) = |l ATOT ) + 70 =T — )
V1Yo

= it 0T+ —yii =i+ it o a2t
O7.v3)7Ter? yi=x]
yizx{yy=x3

) XX 2
:xik+ *lnf* *2(2)*2 *zxik'
yizxt (37)* + (%)% + ]
It is evident that f*[Jg* is lower-semicontinuous and, moreover, the infimum is

attained at (x;, x3)” = (0,0)”. Thus (RCY) is fulfilled. On the other hand, assum-
ing that (RC}?) is true, one would have thatepi f *+epi g* is closed or, equivalently,
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(f +g)* = f*0g* and f*Og™ is exact everywhere. Since the infimal convolu-
tion is lower semicontinuous, the first condition is fulfilled. Nevertheless, f*[g*
is not exact at (0, l)T, as the infimum in the formula above is not attained and,
consequently, (RC19) fails.

Other examples illustrating the same fact have been given in [40] (for f = dy
and g = 8y, where U and V are taken as in Example 6.13) and in Examples 11.1
and 11.3 in the book of Stephen Simons [120].

Returning to the initial setting, we take f identical to 0 and g : X — R a proper
and convex function such that R(A4) N dom g # @. The regularity condition (RC_{‘)
has the following formulation

A . N . L
(RC;?) | g is lower semicontinuous and A*g* is lower semicontinuous
and exact at 0

and Theorem 15.1 leads to the following result.

Theorem 15.4. Let g : Y — R be a proper and convex functionand A : X — Y

a linear continuous operator such that R(A) N dom g # @. If(RCSAg) is fulfilled,
then v(PA¢) = v(D4¢) and the dual has an optimal solution.

Further, considering for m > 2 f; : X — Ri=1,....m, proper and
convex functions such that N7L dom f; # 0, Y = X" g : X" — R,
gxt ... oxm)y =Y, fi(x'yand A : X — X™ Ax = (x,...,x), one obtains
as regularity condition for the primal—dual pair (P *)—(D¥)

(RCSE) fi is lower semicontinuous, i = 1,...,m, f{*O...Of is lower
semicontinuous and exact at 0,

while from Theorem 15.4 the following statement follows.

Theorem 15.5. Let f; : X — Ri=1,....mbea proper and convex functions
such that N/ dom f; # 0. If(RCSE) is fulfilled, then v(P%) = v(D¥) and the
dual has an optimal solution.

In the last part of the section, we discuss the existence of the so-called converse
duality for (P4) and (D4), namely the situation when the optimal objective values
of the primal and dual are equal and the primal problem has an optimal solution.
The approach is based on a fruitful idea used by Heinz Bauschke in [4] and later by
Ng and Song in [102].

Along the hypotheses made for f and g at the beginning of the section, we
assume that they are lower semicontinuous and 0 € dom f* + A*(dom g*). For the
optimal objective value of the dual (D 4) we have that

—v(Da) =— sup {—fF(=A"y") —g"(y")} = inf {f*(=A"y")+g (")}
y*rey* y*eY

By Theorem 15.1, if an appropriate regularity condition is fulfilled, then the optimal
objective value of the infimum problem in the right-hand side of the relation above is
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equal to the optimal objective value of its dual and the latter has an optimal solution.
Since X* and Y * are endowed with the weak™ topologies, one has that (4*)* = A,
f*(x) = f(x) forall x € X and g**(y) = g(y) forall y € Y. Therefore the
Fenchel dual of the convex optimization problem

inf {f*(=A"y") +&" (")} (15.1)
y*ey*

is
Sug{—g(AX) - f(x)} = —xig}f({f(X) + g(Ax)} (15.2)

and its objective value is equal to —v(P4). The feasibility assumptions A(dom f)
Ndomg # @ and 0 € dom f* + A*(dom g*) ensure that

— 00 < (D 4) < W(P4) < +00. (15.3)

Further, we show how the condition (RC 54) looks like for the primal—dual pair of
optimization problems (15.1)-(15.2). Noticing that f* and g* are proper, convex
and lower semicontinuous functions with —A4*(dom g*) N dom f* # @ one has to
ask for strong duality that

g *O(—=A™* f**) is lower semicontinuous and exact at 0
or, equivalently, that
gO(—Af) is lower semicontinuous and exact at 0.

We have that
gU(—=A) f(0) = yirelg{g(y) + (=Af)(=y)}

= inf inf = inf A
fnf &)+ of SO0 = inf /() + g(4x)}
and, therefore, asking that glJ(—Af) is exact at O is nothing else than asking that
the primal problem (P“) has an optimal solution.

Next we discuss the other assumption, namely that glJ(—A ") is lower semicon-
tinuous. For an arbitrary y € Y one has that

gU(=AN) () = infig@) + (A - I}

. . . . A
—Zlg g(Z)+x€X,hnf 5 S x) —;g}f({f(X)ng(AXvLy)}—;g(@ (x, ).

Consequently, the sufficient regularity condition we derived from (RC SA) for having
converse duality states that 14 : Y — R, h(y) = infrex ®4(x, ), the infimal
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value function of ®4 is lower semicontinuous and the primal problem has an optimal
solution.

This fact is not surprising at all, since converse duality follows as a direct conse-
quence of the implication (i) = (ii) in Theorem 1.4. Taking into consideration that
h4(0) = v(P4) € R (cf. (15.3)), one has in case 44 is lower semicontinuous that
the problem (P4) is normal and so v(P4) = v(D*4). The converse duality is in this
way guaranteed.

16 Strong Lagrange and Fenchel-Lagrange Duality

In this section, we consider X and Z separated locally convex spaces, where Z is
partially ordered by the nonempty convex cone C € Z, S € X a nonempty and
convex set, f : X — R a proper and convex functionand g : X — Z* a proper and
C -convex function such that dom f NS N g~!(—C) # @. For the primal optimiza-
tion problem with geometric and cone constraints (P <) we introduced in Section 3
via perturbation three conjugate dual problems. The general results given in Sec-
tion 14 allow the formulation of weak regularity conditions for these primal—-dual
pairs. Considering ®¢7 : X x X — R, ®°F(x,y) = f(x + y) + 8.4(x) as per-
turbation function, one obtains as a direct particularization of (RCsid) the following
regularity condition

(RCSCF) f is lower semicontinuous, A is closed and f*Oo 4 is
lower semicontinuous and exact at 0,

while Theorem 15.2 furnishes the following strong duality statement.

Theorem 16.1. Let S C X be a nonempty convex set, f : X — R a proper
and convex function and g : X — Z° a proper and C -convex function such that

dom f NS Ng 1 (=C) # 0. If (RCET) is fulfilled, then v(P€) = v(DCF) and
the dual has an optimal solution.

The Lagrange dual to (P©) has been introduced in Section 3 via the perturbation
function ®CL : X x Z — R, ®CL(x,z) = f(x) + S1ues:gye—cy(x). If, addi-
tionally, S is closed, f is lower semicontinuous and g is C-epi closed, then ®CL is
lower semicontinuous, too, and from (RC 5¢ ) and Theorem 14.1 via (3.1), we obtain
a further regularity condition

(RCSC Ly | S isclosed, f is lower semicontinuous, g is C-epi closed and
x* ing (f + (z"g) + 85)*(x*) is lower semicontinuous and
Z*E *

exact at 0,

respectively, a further strong duality theorem for Lagrange duality (see also [24]).

Theorem 16.2. Let S C X be a nonempty convex set, f : X — R a proper
and convex function and g : X — Z° a proper and C -convex function such that
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dom f NS Ng~H(—=C) # 0. If (RCEL) is fulfilled, then v(PE) = v(DCL) and the
dual has an optimal solution.

Remark 16.3. In [86] Jeyakumar, Song, Dinh and Lee considered in the hypotheses
that X is a Fréchet space, S is closed, f : X — R is a continuous function and g
is a star C-lower semicontinuous function as regularity condition for (P€) and its
Lagrange dual a sufficient condition called dual CQ (dCQ). The set A is said to
fulfill (dCQ) if

UC epi((z*g) + 8s)* is closed in (X*, w(X™, X)) x R.
Z*E *

From Theorem 8.2 one has in this situation that epio 4 = U x¢cx* epi((z*g) + 8s5)*
and from Theorems 5.5, 7.6 and 7.7, it yields

epi(f +6.4)" = clorxr ( U epi(f +("g) + 53)*) = epi /* +epio

Z*
=epi f*+ U epi((z"g) +68s)* S U epi(f + (zFg) +8s)".
*eC* *eC*

which further implies that Ugec+epi(f + (z*g) + 6s)* is closed in (X*,
w(X™*, X)) x R. Therefore, in the hypotheses considered in [86] (whereby X can
be taken as a general separated locally convex space) one has not only strong dual-
ity for (P€) and (D€L), but also stable strong duality. The same happens when
f : X — Ris continuous, g : X — Z is continuous and (C C CQ) holds, namely
Uxec* epi(z*g)™* + epios, which is in this case equal to U xcc* epi((z*g) + 8s)*,
is closed in (X™*, w(X™*, X)) x R. This second condition has been considered by
Jeyakumar, Dinh and Lee in [84]. Consequently, both conditions are sufficient for
(RCSC L) and there might occur situations, like the one in the following example,
where they fail, while the latter is fulfilled.

Example 16.4. Considering X = Z = R, S = R, C = R4, f(x) = 0 and
g(x) = x2, x € R, we have that (see also Example 8.12)

LU epi(f +(7g)+85)" =epi T+ U epi((z"g)+85)" = {0}x R+ URx (0, +00),

which is obviously not a closed set. Thus (RC 4C L) as well as the sufficient condi-
tions in [84, 86] fail.

For z* = O it holds (f + (z*g) + 8s5)* = 8¢y while for z* > 0 and x* € R it
yields (f + (z*g) + 85)*(x*) = sup,epix*x —z*x?} = (x*)2/(4z*). This means
that for all x* € R, inf+>o(f + (z*g) + 85)* (x*) = 0 and this infimum is attained
at x* = 0. The regularity condition (R C5C £ holds and so we have a situation which
proves that this condition is weaker than (RC 4C L.

Taking as perturbation function ®¢FL : X x X x Z — R, ®FL(x,y,z) =
J(x +y) + Sgues:gwe—c}(x), one can derive from (RC5¢) and by using (3.3) the
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following sufficient condition for strong duality for (P€) and its Fenchel-Lagrange
dual

(RCSC FLY | S is closed, f is lower semicontinuous, g is C-epi closed and
x* *ing*{f*(y*) + (("g) + 85)*(x™ — y™)} is lower
y*e
Z*EC*

semicontinuous and exact at 0,

while Theorem 14.1 furnishes the following strong duality result (see also [24]).

Theorem 16.5. Let S C X be a nonempty convex set, f : X — R a proper
and convex function and g : X — Z°* a proper and C-convex function such that
dom f NS N g~ (=C) # 0. If (RCETL) is fulfilled, then v(PC€) = v(DCFL) and
the dual has an optimal solution.

Remark 16.6. The fact that (RC 4C FLY) implies (RCSC FL) follows from the consider-
ations made in Remark 14.2. It is enough to consider the sets and the functions as
in the example above in order to see that the opposite implication is not true.

Remark 16.7. By taking into consideration (3.4) and Remark 3.7, it follows that
whenever (RCSCFL) is fulfilled, then one has v(P€) = w(DL) = w(DCF) =
v(DCFL) and the dual problems have optimal solutions. Another sufficient condi-
tion for having strong duality for (P€) and (DCFL) (as we have seen, this implies
the existence of strong duality for the other two primal—dual pairs) is the one given
in [39, Theorem 4.5], namely by asking that X is a Banach space, S a closed set,
f alower semicontinuous function, g : X — Z a continuous functions, f*[Jo 4
is lower semicontinuous and exact at 0 and U «ec+ epi(z*g)* + epios is closed in
X*, o(X*, X)) xR.

We replace the hypotheses of [39, Theorem 4.5] by some weaker conditions, by
taking X a separated locally convex space, S a closed set, f a lower semicontinuous
function and g a C-epi closed function such that

(1) f*Oo 4 is lower semicontinuous and exact at 0
(il) Uzxecxepi((z*g) + 85)* is closed in (X™*, w(X*, X)) xR

and prove that even under these weak hypotheses (RC 5C FL) holds. One can easily
notice that if g is continuous, then U, xcc* epi(z*g)*+epios = Uxec* epi((z2*g)+
8s)* and this proves in fact that we are here in a weaker setting than in [39,
Theorem 4.5].

Indeed, by Theorems 7.6, 8.1 and 8.3 we have that for all x* € X*

(f + 84" (x") = clyx y*ig)f(*{f*(y*) +((@"g) +8s)"(x* = y™)}

*eC*

= clo=(f Do) (x*) = (f*Doa)(x) = y*ig)f(*{f*(y*) +oalx™ = y%)}
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= inf §f*(y") + inf ((z"g) +8s)* (x™ —y¥)

yreX* *eC*

= Inf {707+ (9) +89) (" = ),

i*ec*

which means that x* > infy«cx *ccx{f*(¥*) + (("g) + 8s)*(x* — y*)} is
lower semicontinuous. Moreover, since f*[Jo 4 is exact at 0, there exists y* € X*
such that (f 4+ 54)*(0) = f*(3*) + 0.4(—3™*). By Theorem 8.3, using that (ii) is
fulfilled, there exists z* € C* such that

ou(=3") = 84(=F") = = It (7" x) + E Q) @)} = (E"g) +85)" (")
and so

(f+8.4)%(0) = y*ig(*{f*(y*H((Z*g)+5s)*(—y*)} = fF)HE Y +8)" (=5).

Z*EC*

Consequently, x* > infx ey xecx{ f* (V") + ((2"g) + 85)* (x* — y*)} is exact
at 0 and (RCSCFL) is satisfied.

For the problem treated in Example 16.4 we already have seen that (RCSC FL)
holds. Obviously, f*[Jo 4 is lower semicontinuous and exact at 0. Nevertheless,
since Uxec+ epi((z*g) + 8s)* = {0} x R4 U R x (0, 400), this set fails to be
closed, thus the assumption (ii) above is not fulfilled and one can conclude that
(RCSC FLY) is stronger than the condition used in [39, Theorem 4.5].

Remark 16.8. Concerning the relations between the closedness-type regularity con-

ditions introduced in this section for the problem with cone and geometric con-

straints, one can show that (RCSCFL) is weaker than (RCSCF) and (RCSCL).
Indeed, assume (RCSC FLY) fulfilled. We have

(f +84)" = clox(f*Oon) = y*ig)f(*{f*(y*) + () +85)"( =y}

Z*EC*
> inf {f*(y*) +oa(-—y")} = f*Ooa
yreX*
and, therefore, f*[Jo 4 is lower semicontinuous. At x* = 0 we have that there

exists (y*,7*) € X* x C* with
(f+307(0) = ")+ (T +85)" (=5™) = f* (") +oa(=F") = (f +6.4)"(0)

and this provides the exactness of f*[o 4 at 0. Therefore, (RCSCFL) = (RCSCF).
For the problem in Example 8.12, we have proved that (RC 4C ) is satisfied and,

consequently, (RCSCF) is satisfied, too. Let be x*, y* € R. For z*¥ = 0 one has
that f*(y*) + ((z*g) + 8s)*(x* — y*) is equal to 0 if x* = y* = 1, being
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+00, otherwise. For z* > 0 it holds f*(y*) + ((z*g) + 8s)*(x* — y*) = (x* —
1)2/4z* if y* = 1, being also equal to +oo, otherwise. Thus the function x* >
infyrex+ 5ol f*(¥*) + ((z*g) +85)* (x* — y*)}, which is identical to 0, is lower
semicontinuous, but it is not exact at 0. In conclusion, the implication proved above
does not hold as equivalence.

We come now to the investigation of the relationship between (RCSC FLY and

(RCE™). Since (cf. Theorem 8.1)
(800" = el int (/4 @) +85°0)

= I U704 (@ 48Ty 2 nt (f 4+ () +85)°0).
7feC*

the mapping x* + infxec* (f + (z*g) + §s)*(x*) turns out to be lower semicon-
tinuous. At x* = 0, we have that there exists (y*,z*) € X* x C* with

(f+3070) = fF+H(E" Q) +85)" (=3™) = (f +(E"8) +85)™(0) = (f +8.4)7(0)

and this provides the exactness of x* > infxecx(f + (z*g) + 8s)*(x*) at 0.
Therefore, (RCSCFL) = (RCSCL). Denote by || - || the Euclidean norm on R? and
take X = R2, Z =R, C = Ry, § = {(x1,x2)T € R? : |[(x1,x2)T|| < 1},
f(x1,x2) = §[1,400)xr (X1, X2) + X2, (x1,x2)T € R?, and g identical to 0. Then
infx>o(f + (z¥g) + 6s)* = (f + 8s)* and this function is lower semicontinuous
and exact everywhere, which means that (RC 4C L) and, consequently, (RCSC LY are
fulfilled. On the other hand, for all (x], x;‘)T € R? it yields (see also Example 15.3)

inf O{f*(yf,yik) + (" g) +85)"(x] = yi. x5 — ¥3)}

73T eR2,2%>

= inf {yf + \/(xi" -2+ (x5 —y3)?

OF.y5)7T er?

¥ <0,y5=1
*_ 1 2
=xj + inf oz 1) = x{.
iz D)2+ (x5 — D2 407

Evenif (x],x3) — inf(xT,xi“)TeRz,z*zo{f*(yf, v +((Z*g) +8s)* (xF —y¥, x5 —
¥5)} is lower semicontinuous, it is not exact at (0, 0)T and therefore (RCSC FL) fails
in this case, too.

In the remaining of the section, we equivalently characterize the fulfillment of
the condition on the feasible set .4 introduced in Remark 16.3 under the name dual
(CQ) (dCQ). To this end, we additionally assume that S is a closed set and g is a
C-epi closed function such that A is nonempty. One should notice that it is enough
to suppose that g is continuous at some point of A (even if one renounces at the
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topological assumptions from above) in order to have that (dCQ) coincides with
(CCCQ). The following assertion is a direct consequence of Theorem 8.3.

Theorem 16.9. The set A fulfills (dCQ) if and only if for all x* € X* one has
infxE.A<X*’ )C) = maXzxeC* infxES{<X*’ )C) + (z*g)(x)}.

We use this result for proving the following statement (see [31]).

Theorem 16.10. The set A fulfills (d C Q) if and only if for each proper, convex and
lower semicontinuous function f : X — R which satisfies dom f N A # @ and
(RCSCF) one has that v(P€) = w(D€L) = v(DF) = w(DCFL) and the dual
problems have optimal solutions.

Proof. The sufficiency follows from the previous theorem by taking f linear and
continuous. Notice that every linear continuous function satisfies (R CSC £y,

For proving the necessity we consider a function f, which fulfills the hypotheses.
Then there exists * € X* such that (f + §4)*(0) = (f*To4)(0) = f*(*) +
o4(—y*). Now, by Theorem 16.9, there is a z* € C* fulfilling

oA(=y") = = Inf{(57. x) + @) ()} = (E8) +85)" (=)

and so v(PC) = —(f +84)*(0) = —f*(7*) — ((Z*g) + 85)* (—y*) = v(DCrL).
The conclusion follows via Remark 3.7. O

Remark 16.11. In Theorem 16.10 instead of (RCSCF) one can consider each of the
regularity conditions (RCiCF),i € {1,2,3,4}.

Remark 16.12. The Farkas—Minkowski property of a system of (infinitely many)
convex or linear inequalities has been treated in the literature dealing with semi-
infinite programming problems (see, for instance [64,74,75,82]) and turns out to be
a special case of (dCQ).

Indeed, let T be an arbitrary index set and consider a family of functions g; :
X — R,t € T, which are convex and continuous at some pointof {x € S : g;(x) <
0,1 € T}. Take C = Ri and define g : X — RT as being g(x) = (g:(x))ser.
We note that in this setting g does not need to be Ri—epi closed. Given these, the
condition (d C Q) becomes equivalent to saying that

coneco(User epi g/) + epios is closed in (X*, w(X™*, X)) x R,

which is actually the Farkas—Minkowski condition (FM) in [74]. Indeed, for
each 7* € (]RJTF)* one has, by Theorems 5.5, 7.6 and 7.7 epi((z*g) + ds)* =
> ier 2 epigl + epios. Further,

U epi((z¥g)+ds)* = sz epig/ :T'CT,|T'| < +o00,zf >0, €T’
re®)” teT’
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U{0} x R4 + epicos = coneco ( UT epig; U{(0,1)} + epias)
te

= coneco ( UT epi g;") + epiog, since {0} x R4 C epios.
te

The following theorem provides optimality conditions for the problem (P ). For
more results of this kind we refer the reader to [31].

Theorem 16.13. If A fulfills the condition (dCQ) and f : X — R is a proper,

convex and lower semicontinuous function which satisfies (RCSC F), then X €
dom f N A is an optimal solution to (P€) if and only if there is some 7* € C*
such that (7*g)(x) = 0and 0 € 3f (x) + 0((Z*g) + 8s)(X).

Proof. Since (dCQ) holds, then by Theorem 8.6 (i) = (ii), one has

Ba)= U EE) +55)0x) Vx e A

(" g)(x)=0

We know that ¥ € dom f N A is an optimal solution to (P€) if and only if 0 €
d(f + 8.4)(x). The necessity follows by taking into consideration that we always
have

WE+ U )+ SIS + 8.

(" g)(x¥)=0

For the sufficiency we use (RCSC £) and obtain an element j* € X™* such that
(f +380)%(0) = f*Ooa(0) = f*(3*) + 0a(=y"). Further, we get

0= f(X)+(f +384)%0) = f(X) +84(X) + f* (") + 0a(=7") = 0

and thus one must have equalities in the Young—Fenchel inequalities for the pairs
f and f* and § 4 and o0 4, respectively, i.e. y* € df(x) and —y* € 35 4(x). Thus

there exists 7* € C* fulfilling (z*g)(x) = 0 and —y™* € 9((z*g) + 85)(X) and the
conclusion follows. O

17 Total Lagrange and Fenchel-Lagrange Duality

Next, we deal with another instance of strong duality for the problem (P€) and
its Lagrange and Fenchel-Lagrange duals, namely the situation when additionally
an optimal solution of the primal problem is assumed to be known. We call this
situation total duality. We keep on working in the setting from the previous section
and prove for the beginning the following result (see also [31, Theorem 3]).
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Theorem 17.1. Let be X € dom f N A. Then

*

(" g)(x)=0

I +80(x) = -9 IS + (" g) + 85)(%) (17.1)

if and only if for each x* € X* for which the infinum over A of the function
f =+ (x*,-) is attained at X one has

@)+ (6" %) = min{ () 4+ (6", x)} = max inf{£(0) + (" x) + ()
(17.2)

Proof. Let x € dom f N A be fixed.

“="Take x* € X* such that X solves infxe4{ f(x) + (x*, x)}. Thus 0 € 9(f +
(x*,) + 8.4)(x) or, equivalently, —x* € d(f + §.4)(X). Because (17.1) is satisfied
at X, there is some z* € C* such that (z*g)(x) = 0 and —x* € d(f + (z*¢g) +
8s)(X) & 0€d(f + (x*,-) + (z"g) + 6s5)(¥), which is the same with

)+ 73 = f() + (67 3) + @) = inf{f () + (x%,x) + 7 g) ().
Because the inequality

nf L)+ ()= sup inf (£ + (7 x) + ()0}

7*eC* X

is always fulfilled, we get (17.2).
“«&” Since the inclusion

U 0(f +(2"8) +8s)(X) SIS +84)(X)

*eC*

(" g)(x)=0

holds always, we have to prove only the reversed one. Take x* € d( f +6.4)(X). This
means that X solves the problem infye 4{ f(x) — {(x*, x)}. By (17.2) there is some
7" € C* such that f(x) — (x*,x) = infyes{f(x) — (x*, x) + (Z"g)(x)}. As the
infimum in the right-hand side is less than or equal to f(x)— (x*, x) + (Z*g)(x), we
get that (Z*g)(x) > 0. Thus, because X € A and 7* € C*, we have (z*g)(x) = 0.
This yields

@)~ (0 + ERE) = inf {100~ (v, ) + E ),
which leads to 0 € (f — (x*,-) + (Z*g) + 8s)(X), i.e.

e/ +EDHEND S U S+ )+,

(" g)(x)=0

The inclusion “C” in (17.1) is fulfilled, too, and this concludes the proof. O
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A similar statement to Theorem 17.1, involving the Fenchel-Lagrange dual prob-
lem of infye 4{ f(x)+ (x*, x)}, where x* € X*, is given in the following. The proof
can be made in the lines of the one above and therefore we omit it. For more results
of this kind we refer to [30].

Theorem 17.2. Let be X € dom f N A. Then

(f +04)(x) =0f(x) + *gc* 0((z"g) + 8s5)(X) (17.3)
g)®)=0

if and only if for each x* € X* for which the infinum over A of the function
f + (x*,-) is attained at X one has

SE+E*F) = mint f)+ (0 x)y = max A=fT(07) = @95y}
X€E y*eX* *eC
(17.4)

When f is identical to 0, then (17.1) and (17.3) collapse into a sufficient condi-
tion which refers to the set of constraints .A. This kind of regularity conditions are
called constraint qualifications. We say that the set A fulfills the generalized Basic
Constraint Qualification (gBCQ) at x € A if

WBat) = U AE8)+85)().
Z
@) (x)=0

If the set A fulfills (gBCQ) for all x € A we say that A fulfills the generalized
Basic Constraint Qualification (gBCQ). The characterization of (gBCQ) from
below follows as a consequence of Theorem 17.1 (or Theorem 17.2).

Corollary 17.3. The set A fulfills (gBCQ) at x € A if and only if for all
x* € X* such that (x*,-) attains its infimum over A at X one has (x*,x) =
minge 4 (x*, x) = maxgxec* infyes{{x*, x) + (2*g)(x)}.

The next theorem characterizes by using (gB C Q) the existence of strong duality
for the convex optimization problem (P ) and its three conjugate duals.

Theorem 17.4. The set A fulfills (¢BCQ) at X € A if and only if for each proper,
convex and lower semicontinuous function f : X — R such that dom f N A # @
which satisfies (R CSCF) and attains its minimum over A at X one has that v(P€) =
v(DCL) = w(DCF) = v(DCFL) and the dual problems have optimal solutions.

Proof. As the sufficiency follows obviously from the preceding corollary by taking
f linear and continuous, we have only to show the necessity. To this aim, take f
as requested in the hypothesis. We have f(x) = infyeq f(x) = —(f + 6.4)*(0).
As in the proof of Theorem 16.13, one gets that there exists some y* € 9f(x)
such that —y* € 9§ 4(x). Since (gBCQ) is fulfilled at X, there is a z* € C*
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such that (z*g)(x) = 0 and —y* € 9((Z*g) + 6s)(x). Consequently, ((z*g) +
8s)(X) + ((Z*g) + 85)*(=y*) = (=y*.X) and this yields f(X) = —f*(3*) —
(z*g) + 85)*(=7*) = 0. Thus v(P€) = v(DCFL) and (7*,2%) € X* x C*
is an optimal solution of the Fenchel-Lagrange dual problem. By Remark 3.7 the
conclusion follows. O

By combining the last two results, we obtain the following characterization for
(8BCQ).

Theorem 17.5. The following statements are equivalent:

(i) A fulfills the condition (¢BCQ);
(ii) for each x* € X* such that (x*,-) attains its minimum over A one has

s * — . f *’ * ;
)rcrgg(x , X) Zggg;;gs{(x x) + (g (%)}

(iii) for each proper, convex and lower semicontinuous function f : X — R such
that dom f N A # @ which satisfies (RCSCF) and attains its minimum over A
one has

min f(x) = max Inf{f(x) + (Z"g) (%)}

Remark 17.6. One can replace in Theorems 17.4 and 17.5 the regularity condition
(RCEF) by any of the conditions (RCEF), i € {1,2,3,4}, without altering the
validity of the results. When g is continuous at some point of A, (¢BCQ) turns at
each x € Ainto

Ba)= U 9 g)) + 8 (x).
z
(" g)(x)=0

Remark 17.7. As in Remark 16.12, let T’ be an arbitrary index set and consider a
family of functions g; : X — R,t € T, which are convex and continuous at some
pointof {x € S : g;(x) <0,t € T}. Take C = Ri and define g : X — RT as
being g(x) = (g¢(x))zer- In this setting, the condition (gBCQ) at x becomes the
so-called locally Farkas—Minkowski condition (LFM) at x (cf. [64,69,74])

08 4(x) = coneco ( U dg; (x)) + 985 (x),
teT(x)

where T(x) = {t € T : g;(x) = 0}. Indeed, using that g;,¢ € T, is continuous at
some point in A, from Theorems 5.5, 8.3 and 8.6 one has that (¢BCQ) at x turns
into

Balx)y= U . 9 (Zz:‘gt) (x) + 385(x)

% T
z E(R+ teT
(z*g)(x)=0
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+08s(x) = coneco( U Bg,(x)) + 385 (x).
teT(x)

Consequently, Theorem 17.5 yields a similar result like [74, Theorem 5.1], while it
improves the conditions put on f in statement (iii).

We want to mention that recently an extended formulation of the locally Farkas—
Minkowski condition, which can be also derived from the general subdifferential
sum formulae given in Section 8, was employed in [65] in characterizing the subdif-
ferentials of the infimal value functions of several classes of difference-convex (DC)
and bilevel infinite and semi-infinite programs. Here techniques from the convex
analysis join the ones coming from the variational analysis (see [99, 100]).

If T is a finite index set and S = X, (gBCQ) is actually the condition (BCQ)
considered in [123]. When U = X and x € bd(A), (¢BCQ) at x becomes the con-
dition (BCQ) at x in [80]. Considering A € R™" b € R™, the convex functions
c; :R*" >R, j=1,....,r,and A = {x e R" : Ax = b,cj(x) <0, j =
1,...,r}, (gBCQ) becomes exactly the basic constraint qualification (BCQ) in
its original formulation due to Hiriart-Urruty and Lemaréchal (cf. [79]).



Chapter V
Unconventional Fenchel Duality

18 Totally Fenchel Unstable Functions

In the fifth chapter of this work, we give some new insights into the classical Fenchel
duality. The first two sections deal with the concept of totally Fenchel unstable func-
tions introduced by Stephen Simons in [120], while in the remaining sections we
turn our attention to the study of some “unconventional” regularity conditions for
Fenchel duality expressed via the quasi interior and the quasi-relative interior of
the domains and epigraphs of the functions involved.

Let X be a separated locally convex space, X * its topological dual space and
f.g : X — R two arbitrary proper functions. According to the terminology used in
Section 5 (see also Definition 5.4), we say that f and g satisfy stable Fenchel duality
if for all x* € X*, there exists y* € X* such that (f +g)*(x™) = f*(x*—y*) +
g*(y™). If this property holds for x* = 0, then f, g satisfy the classical Fenchel
duality. Due to Stephen Simons (see [120]), the pair f, g is said to be fotally Fenchel
unstable if f and g satisfy Fenchel duality, but

yiL.ZFeX and (f + )0+ = 0N+ ) =y +F =0.

A geometric characterization of these notions in terms of the epigraphs of the
conjugates of the functions involved is given below. As pointed out in the dis-
cussion made below Theorem 7.7, if f and g are proper functions such that
dom f N domg # @, then stable Fenchel duality is equivalent to the relation
epi(f + g)* = epi f* + epig™. As seen in Section 7, a necessary and sufficient
condition for this equality whenever f and g are proper, convex and lower semi-
continuous functions such that dom f N dom g # @ is to have that epi f* + epig*
isclosedin (X*, w(X™*, X)) x R.

Whenever f and g are proper functions such that dom f N dom g # @ one can
prove that Fenchel duality is equivalent to the relation

epi(f + )" N ({0} x R) = (epi f* +epig™) N ({0} x R).

R.I. Bot, Conjugate Duality in Convex Optimization, Lecture Notes in Economics and 105
Mathematical Systems 637, DOI 10.1007/978-3-642-04900-2_5,
(© Springer-Verlag Berlin Heidelberg 2010
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The proof of this assertion can be gathered from the one of Proposition 18.1. Before
coming to this result, we want to notice that in case f and g are proper, convex and
lower semicontinuous functions such that dom f N dom g # @ Fenchel duality is
nothing else than saying that epi f* + epi g* is closed regarding the set {0} X R in
X*, o(X*, X)) xR.

As for all y*,z* € X* it holds

S+ 0"+ = fF0") +87(E). (18.1)
then a pair f, g of proper functions is totally Fenchel unstable if and only if
PTEXT (f+970) = [ (=y)+ &0 (18.2)
and
Vat e XT\{0L VT € XT 1 (f +8)"(x7) < fF(xT —2) +g"(E"). (18.3)

This means that if the pair f, g is totally Fenchel unstable one must have that
dom f N domg # @. Indeed, if this is not the case, then f + g is identical
to 400 and, consequently, (f + g)* is identical to —oo. By (18.2) there exists
y* € X* such that f*(—y*) 4+ g*(y*) = —o0. But, f and g being proper, we get
f*(=y*) > —o0 and g*(y*) > —o0, a contradiction.

Proposition 18.1. Let f.g : X — R be proper functions such that dom f N
domg # @. Then, the pair f, g is totally Fenchel unstable if and only if

epi(f + g)* N ({0} x R) = (epi /™ +epig™) N ({0} x R) (18.4)

and there is no x* € X* \ {0} such that

epi(f +g)" N ({x™} xR) = (epi /™ +epig™) N ({x"} x R). (18.5)

Proof. We notice first that we always have epi(f + g)* 2 epi f* + epig*. As
dom f Ndomg # @, (f + g)* never attains —oco.

“="1Incase (f + g)*(0) = +o0, the setepi( f + g)* N ({0} x R) is empty and
(18.4) follows automatically. In case (f + g)*(0) € R, take an arbitrary element
r € R fulfilling (f + g)*(0) < r. By (18.2) there exists y* € X™* such that

fH=y*) 4+ ¢"(y*) = randso
O0.r) = (=y* f5 =y + " r = 5 (=y™) € (epi f* +epig™) N ({0} x R).

Also in this case (18.4) follows.

Assume now that for x* € X* \ {0} relation (18.5) is fulfilled. As (18.3) implies
(f+8)*(x*) < +o0,wehave (f+g)*(x*) € R.Inthis case (x*, (f +g)*(x*)) €
epi(f + g)* N ({x*} x R) and so (x*, (f + g)*(x*)) € epi f* + epig™*. Thus
there exist (y*,s) € epi f* and (z*,t) € epig* such that y* 4+ z* = x™* and
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s+1 = (f + g)*(x"). This means that /*(y*) + g*(z*) = (f +&)*(»* + "),
which contradicts (18.3).

“<=" We prove first that Fenchel duality holds. If (f + £)*(0) = 4oo this
follows automatically from (18.1). If (f + g)*(0) € R, then (0, (f + £)*(0)) €
epi f* + epi g* and so there exist (—y*,s) € epi f* and (y*, 1) € epi g™ such that
s+t =(f+g)*0). Thus f*(—y*)+ g*(v*) < (f + £)*(0) and the conclusion
follows.

Further, assume that there exist y*, z* € X * such that y* +z* # O and (f + g)*
* +7%) = f*(*) + g*(z*). As (18.5) does not hold with equality we get ( f +
g2)*(y* +z*) € R. For all r € R such that (f + g)*(y* + z*) < r it holds
(y* +z5.r) € (epi f* + epig*) N ({y* + z*} x R). This implies that (18.5) is
satisfied for x* = y* + z* # 0, a contradiction. O

Obviously, stable Fenchel duality implies Fenchel duality, but the converse is not
true (see for instance Example 15.3 but also the example in [40, pp. 2798-2799] and
Example 11.1 in [120]). Nevertheless, each of these examples fails when one tries
to verify total Fenchel unstability. In the infinite dimensional setting the problem of
providing a pair of proper and convex totally Fenchel unstable functions received
an answer, due to the existence of extreme points which are not support points of
certain convex sets. Recall that if C is a convex subset of X, then x € C is a support
point of C if there exists x* € X™*, x* # 0, such that (x*, x) = sup,cc(x*,c).

We give below an example proposed in [120] of a pair f, g which is totally
Fenchel unstable. To this aim, we suppose that X is a nonzero real Banach space
and that its topological dual X * is endowed with the norm topology.

Example 18.2. (cf. [120, Example 11.3]) Let C be a nonempty, bounded, convex
and closed subset of X such that there exists an extreme point xo of C which is not
a support point of C. Take f := 8x,—c and g := Sc—x,. The fact that x¢ is an
extreme point of C implies that f + g = 8;0y. The conjugates of the functions f
and g are

X" = (" xo) —Cigg(y*,c) >0Vy*eX*®

and
g" (") = sup(z*.c) — (¢, x0) > 0 VZ* € X",
ceC

Since (f 4+ g)*(0) = f*(0)+ g*(0), f and g satisfy Fenchel duality. For x* € X*
we consider y*,z* € X* such that y* + z* = x* and f*(y*) + g*(*) =
(f + 2)*(x*) = 0. It follows that f*(y*) = g*(*) = 0. Consequently,
infeec(y*,c) = (y*,x0) and sup,cc(z*,c) = (2%, x0). As xp is not a support
point of C we must have y* = z* = 0. Thus x* = 0 and the pair f, g fails to be
totally Fenchel unstable.

An example of a set C and a point x¢ with the above mentioned properties was
also given in [120], following an idea due to Jonathan Borwein. For X = (2,1 <
p <2,C ={x €£?: x|, < 1} one has that x is an extreme point of C if and
only if || x||, = 1. For x € C with || x|, = 1 it yields that x is a support point of C
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if and only if x € £2(P~1 (cf. [120]). As 2(p — 1) < p there exist extreme points
of C which are not support points.

Regarding the functions defined in the above example, Stephen Simons asked
whether the following representation of the Minkowski sum of the sets epi f* and
epi g* is true:

epi f* +epig* ={(0,0)} U (X* x (0, +00)). (18.6)

The inclusion “C” in (18.6) is obvious and, since (0,0) = (0,0) + (0,0) €
epi f* + epi g™, relation (18.6) is equivalent to

epi f* +epig” DO X* x (0, +00). (18.7)

Let us mention that for the implication (18.7)=(18.6) the assumption that x is not
a support point of C is decisive. One should also notice that the boundedness of the
set C guarantees that dom f* = domg* = X*, thus f* and g* are continuous
functions (see [127, Theorem 2.2.9]).

In case X is reflexive Simon’s question gets a positive answer. Although the
proof is given in [120, Example 11.3], we give here the details for the reader’s
convenience. Let y* € X™* be arbitrary. Consider the functions # : X* — R and
k : X* — Rdefined by h(z*) := f*(z*) and k(z*) := g*(y*—z*) forall z* € X*.
Since & and k are continuous, it follows that /# and k satisfy Fenchel duality (see
Theorem 2.2). This and the reflexivity of the space X gives

—_inf {h) +kE)} = (h+K)"(0) = min{h* () + k" (2)}.

A simple computation shows that 2*(z) = f(z) and k*(—z) = g(z) — (y*, z) for all
z € X. Hence

—Z*ig;;*{h(z*)Jrk(z*)} = rzrelig(l{f(Z)Jrg(Z)—(y*»Z)} = 221}}1{5{0}(1)—@*&)} =0,

consequently, for all ¢ > 0, there exists z* € X™* such that h(z*) + k(z*) < &, that
is f*(z*) + g*(y* — z*) < e. This means exactly that (y*,¢) € epi f* + epig™*,
hence the proof of (18.7) is complete.

Remark 18.3. With respect to the proof given above, one can notice that relation
(18.6) is fulfilled if and only if for all y* € X * and for all ¢ > 0 there exists z* € X*
such that f*(z*) + g*(y* —z*) < e. This is further equivalent to the statement that
there exists z* € X* such that for all x,y € X, f(x) + g(y) — (5, x — y) >
(y*, y) —e. Using the Hahn—Banach-Lagrange theorem (see [120, Theorem 1.11]),
this is equivalent to the following: there exists M > 0 such that for all x,y € X,
f(x)+g(y)+ M|x—yl| = (y*,y) — ¢, that is to say there exists M > 0 such
that forall u,v € C, M ||u + v — 2x¢|| = (y*,v—x0) — &.
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Following this observation Stephen Simons proposed the following problem (see
[120, Problem 11.5]).

Problem 18.4. Let C be a nonempty, bounded, convex and closed subset of a non-
reflexive Banach space X, x¢ be an extreme point of C, y* € X* and ¢ > 0. Then
does there always exist M > 0 such that for all u,v € C, M|u + v — 2x¢|| >
(v — xo, y*) — £? If the answer to this question is positive, then

epidy,_c +epide_y, O X* x (0, +00).

In the following, we give an answer to Problem 18.4 and show that in the non-
reflexive case the answer depends on whether xg is a weak*-extreme point of C or
not. We recall that x¢ is a weak™-extreme point (see [92]) of the nonempty, bounded,
convex and closed set C C X if Xp is an extreme point of cl,=(C), where the clo-
sure is taken with respect to the weak™ topology w(X**, X*). One can easily show
that if x¢ is a weak*-extreme point of C, then x¢ is an extreme point of C.

Remark 18.5. The history of the notion of weak™*-extreme point goes back to the
paper of Phelps [109], where the author asked the following: must the image X of
an extreme point of x € By (the unit ball of X) be an extreme point of By
(the unit ball of the bidual)? We recall that by the Goldstine theorem (see pp. 126
127 in [77]), the closure of By in the weak™* topology w(X**, X*) is Bx+*, hence
the generalization to a nonempty, bounded, convex and closed set is natural. In the
spaces C(X) and L?(1 < p < oo) all the extreme points of the corresponding unit
balls are weak*-extreme points (see [101]). The first example of a Banach space the
unit ball of which contains elements which are not weak™*-extreme was suggested by
K. de Leeuw and proved by Y. Katznelson (see the note added at the end of [109]).
For the general case when C is a bounded, convex and closed set we refer to [43]
and [92] for more on this subject. We recall from [43] the following result: a Banach
space X has the Radon—Nikodym property if and only if every bounded, convex and
closed subset C of X has a weak*-extreme point. Of course, in a Radon—-Nikodym
space it is possible that some of the extreme points are not weak*-extreme points.

The answer to Problem 18.4 will be the consequence of some general results that
we prove in the following. Consider the proper and convex functions f, g : X — R
with the properties dom f N dom g # @, cly,* ]/‘\and cly* g are proper, f**(0) +
£**(0) > 0 and dom f* 4+ domg* = X*. Here fA: X** — R is the function we
attached to f in Lemma 10.1, defined by f(x**) = f(x),if x* =% € X and
f (x**) = 400, otherwise, while cl,* f is the lower semicontinuous hull of f in
the topology w(X**, X *). The same applies for g and cl,* g, respectively. Define
the function P : X* — R, P(z*) = (f** + g**)*(*).

Let y* € X* be fixed. Consider also the functions 7 : X* — Randk : X* - R
defined by h(z*) := f*(z*) and k(z*) := g*(y* — z*) forall z* € X*.
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Lemma 18.6. We have

(i) infrex{h(z*) + k(2")} = P(y™);
(ii) If A € R then

(y*, 1) €epi f* +epig* & there exists 7* € X* such that (h + k)(z") < A.

Proof. (i) Since domh = dom f* and domk = y* — dom g*, we get domh —
domk = —y* +dom f*+domg™* = X*. It follows that for h and k the regularity
condition (RCJY) is fulfilled and thus, by Theorem 2.2, we obtain

B + R = e (SR — k)

the conclusion follows easily.
(ii) This part is immediate from the definition of the functions / and k. O

Lemma 18.7. Let (y*,A) € X* x R. Then:
A>POH*) = (" L) ecepi f*+epigh = A >POHY).

Proof. If A > P(y*), then Lemma 18.6(i) gives an z* € X * such that (7 +k)(z*) <
A and so Lemma 18.6(ii) implies that (y*, 1) € epi f* 4 epig*.

On the other hand, if (y*,1) € epi f* + epig®*, from Lemma 18.6(ii), there
exists z* € X™* such that (& + k)(z*) < A. Hence infycx+ (h + k)(x*) < A and so,
from Lemma 18.6(i), we obtain A > P(y™). |

We come now to the result which leads to the answer to Problem 18.4 (see also

[16]).

Theorem 18.8. We have X *x (0, +00) C epi f*+epi g* if and only i]‘dom(clw*f)
N dom(cl,* g) = {0}.

Proof. By Lemma 10.1 we have for all y* € X* that

P(*) = sup {@ %) = el ) = el 8}
Z**edom(cly,* f)ﬂdom(c]w* 2)

Let us suppose first that X* x (0, +00) C epi f* + epig™*. Thus, forall y* € X*
and A > 0, (y*, 1) € epi f* + epi g* and so, from Lemma 18.7, we get P(y*) <
A. We obtain P(y*) < 0 for all y* € X*, that is (**, y*) — cly* f(z**) —
clpx g(z**) < 0 for all y* € X* and z** € dom(cly* f) N dom(cly* g), from
which follows that dom(cl,,* f ) N dom(cly* g) = {0}.

For the reverse implication, one can notice that if dom(cl,,* ]/"\) Ndom(cly* g) =
{0} one has P(y*) = —clyp=* f(O) —clp* 2(0) = —f**(0) — g**(0) < 0 for all
y* € X*.FromLemma 18.7, forall y* € X*and A > 0, (y*,A) € epi f*+epig*,
hence X* x (0, +00) C epi f* + epig*. |
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Consider now the following particular setting: C is a nonempty, bounded and
convex subset of the Banach space X, xo € C, f = 8x,—c and g := Sc—x,.
We have f* = S;O_C, g = Sé_xO, dom f* = domg* = X*, f = 8;?0—6’
Clpx [ = 8)?0_01“(6), thus, in view of Corollary 10.2, f** = 8)?0_01“(5). Further,
g =46, . (6)—%o" Applying Theorem 18.8 to this particular instance (the hypothe-
ses regarding the functions f and g are obviously fulfilled), we obtain the following
result.

~

Corollary 18.9. We have X* x (0, +00) C epi S;O_C + epi SE_XO if and only if x¢
is a weak™*-extreme point of C.

Remark 18.10. Corollary 18.9 shows that the answer to Problem 18.4 is affirma-
tive if and only if x¢ is a weak*-extreme point of C. The closedness of the set C,
requested in [120], is not necessary for this result.

We conclude the section by providing via a minmax result an alternative proof of
Corollary 18.9, hence an alternative solution to Problem 18.4 (see [16]).

Alternative solution to Problem 18.4. Let y* € X* and ¢ > 0 be arbitrary. In
view of Remark 18.3, the condition (y*, ¢) € epi f* + epi g™ is equivalent to the
statement that there exists z* € X™* such that for all x,y € X f(x) + g(y) —
(z*,x — y) = (¥*,y) — ¢, which is nothing else than there exists z* € X* such
that for all u,v € C, {(u + v —2x9,2*) + (y*, x0 — v) > —e&. Hence the inclusion
X* x (0, 400) Cepi f* + epig* is fulfilled if and only if

sup inf {5, u+v—2x0) + (3. xo—V)}>0Vy* e X*.  (18.8)
*eXx* (u,)eCxC

Suppose first that x¢ is a weak™-extreme point of C. Take y* € X*. For z* € X*
we have

inf  {{(", utv—2x0)+(y*, xo—v)} = inf {{u+v—2%p, ")+ {Xo—v,y*)}
(u,0)€C xC (u;»)eCxC
= inf {{u+v—2%0,2%) 4+ (Xo —v. y™)},

(u,v)€cly,* (é)xclw* (6)

where the first equality follows by the definition of the canonical embedding and
the second one from the continuity (in the weak™ topology w(X™**, X*)) of the
functions (-, x*) : X** — R for all x* € X™*. The set C being bounded, by the
Banach—Alaoglu Theorem, we conclude that cl,= (6 ) is weak*-compact. We apply
a minmax theorem (see, for example, [119, Theorem 3.1]) and obtain that

N inf *’ —2x *,X _
z*él)lz* (u,v)ECxC{(Z UtV o) + (¥*, xo —v)}

= sup inf {{lu+v—2%0,7") + (Xo — v, y*)}
FeX* (uv)ecl,x (C)xcl,+ (C)



112 V Unconventional Fenchel Duality

= inf _osup {(u—+v—2%0,2") + (Xo — v, y*)}
(u,v)ecly,* (C)xcly,* (C) z¥eX *
= inf (X0 —v,y"). (18.9)
(u,v)€cly,* (C)xcly,* (C)
u+v=2x9

As xg is a weak™*-extreme point of C, we get that {(u, v) € cly* (6) X Clgy* (6) :
u—+v=2x} = {(Xo,Xo0)}, hence

inf (Xo—v.y*)=0.
(u,v)€cly,* (C)xcly,* (C)
u+v=2x0o

Thus relation (18.8) is fulfilled, implying X * x (0, 400) C epi f* + epi g*.

For the reverse implication, we assume that X* x (0, +00) C epi f* + epig*
and that xg is not a weak™*-extreme point of C. Then, there exist ug, vo € cly* (6 ) X
cly* (6) with ug + vo = 2X such that ug # Xo and vy # Xo. We choose yg5 € X*
such that (Xp — vo, yg) < 0. So there exists &9 > 0 such that (Xo — vo. y§) < —¢o,
hence

ll}\f R (56\0 — Vo, y;)k) < —&o.
(u,v)€cly,* (C)xcl,+ (C)
u+v=2x0

From (18.9) we get

sup inf  {(z",u+v—2x0) + (y5.X0 —v)} < —&¢ <0,
7FeX* (u,v)GCXC

which contradicts (18.8), hence the proof is complete. (]

19 Totally Fenchel Unstable Functions in Finite
Dimensional Spaces

We pursue the investigations on the concept of totally Fenchel unstable function and
provide in this section an answer to another open problem posed by Stephen Simons
(see [120, Problem 11.6]), which has the following formulation.

Problem 19.1. Do there exist a nonzero finite dimensional Banach space and a
pair of extended real-valued, proper and convex functions which is totally Fenchel
unstable?

As proved in the following, this question receives a negative answer and this
can be interpreted as follows: if two proper and convex functions f,g : R* — R
satisfy Fenchel duality, then there exists at least one element x* € R" \ {0} such
that f — (x*,-) and g (or f and g — (x*,-)) satisfy Fenchel duality, too. We prove
first a preliminary result.
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Proposition 19.2. Ler f,g : R” — R be proper and convex functions such that
int(dom(cl f) Ndom(cl g)) # @. Then the pair f, g satisfies stable Fenchel duality.

Proof. Let x’ € int(dom(cl f) N'dom(cl g)) C int(dom(cl f)) N int(dom(cl g)). It
holds

int(dom(cl f)) = ri(cl(dom(cl f))) = ri(cl(dom f)) = ri(dom f')

and the same applies for g. This means that x” € ri(dom f) N ri(dom g). The regu-
larity condition (RC }9[ n) is fulfilled and, by Theorem 5.5, it follows that for all x* €
R” there exists some y* € R” such that (f + g)*(x*) = f*(x* —y*) + g*(»™).
This provides the conclusion. (]

The announced result follows (see [35, Theorem 4]).

Theorem 19.3. There are no proper convex functions f.g : R" — R such that the
pair f, g is totally Fenchel unstable.

Proof. We assume the contrary, namely that there exist f,g : R” — R proper and
convex functions such that the pair f, g is totally Fenchel unstable. By (18.3), it
follows that (f + g)*(x*) < +oo for all x* € R” \ {0}. The function (f + g)*
being convex, we get (f + £)*(0) < 4o00. As noticed in the previous section, we
must have dom f N dom g # @, hence (f + g)*(0) > —oo0.

This allows to choose some X € dom f Ndom g € dom(cl f) N dom(cl g) and
consider L = aff(dom(cl f) N dom(cl g) — x) = lin(dom(cl f) N dom(cl g) — X).
By Proposition 19.2, it yields int(dom(cl /) N dom(cl g)) = @ and therefore the
dimension of L is strictly less than n. This means that the orthogonal space to L,
L1 is nonzero. Obviously, we have

dom f Ndomg C dom(cl f) Ndom(clg) € L + x (19.1)
By Theorem 7.6(ii), using that f* = (cl f)* and g* = (cl g)*, it yields
epi(cl f +clg)* =cl(epi f* +epigh). (19.2)

It follows
epi(f + g)* 2 epi(cl f +clg)* Depi [ + epig™.
Since the pair f, g is totally Fenchel unstable, by Proposition 18.1, one has that

epi(f +£)*N{0}xR) = epi(cl f +cl g)*N{0}xR) = (epi /" +epi g*)N({0}xR)

and so (f + g)*(0) = (cl f + clg)*(0). Taking an element x* € L+ \ {0} we
obtain, by (19.1),

(f + 8" (") = sup {(x*, x) — f(x) —g(x)} = sup {{(x",x)— f(x)—g(x)}

x€eR” x€L+x
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=(@"X)+(f +8)0) = (x*".%) + (cl f +clg)*(0) = (cl f +clg)*(x™).
(19.3)

We distinguish two cases:

(a) If epi f* + epig™ is closed, then we obtain from (19.2) and (19.3) that
O (f + 2)*(x*)) € epi(cl f +clg)* = epi f* + epig™ and so there exist
(y*,s) € epif* and (z*,t) € epig* such that y* + z* = x* # 0 and
s+1 = (f + g)*(x*). This means that /*(y*) + g*(z*) = (f +&)*(y* +2").
As y* 4+ z* = x™* # 0 this contradicts (18.3).

(b) Otherwise, if epi f/* + epi g™ is not closed, by [113, Corollary 9.1.2] there
exists a direction of recession of epi f* whose opposite direction is a direction of
recession of epi g*. This can be expressed as

3(x*,r) # 0 such that (x*,r) € 0" epi f* and (—x*, —r) € 0" epi g*,

where by 0T epi f* and 0T epi g* we denote the recession cones of epi f* and
epi g*, respectively. Without loss of generality we assume that r > 0. It follows
x* # 0, because otherwise we would have (0, —r) € 0% epig* withr > 0. But g
is proper and so g* never attains —oo.

Choose some y* € R" according to (18.2), namely such that (f + g)*(0) =

Sr=y™) 4 g% (y). Since (f + 2)*(0). f*(=y*).g"(y*) € R and as epi /* and
epi g* are nonempty convex sets, by [113, Theorem 8.1] it holds

(=y*, 5=y + A(x*,r) €epi f* VY1 >0

and
(. g" (™) — u(x".r) epigh Vu = 0.
From the relations above we get

0,(f +8)"0) + y(x*,r) cepi f* +epig" Vy eR. (19.4)

Let y = 1in (19.4). Thus there exist (u*, s) € epi f* and (v*, ) € epi g™ such that
w*+v*=x*and s+t = (f + g)*(0) + r. It follows

[+ (M) = ffW@)+g" (V) =s+1=(f+"O)+r.  (19.5)
Setting y = —1 in (19.4) we obtain analogously

(f+ " (=x") = (f +8)*(0) —r. (19.6)

Both inequalities in (19.5) and (19.6) must hold as equalities. Indeed, supposing that

this is not the case, after adding them, we get a contradiction to the fact that ( f +g)*

is convex. Hence (f +g)* (u* +v*) = f*(*)+g* (v*). But this contradicts (18.3)
because of u™ + v* = x* #£ 0. O
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Remark 19.4. The following alternative proof for the Problem 11.6 posed by
Stephen Simons in [120], which we received anonymously, is worth mentioning.

Assuming that the pair f, g is totally Fenchel unstable, as noticed, we have
dom f N domg # @. As follows from the proof of Proposition 19.2, in case
ri(dom f) Nri(domg) # @, f and g satisfy stable Fenchel duality and the con-
clusion follows. Assume now that ri(dom f) N ri(domg) = @ and consider an
element z in dom f Ndomg = dom(f + g). By [113, Theorem 11.3] there exists
7* € R™ \ {0} such that

(z*,x) < (z",y) Vx €edom f Vy e dom g,
which yields
(", x) < (z",y) = (z",2) Vx € dom f Yy € dom f Ndomg.
Thus

[RE =y = sup {5 =y x) = f(x)}

x€&dom f

= (2 + sup {(=y".x) = fO)} = "2+ [H(=y)

x€dom f

and so, using (18.2),

(f+"@) = sup {"y)—(f+2O)}

y€dom(f+g)

=MD+ sup {—(f+W}= ")+ (f +27%0)
y€dom(f+g)

= () + M=)+ = fFEE -y + g 0.

Since (z* — y*) + y* = z* # 0, this contradicts the total Fenchel unstability of the
pair f, g.

20 Quasi Interior and Quasi-relative Interior

As seen in the previous chapters, for closing the duality gap between the optimal
objective value of a convex optimization problem and its Fenchel dual, one needs
the fulfillment of a regularity condition. We introduced in Section?2 several gen-
eralized interior point conditions for the formulation of which, along the classical
interior, the algebraic interior and the strong quasi-relative interior have been used.
Unfortunately, for infinite dimensional convex optimization problems, also in prac-
tice, it can happen that these duality results cannot be applied because, for instance,
the interior of the set involved in the regularity condition is empty. This is the case,
for example, when we deal with the positive cones

€8 ={x = (Xp)nen € £? : x, =0 Vn € N}
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and
Li(T, w)={ue LP(T,u):u)>0ae.inT}

of the spaces /? and L? (T, ), respectively, where (T, ) is a o-finite measure space
and p € [1, 00). Moreover, also the strong quasi-relative interior of this set, which
is the weakest generalized interior notion considered in this context, is empty. For
this reason, for a convex set Borwein and Lewis introduced in [11] the notion of
quasi-relative interior, which generalizes all the above mentioned interior notions.
They proved that the quasi-relative interiors of Ei and Li (T, ;t) are nonempty. The
same happens also with the quasi interiors of these cones. In the next section, we
give for the primal—dual pair (P¢)—(D'?) sufficient conditions, formulated via the
quasi interior and the quasi-relative interior, which guarantee strong duality.

To this end, we introduce in this section some preliminary notions and prove
several helpful results. Consider X a separated locally convex space and let X*
be its topological dual space. One can easily prove that for a nonempty convex set
U C X it holds

coneco(U U {0}) = cone(U). (20.1)

The quasi-relative interior of U is the set (see [11])
qri(U) = {u € U : cl(cone(U — u)) is a linear subspace of X }.

Next we give an useful characterization of the quasi-relative interior of a convex set,
the proof of which can be found in [11].

Proposition 20.1. Let U be a convex subset of X and u € U. Then u € qri(U) if
and only if Ny (u) is a linear subspace of X *.

In the following, we consider another interior notion for a convex set which is
close to the one of quasi-relative interior. For U being a convex subset of X the
quasi interior of U is the set

qi(U) = {u € U : cl(cone(U —u)) = X}.

The following characterization of the quasi interior of a convex set was given in
[60], where X was considered a reflexive Banach space. As follows from the result
below, this property is true even in a separated locally convex vector space.

Proposition 20.2. Let U be a convex subset of X and u € U. Then u € qi(U) if
and only if Ny (u) = {0}.

Proof. Assume first that u € qi(U) and take an arbitrary element x* € Ny (u). One
can easily see that (x*, x) < 0 for all x € cl(cone(U — u)). Thus (x*, x) < 0 for
all x € X, which is nothing else than x* = 0.

In order to prove the opposite implication, we consider an arbitrary x € X and
prove that x € cl(cone(U — u)). Assuming the contrary, by a separation theorem
(see for instance [127, Theorem 1.1.5]), one has that there exist x* € X* \ {0} and
a € R such that
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(x*,z) <a < (x*,x) Vz € cl(cone(U — u)).

Let y € U be fixed. For all A > 0 it holds (x*, y — u) < (1/A)« and this implies
that (x*, y — u) < 0. As this inequality is true for every arbitrary y € U, we obtain
that x* € Ny (u). But this leads to a contradiction and in this way the conclusion
follows. ]

From the definitions of the generalized interior notions introduced above one
has that core(U) C sqri(U) € qri(U) and core(U) € qi(U) € qri(U), while
qri{x}) = {x} for all x € X. Moreover, if qi(U) # @, then qi(U) = qri(U). This
property is given in [93] in the case of a real normed space, but it holds also in a
separated locally convex vector space. If X is finite dimensional, then sqri(U) =
icr(U) = qri(U) = ri(U) (cf. [11,76]) and int(U) = core(U) = qi(U) (cf.
[93,116]). Some useful properties of the quasi-relative interior are listed below. For
the proof of (i)—(viii), we refer to [9, 11].

Proposition 20.3. Let us consider U and V two convex subsets of X, x € X and
a € R\ {0}. Then:

(i) qri(U) + qri(V) < qri(U + V),
(ii) qri(U x V) = qri(U) x qri(V);
(iii) qri(U — x) = qri(U) — x;
(iv) qri(elU) = aqri(U);
(v) tqri(U) + (1 —)U < qri(U) forallt € (0, 1], hence qri(U) is a convex set;
(vi) if U is an affine set then qri(U) = U;
(vii) qri(qri(U)) = qri(U).
If qri(U) # O then:

(viii) cl(qri(U)) = cl(U);
(ix) cl(cone(qri(U))) = cl(cone(U)).

Proof. (ix) The inclusion cl(cone(qri(U))) < cl(cone(U)) is obvious. We prove
that cone(U) C cl(cone(qri(U))). Consider x € cone(U) arbitrary. There exist
A > 0and u € U such that x = Au. Take v € qri(U). Applying the property (v)
we gettv + (1 — H)u € qri(U) forall t € (0,1], s0 Atv + (1 —t)x = A(tv +
(1 —t)u) € cone(qri(U)) for all ¢t € (0, 1]. Passing to the limit as ¢ N\, 0 we obtain
x € cl(cone(qri(U))) and hence the desired conclusion follows. O

The next lemma plays an important role for the investigations we make in this
chapter.

Lemma 20.4. Let U and V be nonempty convex subsets of X such that qri(U) N
V #£@.If0 e qi(U —U), then0 € qi(U = V).

Proof. Take x € qri(U) NV and let x* € Ny_y (0) be arbitrary. We get (x*,u —
v) <Oforallu € U and v € V. This implies

(x*u—x)<0VueUl, (20.2)
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that is x* € Ny(x). As x € qri(U), Ny(x) is a linear subspace of X*, hence
—x* € Ny (x), which is nothing else than

(x*,x —u) <0Vuel. (20.3)

The relations (20.2) and (20.3) give us {(x*,u’ —u”) < O0forall u’,u” € U, so x* €
Ny—u(0). Since 0 € qi(U — U) we have Ny_y (0) = {0} (cf. Proposition 20.2)
and we get x* = 0. As x* was arbitrary chosen, we obtain Ny_y (0) = {0} and, by
using again Proposition 20.2, the conclusion follows. (I

The following result is a direct consequence of the lemma above.

Lemma 20.5. Let U be a nonempty convex subset of X and u € X. Then u €
qri(U) and 0 € qi(U — U) if and only if u € qi(U).

Proof. The necessity follows from Lemma 20.4 by taking V' = {u}. For getting
the sufficiency, it is enough to notice that in case u € qi(U), then automatically
u € qri(U). Moreover, we have U —u € U — U and since cl(cone(U — u)) = X,
it yields cl(cone(U — U)) = X and therefore 0 € qi(U — U). O

Next, we give useful separation theorems in terms of the notion of quasi-relative
interior.

Theorem 20.6. Let U be a convex subset of X andu € U. If u & qri(U), then there
exists x* € X*,x* # 0, such that

(x*,x) < (x*,u) Vx € U.

Viceversa, if there exists x* € X*, x* # 0, such that (x*,x) < (x*,u) for all
x€Uand0 € qi(U —U), thenu & qri(U).

Proof. Suppose that u ¢ qri(U). According to Proposition 20.1, Ny (u) is not a
linear subspace of X *, hence there exists x* € Ny (u), x* # 0. Using the definition
of the normal cone, we get that (x*, x) < (x*,u) forall x € U.

Conversely, assume that there exists x* € X*, x* # 0, such that (x*, x) <
(x*,u) forall x € U and 0 € qi(U — U). We obtain

(x*,x—u) <0Vx eU, (20.4)

thatis x* € Ny (u). If we suppose that u € qri(U), then by Lemma 20.5, u € qi(U)
and further, by Proposition 20.2, it yields that x* = 0. This is a contradiction and
sou & qri(U). |

Remark 20.7. In [59, 60] a similar separation theorem in case when X is a real
normed space is given. For the second part of the above theorem, the authors require
that the following condition must be fulfilled: cl(Ty (u) — Ty (1)) = X, where

Ty () = {y €X iy = lim Ayun—u), Ay > 0,up €U Vi €N, lim u, =u}
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is called the Bouligand tangent cone to U at u € U. In general, we have the
following inclusion Ty (u) < cl(cone(U — u)). If the set U is convex, then
Ty () = cl(cone(U —u)) (cf. [81]). Using that cone(U)—cone(U) = cone(U —U),
if U is a convex subset of X such that 0 € U, the condition cl(Ty (u) — Ty (v)) = X
can be reformulated as cl(cone(U — U)) = X or, equivalently, 0 € qi(U — U).
Indeed, we have cl (cl(cone(U — u)) — cl(cone(U —u))) = X < cl(cone(U —u)—
cone(U —u)) = X < cl(cone(U —U)) = X & 0 € qi(U — U). This means that
Theorem 20.6 extends to separated locally convex spaces the separation theorem
given in [59, 60].

The condition u € U in Theorem 20.6 is essential (see [60]). However, if u is an
arbitrary element of X, it is still possible to give a separation theorem by means of
the following result due to Cammaroto and Di Bella (see [54, Theorem 2.1]).

Theorem 20.8 (cf. [54]). Let U and V be nonempty convex subsets of X with
qri(U) # 0, qri(V) # @ and such that cl(cone(qri(U) — qri(V))) is not a lin-
ear subspace of X. Then there exists x* € X*, x* # 0, such that (x*,u) < (x*,v)
forallu e U andv e V.

The following result is a direct consequence of Theorem 20.8.

Corollary 20.9. Let U be a convex subset of X and v € X such that qri(U) # @
and cl(cone(U —v)) is not a linear subspace of X. Then there exists x* € X*, x* #
0, such that (x*,u) < (x*,v) forallu € U.

Proof. We take in Theorem 20.8 V' := {u}. Then we apply Proposition 20.3(iii),
(ix) to obtain the conclusion. O

21 Regularity Conditions via qi and qri

Consider f,g : X — R two proper and convex functions such that dom f N
dom g # @. The question if whenever for having strong duality for

(P9 inf{f(x)+ g(x)}
xeX
and its Fenchel dual

(D) sup {—f*(—y*)—g" (")}
yreXx*

one can replace in the formulation of the regularity conditions (RC;9), i € {2,2,2"},
the generalized interior notions by the quasi-relative interior was addressed by
Gowda and Teboulle in [76]. More precisely, whenever X is a Fréchet space and
one additionally assumes that f and g are lower semicontinuous, is the condi-
tion 0 € gri(dom g — dom f) sufficient for strong duality for the primal-dual pair
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(P%) — (D%)? The following example, which can be found in [76], gives us a nega-
tive answer and this means that we need additional assumptions in order to guarantee
Fenchel duality.

Example 21.1. Take X = (2 the Hilbert space consisting of all sequences x =
(Xn)nen such that ZZOZI x,zl < o0o. Consider also the sets

C ={xel?: xpp_1+ X2 =0VYneN}

and
S ={xe€l?: X2y + xon41 =0Vn € N},

which are closed linear subspaces of £2 and fulfill C NS = {0}. Define the functions
f.g: 0> > Rby f = 8c(x)and g(x) = x; + 8s(x). Then f and g are proper,
convex and lower semicontinuous functions with dom f = C and domg = S. As
v(P9) = 0and v(DY) = —co (see [76]), we have a duality gap between the optimal
objective values of the primal and dual problem. Moreover, S—C is dense in £2, thus
cl(cone(dom f—dom g)) = cl(C—S) = £2, which implies 0 € gi(dom f —dom g),
hence 0 € qri(dom f — dom g).

In this section we provide sufficient conditions expressed via the quasi interior
and quasi-relative interior that guarantee strong duality for (P¢) and its Fenchel
dual. As in case v(P'Y) = —oo this is automatically fulfilled, we suppose in the
following that v(Pd) € R. First, let us notice that for a functionk : X — R and a
real number & € R, we denote by k—a : X — R the function (k—a)(x) = k(x)—a,
while gﬁik = {(x,r) € X xR : (x,—r) € epik} is the symmetric of epik with
respect to the x-axis.

Lemma 21.2. The following relation is always true
0 € gri(dom f — dom g) = (0, 1) € gri (epi f —epi(g — V(Pid))> :

Proof. One can see that é[?i(g—v(Pid)) ={(x,r) € XxR:r < —g(x)+v(P}.
Let us prove first that (0, 1) € epi f—e/p\i(g—v(Pid)). Since infyex{ f(x)+g(x)} =
v(P4) < v(P9) + 1, there exists x’ € X such that f(x") + g(x') < v(Pii)\—}— 1.
Then (0, 1) = (x",v(P) + 1 — g(x)) — (x', —g(x") + v(P'9)) € epi f —epi(g —
v(Pidy).

Now let (x*,r*) € Nesi

f_gp\i(g—v(Pid))(O» 1). We have
(x*, x —x’) + r*(/L - /,L’ —1)<0V(x,u) cepi f V(x’,u’) c f;[;(g _ V(Pid))_
@1.1)

For (x, ) 1= (xo, f(x0)) and (', ') = (xo, —g(x0) + v(P™) — 2) in (21.1),
where x¢ € dom f N dom g is fixed, we get r*(f(xo) + g(x0) — v(PY) +1) <0,
hence r* < 0. As infyex{ f(x) + g(x)} = v(PY) < v(P9) + 1/2, there exists
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X1 € X such that f(x;) + g(x1) < v(P'Y) + 1/2. By taking now (x,u) :=
(x1, f(x1)) and (x',p') = (x1,—g(x1) + v(P4) — 1/2) in (21.1) we obtain
r*(f(x1)+g(x1)—v(P9)—1/2) <0andsor* > 0. Thus r* = 0 and (21.1) gives
(x*,x —x') < 0forall x € dom f and x" € dom g. Hence X* € Nyom f—dom g (0).
Since Ngom f—domg (0) is a linear subspace of X* (cf. Proposition 20.2), we have
(—x*,x —x’) < 0 forall x € domf and x’ € domg and so —(x*,r*) =
('—x*,O) e Nepif—eTai(g—v(Pid))(O’ 1), showinf?y that ]Yepif_;m(g_'v(},id))(o, 1) is a
linear subspace of X* x R. Hence, by applying again Proposition 20.2, we get
(0,1) e qri (epi f- (;Ei(g — v(Pid))). O
Proposition 21.3. Assuming that 0 € qi[(dom f —dom g) — (dom f — dom g)],
Nco[(epif—?pi(g—v(Pid)))u{(o,o)}] (0,0) is a linear subspace of X* x R if and only if
Neofepi £ —epice—vpioyugc0.03] (0 0) = (0. 0)3:

Pr(.)Of. The sufficiency is trivial. Suppose that NCO[(epi F—apilg—v(P9)U{(0.0)] (0,0)is
a linear subspace of X* x R. Take (x*,r*) € Nco[(epif—e/[;i(g—v(Pid)))U{(O,O)}] 0,0).
Then

(X, x =Xy (u—p') <OV (x, ) €epi f V(x', 1) € epi(g—v(PF)). (21.2)

Let xo € dom f N domg be fixed. Taking (x, ) := (xo, f(x0)) € epi f and
(', 1) == (x0.—g(x0) + V(P9 — 1/2) € epi(g — v(PY)) in the previous
inequality we get r*(f(xo) + g(x0) — v(P'9) + 1/2) < 0, implying r* < 0. As
Nco[(epif—e/[;i(g—v(Pid)))U{(O,O)}] (0,0) is a linear subspace of X* x R, the same argu-
ment also applies for (—x*, —r*), implying —r* < 0. In this way we get r* = 0.

The inequality (21.2) and (—x*,0) € Nco[(epif—?pi(g—v(Pid)))U{(o,o)}] (0,0) imply

(x%,x = x') = 0 Y(x, 1) € epi f V(x', 1) € epi(g — v(P™)),

which is nothing else than (x*, x — x’) = O for all x € dom f and x" € dom g, thus
(x*,x) = 0forall x € dom f —domg. Since x* is linear and continuous, one has
that (x*,x) = 0 for all x € cl(cone((dom f —domg) — (dom f —dom g))) =
X, hence x* = 0 and the conclusion follows. O

Remark 21.4. (a) By (20.1) one can see that cl [cone (epi f —epi(g — v(Pid)))]

coincides with cl [coneco ((epi f - e/\pi(g —v(P4))) U {(0, 0)})]. Hence one has
the following sequence of equivalences: NCO[(e pi f—api(g—v(P9)U{(0,0)}] (0,0)is alin-

ear subspace of X* xR < (0,0) € gri [co ((epif — é[?i(g —v(P%))) U {(0, 0)})]
& cl [coneco ((epi f - e/\pi(g —v(Pi9))) U {(0, 0)})] is a linear subspace of X x

R & cl [cone (epif —gp\i(g - v(Pid))>] is a linear subspace of X x R. The
relation Nco[(epif—?pi(g—v(Pid)))u{(o,o)}] (0,0) = {(0,0)} is equivalent to (cf. Propo-

sition 20.2) (0,0) € qi [co ((epi f- gp\i(g —v(PY))) U {(0,0)})], thus in case
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0 € qi[(dom f — domg) — (dom f — dom g)], the conclusion of the previous
proposition can be reformulated as follows:

cl [cone(epi f— e/\pi(g — v(Pid)))] is a linear subspace of X x R

& (0,0) € gi[co ((epi f —epi(g —v(P)) U{(0,0)})]
or, equivalently,
(0,0) € gri [co ((epi / — epilg — v(P)) U{(0,0)} )]
 (0,0) € qi[co ((epi / — epi(g — v(P) U {(0,0)})].

(b) One can prove that the primal problem (P9) has an optimal solution if and
only if (0,0) € epi f — epi(g — v(P9)). This means that if we suppose that the
primal problem has an optimal solution and 0 € gi[(dom f — dom g) — (dom f —
dom g)], then the conclusion of the previous proposition can be rewritten as fol-
lows: N(epif—eT)i(g—v(Pid))) (0,0) is a linear subspace of X* x R if and only if

N(epif—?pi(g—v(Pid))) (0,0) = {(0,0)} or, equivalently,

(0.0) € qri[epi f — epi(g — v(P))] + (0.0) € i [epi f — epi(g —v(P)].

We give now a first strong duality result for (P'¢) and its Fenchel dual (D¢).
Let us notice that for the functions f and g only convexity but no topological
assumptions are supposed (see [20]). The fact that the hypotheses 0 € gi[(dom f —
domg) — (dom f — domg)] and 0 € gri(dom f — domg) can be replaced by
0 € qi(dom f — dom g) follows by Lemma 20.5.

Theorem 21.5. Suppose that 0 € qi[(dom f — dom g) — (dom f —domg)], 0 €
gri(dom f — dom g) (or, equivalently, 0 € qi(dom f — dom g)) and

(0.0) ¢ qri [ co ((epi  — epi(g — v(P)) U{(0.0)}) .

Then v(PY) = v(D%) and (D'%) has an optimal solution.

Proof. Lemma 21.2 ensures that (0,1) € qri (epif —éﬁi(g — v(Pid))>, hence
qri (epi f- éﬁi(g — v(Pid))> # (). The condition

(0,0) ¢ qri [co ((epi / — epi(g — v(P)) U{(0,0)} )]
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together with the fact that cl [coneco ((epif - e/\pi(g —y(PiYy)) U {(0,0)})] =

cl [cone (epi £ —epi(g — v(Pid))>] imply that cl [cone (epi f— epi(g— v(Pid))>]
is not a linear subspace of X xIR. We apply Corollary 20.9 with U := epi f—gp\i(g—
v(P4)) and u = (0, 0). Thus there exists (x*, 1) € X* x R, (x*, 1) # (0,0), such
that

(X x) A > (X A Y (x, 1) € epi(g—v(PY) V(X 1) € epi £ (21.3)

We claim that A < 0. Indeed, if A > 0, then for (x, ) := (u, —g(u) + v(P%)) and
(', 1"y = (u, f(u) + n),n € N, where u € dom f N dom g is fixed, we obtain
from (21.3) that

(" u) + A(=g ) +v(P') = (x"u) + A(f(u) +n) ¥n € N.

Passing to the limit as # — +o00 we obtain a contradiction. Next we prove that
A < 0. Suppose that A = 0. Then from (21.3) we have {x*,x) > (x*,x’) for
all x € domg and x’ € dom f, hence {x*,x) < O for all x € dom f — domg.
Using the second part of Theorem 20.6, we obtain 0 & qri(dom f — dom g), which
contradicts the hypothesis. Thus we must have A < 0 and so we obtain from (21.3)
that

1 1 - .
<Ix*’ X> +p < <Xx*’ X’> + 1/ V(x, 1) € epi(g —v(P)) V(x', 1t') € epi f.

Let r € R be such that
WA (xg Xy = > o (xgx) V(x, p) € epi(g — v(PY)) Y(x', 1) € epi f,

where x; = (1/A)x*. The first inequality shows that f(x) > (—xg,x) + r for all
x € X, thatis f*(—xg) < —r. The second one gives us —g(x) +v(P1)+(xg, x) <
r forall x € X, hence g*(x3) < r —v(P9) and so we have — f *(—x3) — g* (xg) >
r + v(PY) —r = y(PY). This implies that v(D¥) > v(P9). As the opposite
inequality is always true, we get v(P¢) = v(D'%) and x§ is an optimal solution of
the problem (DY), O

The above theorem combined with Remark 21.4(b) gives us the following result.
Corollary 21.6. Suppose that the primal problem (P'%) has an optimal solution,

0 € qi[(dom f — domg) — (dom f — domg)], 0 € gri(dom f — domg) (or,
equivalently, 0 € qi(dom f — dom g)) and

(0.0) ¢ ari [epi f —epi(g —v(P))].

Then v(P) = v(DY) and (DY) has an optimal solution.
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Some stronger versions of Theorem 21.5 and Corollary 21.6, respectively, follow
(see [20]).

Theorem 21.7. Suppose that dom f N qri(domg) # @, 0 € qi(domg — dom g)
and

(0.0) ¢ ari o ((epi f —epig —v(P)) U {(0,0)})].
Then v(PY) = v(D%) and (D'%) has an optimal solution.

Proof. We apply Lemma 20.4 with U := domg and V := dom f. We get 0 €
qi(dom g — dom f') or, equivalently, 0 € gi(dom f — dom g). Now Theorem 21.5
leads to the conclusion. O

Corollary 21.8. Suppose that the primal problem (P'Y) has an optimal solution,
dom f N gri(domg) # @, 0 € qi(dom g — dom g) and

(0.0)  ari [epi f —epi(g —v(P))].

Then v(P) = v(DY) and (D'Y) has an optimal solution.

Remark 21.9. (a) In the statements above, we introduce two more regularity con-
ditions for Fenchel duality for which one has that the regularity condition given
in Theorem 21.7 (Corollary 21.8) implies the one given in Theorem 21.5 (Corol-
lary 21.6).

(b) If one renounces the condition

(0,0) ¢ qri [co ((epi / — epiCg — v(P)) U{(0,0)} )]

or, respectively, (0,0) ¢ qri [epi f— e/p\i(g — v(Pid))], in the case when the primal
problem has an optimal solution, then the duality results given above may fail. By
using again Example 21.1 we show that these conditions are essential. We notice
first that for the problem in Example 21.1 the condition 0 € qgi(dom f — dom g)
is fulfilled. We prove in the following that in the aforementioned example we have
(0,0) € gri [epif — éﬁi(g — v(Pid))]. Note that the scalar product on £2, (-, :

02 x 02 > R, is given by (x,y) = > 02| Xpyn for X = (Xp)nen, ¥ = (Vn)nen €
(2. For k € N we denote by e® the element in £2 such that P — 1ifn =
k and e,gk) = 0, forall n € N\ {k}. We have epi f = C x [0, +00). Further,
epi(g — v(P9) = {(x,r) € 2 xR :r < —g(x)} = {(x.r) € 2 xR : x =
(Xn)neny € S,1 =< _f\l} = {(x,—x1 —¢) € P2xR:x = (Xn)nen € S, > 0}.
Then U := epi f —epi(g — v(PY)) = {(x —x', x| + &) :x € C,x' = (x,)nen €
S, e > 0}. Take (x*,r) € Ny(0,0), where x* = (x,)nen. We have

(x*x=x")+r(x]+6) <0Vx € CVx' = (x))nen € S Ve >0. (21.4)
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Taking in (21.4) x’ = 0and ¢ = 0 we get (x*,x) < Oforallx € C.AsC isa
linear subspace of X we have
(x*,x)=0Vx eC. (21.5)
Since k=D — ¢(5) ¢ C forall k € N, relation (21.5) implies
Xyp_qg —Xop =0Vk €N, (21.6)
From (21.4) and (21.5) we obtain
(—=x*, Xy + r(x] + &) <0Vx' = (x,)neny € S Ve > 0. (21.7)

By taking ¢ = 0 and x’ := me™ € S in (21.7), where m € Z is arbitrary, we
get m(—xj +r) < Oforallm € Z, thus r = x{. For ¢ = 0 in (21.7) we obtain
— Y oo Xpx), + rxj < 0forall X' € S. By taking into account that r = x} we

get— Y o2, xxx), <O0forall x’ € S. As S is a linear subspace of X it follows that

3% x*x! = 0forall x' € S, but, since e@®¥) —e@k+D ¢ § forall k € N, the

n=2"n"n
above relation shows that

X —Xis1 =0Vk eN. (21.8)

Combining (21.6) with (21.8) we get x* = 0 (since x* € £?). Because r = x7
we also have r = 0. Thus Ny (0,0) = {(0,0)} and Proposition 20.2 gives us the
desired conclusion.

(c) Since in the hypotheses of the strong duality results given above the relation
0 € qi[(dom f —dom g)—(dom f —dom g)] is fulfilled, in view of Remark 21.4, the

condition (0,0) ¢ qri [co ((epif — gp\i(g —v(PY) U {(0,0)})] (respectively,
(0,0) ¢ qri [epi f —epi(g — v(Pid))]) can be replaced by the hypothesis (0, 0) ¢
gi [co ((epi £ = epilg — v(P)) U {(0,0)}) ] (respecively, (0.0) ¢ qi [epi /—
epi(g — v(P) ).

(d) We have the following relation

0,0) € qi [co ((epi £ —epi(g — v(P)) U {(0, 0)})] — 0 € gi(dom f—dom g).

Indeed, one has (0,0) € qi [co ((epi f—- e/p\i(g —v(PiY))) U {(0, 0)})] if and only
if ¢l [coneco ((epi f— é[?i(g —v(PiY))) U {(0, 0)})] = X x R and, consequently,
cl [cone (epi f- é[?i(g — v(Pid))>] = X x R. Since

cl [cone (epi f - gﬁi(g — v(Pid))>] C clcone(dom f —domg) x R,
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this implies cl [cone(dom f — dom g)] = X, thatis 0 € gi(dom f —dom g). Hence

0 ¢ gi(dom f—dom g) = (0,0) ¢ i [co ((epi / — epiCg — v(P)) U {(0.0)})].

Nevertheless, in the regularity conditions given above one cannot substitute the
condition (0,0) ¢ qri [co ((epi f- (;Ei(g —v(Pi%))) U {(0, 0)})] with the “nice-
looking” one 0 ¢ qi(dom f — dom g), since in all strong duality theorems the
hypotheses we consider guarantee 0 € gi(dom f — dom g).

The following example underlines the applicability of the strong duality theorems
introduced in this section.

Example 21.10. Consider again X = {2 equipped with the norm || - || : £2 - R,
[x]1?2 = Y02, x2, x = (Xp)nen € £2. We define the functions f, g : £ — R by
J) = lIxll + 85,2 (x) and g(x) = (¢, x) + §p2 (x), where €3 = {(xn)nen €
{% : x, > 0Vn € N} is the positive cone, xo = (1/n)pey and ¢ = (1/2")en.
Note that v(P'Y) = inf,cp2{f(x) + g(x)} = 0 and the infimum is attained at
x = 0. We have dom f = xo — €3 = {(xXp)nen € £* : x, < 1/n Vn € N}
and domg = (7. Since qri(f3) = {(xp)nen € €% : x, > 0 Vn € N} (cf. [11]),
we get dom f N qri(domg) = {(Xp)nen € €2 : 0 < x, < 1/n Vn € N} # 0.
Also, cl(cone(dom g — dom g)) = £2, 50 0 € gi(dom g — dom g). Further, epi f =
{(x,r) e ? xR :x € xo—ﬁﬁ_,nx” <r}={x|x|+e) € ?xR:x €
X0 —Kﬁ_,s > 0} and gp\i(g —v(PYY) ={(x.r) e ?xR:r < —g(x)} ={(x.r) €
2 xR l < —(c,).c),x € 61} = {(x,—{c,x) —¢) : x € Zﬁ_,s > 0}. We get
epi f —epi(g —v(P'Y) = {(x —x', x|l + e+ (c.x") + &) 1 x € xo — {5, x €
53_,8,8’ >0} ={(x—x",||x|| +{c,x")+¢&):x €xo —Kﬁ_,x’ € @i,s > 0}.

In the following we prove that (0, 0) ¢ qri [epi f —epi(g — v(Pid))]. By assum-
ing the contrary we would have that cl [cone (epi f— e/p\i(g — v(Pid))>] is a linear

subspace. Since (0,1) € cl [cone (epif — é[?i(g —v(Pid)))] (take x = x’ =0
and ¢ = 1), we must have that also (0, —1) belongs to this set. On the other hand,
one can see that for all (x, r) in cl [cone (epi f— é[?i(g — v(Pid))>] itholds r > 0.
This leads to the sought contradiction.

Hence the conditions of Corollary 21.8 are fulfilled, thus strong duality holds. Let
us notice that the regularity conditions given in Corollary 21.6 are fulfilled, too (see
Remark 21.9(a)). On the other hand, £? is a Fréchet space (being a Hilbert space),
the functions f and g are lower semicontinuous and, as sqri(dom f — domg) =
sqri(xo — Kﬁ_) = @, none of the regularity conditions (RCiid), i €{2,2/,2"}, canbe
applied for this optimization problem. Moreover, the regularity condition (RC}%) is
also not valid. As for all x* € £2 it holds g*(x*) = SC_& (x*) and

* * . * * * * . *
—Xx7) = inf 7))+ 6 X = inf X5, X0

frey= it A TGD 8 (D = et ()

lxfll<t.x3et?
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the optimal objective value of the Fenchel dual problem is

* *
v(Dfp) = sup (—x53,%0) = sup (—x5,x0) =0
x;efﬁ_—c—xf xikefﬁ_
lxfli<1x3eld

and xJ = 0 is the optimal solution of the dual.

Remark 21.11. Considering Y another separated locally convex space with the
topological dual space Y*, A : X — Y a linear continuous operator and f : X —
Rand g : Y — R proper and convex functions such that A(dom ) N domg # @,
one can derive from the strong duality results given above corresponding statements
for the primal—dual pair (P4)—(D“4). To this end, one has to define F, G : X xY —
R, F(x,y) = f(x)+ Siuex:au=yy(x) and G(x, y) = g(y) and to notice that

inf {F(x,y) + G0} = inf{f(0) + (g 0 A0} = v(P?)

(x,y)eXxY
and

sup A{=F*(=x",=y") = G*(x",y")} = sup {— fHEATYY) =g (v}
(x*,y*)eX*xY* y*eY

= v(D%).

Therefore, one can formulate regularity conditions that ensure strong duality for
(P4) and (D4) by using as starting point the Theorems 21.5 and 21.7 (respectively,
the Corollaries 21.6 and 21.8) applied to F and G. For more details we refer to [20].
Let us notice that for the primal—dual pair (P4)—(D“) Borwein-Lewis gave in [11]
sufficient conditions for strong duality via the quasi-relative interior, but under the
very restrictive assumption that Y is finite dimensional.

22 Lagrange Duality via Fenchel Duality

We use an approach due to Magnanti (cf. [95]) and derive in this section regular-
ity conditions expressed via the quasi interior and the quasi-relative interior for the
problem with geometric and cone constraints. As starting point we use the achieve-
ments from Section21. The setting we consider here for the primal problem is
different to the one in the previous sections, where this problem was treated, as
we prefer to work under similar hypotheses like in the literature dealing with the
same topic (cf [54,59,60]).

Let X be a topological vector space and S a nonempty subset of X. Let Z be a
separated locally convex space partially ordered by a nonempty convex cone C C
Z.let f : S —> Rand g : § — Z be two functions such that the function
(f.g) : S — R x Z, defined by (f,g)(x) = (f(x),g(x)), is convexlike with
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respect to the cone Ry x C € R x Z, that is the set (f, g)(S) + Ry x C is
convex. This property implies that the sets f(S) + [0, +00) and g(S) + C are
convex, while the reverse implication does not always hold. Let the feasible set
A={x €S :g(x) e —C} be nonempty. For having strong duality for

(PC) inf f(x).
A={xeS:gkx)e-C}

and its Lagrange dual

(D) sup inf{f(x) + &)(¥)}.

in [54, Theorem 2.2], the following conditions have been stated: cI(C — C) = Z,
there exists x’ € S such that g(x') € —qri(C), qri(g(S) + C) # @ and
cl[cone (qri(g(S) + C))] is not a linear subspace of Z. Like it results from the
following lemma, these assumptions are self-contradictory and this fact motivates
the need for providing valuable regularity conditions for the primal-dual pair
(P€) — (DCL) expressed via the quasi interior and quasi-relative interior.

Lemma 22.1. Suppose that cI(C — C) = Z and there exists x' € S such that
g(x") € —qri(C). Then the following assertions are true:

(i) 0 €qi(g(S) +C);
(ii) cl]cone (qri(g(S) + C))] = Z.

Proof. (i) We apply Lemma 20.4 with U := —C and V := g(S§)+C. The condition
cl(C —C) = Z implies that 0 € qi(U — U), while the Slater-type condition g(x’) €
—qri(C) ensures that g(x") € qri(U) N V. Hence, by Lemma 20.4, we obtain 0 €
qi(U —V), thatis 0 € qi(—g(S)— C), which is nothing else than 0 € qi(g(S) + C).

(ii) From (i) it follows that 0 € qri(g(S) + C). By applying Proposition 20.3(ix),
we get cl [cone (qri(g(S) + C))] = cl[cone(g(S) + C)]. Using again (i) one has
that these sets are nothing else than the whole space Z. 0

In the following example we underline the applicability of the result above
beyond its importance for the results developed in this section.

Example 22.2. Let A = [a,b] € [0,1],a < b and v,w € L?([0, 1]) be such that
0 < w < vae.in A. Consider X = Z = L2([0,1]), C = {u € L?([0,1]) :
u>0aein[0,1]} and S = {u € L?([0,1]) : u|4 = Ww|4 a.e.in A}. Define the
function g : § — L?([0, 1]) as being g(«) = u — v. The feasible set A = {u €
S :u < vae.in [0, 1]} is nonempty, cI(C — C) = L?([0,1]) and qri(C) = {u €
L?([0,1]) : u > 0 a.e.in [0, 1]}. Thus one can easily find an element x’ € S such
that g(x’) € —qri(C) and therefore the hypotheses of Lemma 22.1 are fulfilled,
which means that both conclusions (i) and (ii) are true.
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Since qri(g(S) + C) # @, by Proposition 20.3(ix) it follows that
cl[cone(qri(g(S) + C))] = cl[cone(g(S) + C)]

= cl[cone({u € L*([0,1]) : u|4 = w|4 — V|4 a.e.in A})]

and this is, by Lemma 22.1, nothing else than the whole space L2 ([0, 1]).

Next, we show this in an alternative way. Let z € LZ2([0,1] be such that
z|la := w|4 — V|4. One has that z|4 < 0 a.e.in A. Denote by T := cone({u €
L2([0,1]) : u|4 > z|4 a.e. in A}) and notice that T = Ugso{u € L?([0,1]) : u|4 >
s7|4 a.e.in A}. We prove that cI(T) = L2([0, 1]) and to this end we consider an
arbitrary f € L2([0, 1]). For all n € N we define f;, : [0, 1] — R by

f(x), x € (0,1]\ A U{x e A: f(x) > na(x)},
fa(x) = :
0, otherwise.

Obviously, for all n € N one has f, € T. We define g, := (f — f»)? € L([0,1])
forall n € N. For all x € [0, 1] we have that there exists ny € N such that for all
n > ng it holds f,(x) = f(x). Thus, forall x € [0,1], gn(x) — 0 (n —> +00)
(pointwise convergence). On the other hand, for all n > 1 and x € [0, 1] it holds
lgn(x)] < | f(x)]?. One can notice that | |? belongs to L' ([0, 1]) and this allows
us to apply Lebesgue’s Dominated Convergence Theorem, which guarantees that

1 1
fim [/ =l = tim [ 1700~ fuoPdx = tim [ lg,ldx =0.
n—>o00 n—>oo 0 n—oo 0
Consequently, f € cl(T) and this means that
clcone({u € L2([0,1]) : u|4 = w|4 — V|4 ae.in A})] = L2([0, 1]).

We give below regularity conditions written in terms of the quasi interior and
quasi-relative interior for Lagrange duality. Since otherwise strong duality is auto-
matically ensured, we suppose in the following that v(P€) is a real number.
Consider the following convex set

Eqpcy = {(f(x)+ot—v(PC),g(x)+z):x €S, a>0,zeC}CRxZ.

The set —&,(pcy is in analogy to the conic extension, a notion used by Franco Gian-
nessi in the theory of image space analysis (see [73]). One can easily prove that
the primal problem (P€) has an optimal solution if and only if (0,0) € EupCy-
Consider the functions F, G : R x Z — R defined by

r, if (r,2) € Epcy + ((PC),0),

F(r.z) = .
(r.2) +00, otherwise
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and G = Sgx(—c). It holds
dom F —dom G =R x (g(S) + C). (22.1)

Moreover, as pointed out by Magnanti in [95], we have

. ;gﬂg {F(r.,2) + G(r,2)} = inf f(x) = v(P®) (22.2)
and
sup {=F*(=r*,=z") = G*(r*,z")} = sup mf{f(x)+(z g)(x)}
(r*,z*)eRxZ* 7*eC* X

= w(DCL). (22.3)

Next, we derive from the strong duality results given for Fenchel duality corre-
sponding strong duality results for Lagrange duality.

Theorem 22.3. Suppose that 0 € qi[(g(S)+C)—(g(S)+C)], 0 € qri(g(S)+C)
(o1, equivalently, 0 € qi(g(S) + C)) and (0,0) & gri [CO(EV(PC) U {(0, 0)})]. Then
v(P€) = v(DCL) and (DCL) has an optimal solution.

Proof. The hypotheses of the theorem and (22.1) imply that (0,0) € qi[(dom F
—dom G) — (dom F —dom G)] and (0, 0) € qri(dom F —dom G). Further epi F =
{(r.z,s) €e RxZ xR : (r,2) € Epey + W(P%),0),r < s} = {(f(x) +
a,g(x)+2z,5) :x e S,a>0,zeC, f(x)+a < s}and éﬁi(G —v(P%)) =
R x (—C) x (—00, v(PC)]. Thus epiF—éBi(G—v(PC)) ={(f(x)+a+a,g(x)+
nfx)+a+e—v(P):xeS,a>0acRzeC,e>0} =Rx{(g(x)+
z f(x) +a—v(P€)):x €S, >0,z € C}. This means that

(0,0,0) € qri [co ((epi F —epi(G — v(PC))) U {(0,0, 0)})]

if and only if (0,0) & qri [co( wpcy UL, O)})] Applying Theorem 21.5 for F
and G, we obtain

inf {F(r )+ G2} = max {—F*(—r*, =)= G*(r*,7")}.
(r,2)€Rx (r*,z*)eERxZ*
(22.4)
By (22.2) and (22.3) the conclusion follows. ([l

Corollary 22.4. Suppose that the primal problem (P€) has an optimal solution,
0 € qi[(g(S) + C) — (g(S) + C)], 0 € qri(g(S) + C) (or, equivalently, 0 €
qi(g(S) 4+ C)) and (0,0) & qri(E,pcy). Then v(PC) = v(DCL) and (DL) has
an optimal solution.

Further, like for Fenchel duality, the following stronger, but more handleable,
Lagrange duality results can be stated.
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Theorem 22.5. Suppose that cI(C — C) = Z and there exists x' € S such that
g(x") € —qri(C). If (0,0) & qri [co(é‘v(Pc) U {(0,0)})], then v(P€) = v(DCL)
and (D€L) has an optimal solution.

Proof. The condition (0,0) & qri [co(c‘,’v( pcy U {(0,0)})] implies that (0,0,0) €
qri [co ((epi F — gp\i(G —v(P€))) U {(0,0, 0)})] (cf. the proof of Theorem 22.3).
Further, we have dom FNqri(dom G) = (8‘,(Pc) + ((PY), 0))ﬂqri Rx (=C))=
(5‘,( pCy + (w(P©), O)) N(Rx(—qri(C))). From the Slater-type condition we obtain
that (f(x'),g(x")) € (E,pcy + (W(P€),0)) N (R x (—qri(C))) hence dom F N
gri(dom G) # @. Moreover, cl [cone(dom G — dom G)] = Rxcl(C—C) = Rx Z,

hence (0, 0) € gi(dom G —dom G). By Theorem 21.7, we obtain (22.4) and by using
again (22.2) and (22.3) the conclusion follows. O

Corollary 22.6. Suppose that the primal problem (P€) has an optimal solution,
cl(C — C) = Y and there exists x' € S such that g(x') € —qri(C). If (0,0) &
qri(&,(pc)y), then v(P€) = v(DCL) and (DCL) has an optimal solution.

Remark 22.7. Corollary 22.6 improves [60, Theorem 4], where for strong Lagrange
duality along with the assumptions cI(C —C) = Z and that there exists x” € S such
that g(x") € —qri(C) a further condition, called Assumption S, has been considered.
Actually, this condition turns out to be not only sufficient, but also necessary for
strong duality, making the other hypotheses superfluous. For more details on this
topic we refer to [17].



Chapter VI
Applications of the Duality to Monotone
Operators

23 Monotone Operators and Their Representative Functions

The theory of monotone operators captured the attention of mathematicians not only
because of the fineness of the results but also because of the large number of applica-
tions, especially in fields like nonlinear analysis, variational inequalities and partial
differential equations (see for instance [88, 130]). Different attempts to establish
links to the convex analysis have been made (see [90,91, 119]), but the most fruitful
ones turned out to be the ones based on the so-called Fitzpatrick function discov-
ered by Simons Fitzpatrick in [70]. Neglected for many years until re-popularized
in [7,8,52,98, 104-106, 121], this class of functions along with its extensions have
given rise to a great number of publications which rediscovered and extended the
important results of the theory of monotone operators by using tools from the con-
vex analysis. The investigations we make in this chapter are to be seen belonging
to this class of results, whereby, we concentrate ourselves on results based on the
conjugate duality theory.

Let X be a nonzero Banach space, X* its topological dual space and X ** its
bidual space, while by (-,-) we denote the duality products in both X* x X and
X** x X*. A set-valued operator S : X = X* is said to be monotone if

(y* —x*,y —x) > 0 whenever x* € S(x) and y* € S(y).

For a set-valued operator S : X = X* we denote its graph by G(S) = {(x,x*) €
X x X*:x* € S(x)}, its domain by D(S) = {x € X : S(x) # @} and its range
by R(S) = Uxex S(x).

The monotone operator S is called maximal monotone if its graph is not properly
contained in the graph of any other monotone operator S” : X = X *. The classical
example of a maximal monotone operator is the subdifferential of a proper, convex
and lower semicontinuous function (see [114]). Thus denoting by | - || and || - ||« the
norm on X and X *, respectively, the duality map J : X = X*, defined as

1
569 =0 (31-12) ) = o € X Jal? = "1 = (0} x € X

R.I. Bot, Conjugate Duality in Convex Optimization, Lecture Notes in Economics and 133
Mathematical Systems 637, DOI 10.1007/978-3-642-04900-2_6,
(© Springer-Verlag Berlin Heidelberg 2010



134 VI Applications of the Duality to Monotone Operators

is a maximal monotone operator. However, there exist maximal monotone operators
which are not subdifferentials (see [119]).

An element (4, u*) € X x X* is said to be monotonically related to the graph of
S if

(y*—u*,y —u) > 0forall (y,y*) € G(S).

A monotone operator .S is maximal monotone if and only if the set of monotonically
related elements to G(S) is exactly G(S).

To any monotone operator S : X = X*, we associate the Fifzpatrick function
¢s : X x X* — R defined by

@s(x, x*) = sup{(y*. x) + (x*, y) = (¥*. y) : y* € S(»)}.

which is obviously convex and weak-weak™ lower semicontinuous. It was intro-
duced by Fitzpatrick in [70] and it proved to play an important role in the theory of
maximal monotone operators, revealing some connections to the convex analysis.
Consider also the coupling function ¢ © X x X* — R, c(x,x*) = (x*, x), and
cs X xX* >R, csg =c+ 36(s). The function s = clj|x|.|.(cocs) is the
so-called Penot function (see [104, 105] for properties of this function in reflexive
Banach spaces) and it is well-linked to the function of Fitzpatrick.

Having a function f : Ax B — R, where 4 and B are nonempty sets, we denote
by T the transpose of f, namely the function /T : Bx A — R, fT(b,a) =
fla,b).Ifh: X x X* —>Eisagivenfunctionwedenotebyh/; CX*x X 5> R
its conjugate function and by h* : X* x X — R, h*(x*,x) = }?*(x*,f), its
canonical embedding to X* x X. Then one has on X x X* that w;T = @s. The
following result is due to Fitzpatrick.

Proposition 23.1 (cf. [70]). Let S : X = X™* be a maximal monotone operator.
Then

(i) @s(x,x*) > (x*,x) forall (x,x*) € X x X*;
(ii) G(S) = {(x,x*) € X x X* : ps(x,x*) = (x*, x)}.

Motivated by these properties of the Fitzpatrick function, the notion of rep-
resentative function of a monotone operator was introduced and studied in the
literature.

Definition 23.2 (cf. [70]). For S : X = X™* a monotone operator we call repre-
sentative function of S a convex and strong lower semicontinuous function hg :
X x X* — R fulfilling

hs > cand G(S) C {(x,x*) € X x X* : hg(x,x™) = (x*, x)}.

If G(S) # @ (in particular if S is maximal monotone), then every representative
function of S is proper. From Proposition 23.1 it follows that the Fitzpatrick func-
tion associated to a maximal monotone operator is a representative function of the
operator. The next result is a direct consequence of the ones from [51] (see also [96,
Proposition 1.2, Theorem 4.2(1)]).
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Proposition 23.3. Let S : X = X™* be a maximal monotone operator and hs be a
representative function of S. Then:

(i) s(x,x*) < hs(x,x*) < ¥s(x,x*) forall (x,x*) e X x X*;
(ii) the function hg—'— is a representative function of S;
(iii) G(S) = {(x,x*) € X x X* : hsg(x,x*) = (x*,x)} = {(x,x*) e X x X*:
hgiT(x,x*) = (x*,x)}.

Viceversa, if S is maximal monotone and hg : X x X* — R is a convex and
strong lower semicontinuous function that fulfills on X x X* o5 < hs < ¥g, then
hgs is a representative function of S.

If f: X — Ris a proper, convex and lower semicontinuous function, then a
representative function of the maximal monotone operator df : X = X™* is the
function (x, x*) — f(x) + f*(x*). Indeed, for all (x,x*) € X x X™* it holds
f(x) + f*(x*) = (x*, x). Moreover, (x,x*) € G(df) if and only if f(x) +
fr®) = (x*.x).

If f is a sublinear and lower semicontinuous function, then the operator df :
X = X* has a unique representative function, namely the function (x,x*)
f(x) + f*(x*) (see [44, Theorem 3.1] and [106, Example 3]).

If X is a Hilbert space, then there exists a unique representative function of the
maximal monotone operator d(6c) : X = X, where C is a nonempty convex and
closed subset of X . Indeed, by [6, Example 3.1], the Fitzpatrick function of d(6¢) =
Nc is @yioy(x,x*) = dc(x) + oc(x*), (x,x*) € X x X*. This implies that
¢§(8c) = ¢5‘(§C) = @y(5c) forall (x,x*) € X x X*. Thus the unique representative
function is (x, x*) = ¢ (x) + oc (x*).

In the remaining of this section, we give some characterizations for the maximal-
ity of a monotone operator in reflexive Banach spaces. Under this assumptions we
identify the dual of X x X* with X™* x X and consider as duality product

(" ). (., x™)) = (™. x) + (x*. p)

for (x,x*) € X x X* and (y*,y) € X* x X. Remaining consistent with the
notations above, the conjugate of a function f : X x X* — R will be denoted by

SEiXT X = RS Y) = U enexxs LT X) H (7719) — fGrx®)).

Theorem 23.4 (cf. [119]). A monotone operator S on a reflexive Banach space X
is maximal if and only if G(S) + G(—=J) = X x X* or, equivalently, the mapping
S(x + ) + J() is surjective for all x € X.

One should notice that the result above has been given in [119] under the name
“—J 7 criterion for maximality. Another important characterization of the maxi-
mality in reflexive Banach spaces was formulated by Burachik and Svaiter in [52,
Theorem 3.1] and by Penot and Zélinescu in [108, Proposition 2.1].

Theorem 23.5 (cf. [52,108]). Let X be a reflexive Banach space. For any proper,
convex and lower semicontinuous function f : X x X* — R with f > c one has
that the operator having as graph {(x,x*) € X x X* : f(x,x*) = (x*,x)} is

maximal monotone if and only if f* > c'.
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24 Maximal Monotonicity of the Operator S + A*TA

Consider X and Y reflexive Banach spaces, A : X — Y a linear continuous
operatorand S : X = X*and T : Y = Y™ two maximal monotone operators
with representative functions is and A, respectively, such that A(Pry (domhg)) N
Pry(domhr) # @. The operator S + A*TA : X = X* defined by (S +
A*TA)(x) = S(x) + (A* o T o A)(x) is monotone, but not always maximal
monotone. In this section we prove, using an idea due to Borwein (cf. [7]), that
this operator is maximal monotone, provided a closedness-type regularity condition
is fulfilled. To this aim, we use the following result, which is a direct consequence
of Theorem 9.1 (for more details, see [23]).

Theorem 24.1. Let X, Y and U be separated locally convex spaces, g : Y — R
a proper, convex and lower semicontinuous function and A : X — Y a linear
continuous operator such that R(A) N domg # @. Consider moreover the linear
operator M : U — X™ and let T be any locally convex topology on X* giving X
as dual. Then following statements are equivalent:

(i) A* x idr(epig™) is closed regarding the set R(IM) x Rin (X*,7) X R;
(ii) (g o A)*(Mu) = min{g*(y*) : A*y* = Mu} Vu e U.

Let us notice that one can take in the preceding proposition as t the weak™ topology
on X* or the strong topology on X * in case X is a reflexive Banach space.
Next we prove that in this case the following regularity condition

(RCS+A*TA) {(x* + A" y*, x,y.1r) : hg(x*, x) + h.(y*, y) < r}isclosed
regarding the set X* x A§ x R,

where A‘;( = {(x, Ax) : x € X}, is sufficient for the maximality of the operator
S + A*TA (cf. [18]).

Theorem 24.2. If (RCSTA TA) s fulfilled, then S + A*TA is a maximal monotone
operator.

Proof. Considerz € X and z* € X* some fixed elements. The result will follow as a
consequence of Theorem 23.4, more precisely we prove that there exists X € X such
that z* € (S + A*TA)(X + z) + J(¥). Consider the functions F,G : X x X* - R
defined by

F(va*) = inf {hS(x+z,u*)—i—hT(A(x—i—z),y*)—(u*,z)—(y*,Az)}
(u*,y*)eX*xY*
ut ATy =x* 4
and ] )
G x) = Sl + I — ().
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First we compute the conjugates of F' and G. For (0*, w) € X* x X we have

F*(o*, 0) = sup {(w*,x)+(x*,a)) in  Ahs(x +z,u”)
(x,x*)eXxX* (u* y*)eX*
W AT =

HhT(ACx +2),5%) = (u*.2) = (", A2}

= sup  {{w",x) 4+ (" + ATy — 2" )

xeX
(u*,y*)eX*xYy*
—hs(x +z,u*) —hr(A(x +2), y*) + (u*,2) + (y*, A2)}

= sup 0" u) + (U0 +2) + (¥, Ao +2))
(u*,y*)§2§*xy*

—]’ZS(M, I/t*) - ]’ZT(AM, y*)} - (a)*,z) - <Z*» a))

Considering the functions g : X XY xX*xY™* — Rg(x,y,x*, y*) =hs(x,x*)+
hr(y,y*),B: X xX*XY* > X XY xX*xY*, B(x,x*,y*) = (x, Ax, x*, y*)
and M : X X X* > X*x X xY, M(w,w*) = (0*, w, Aw), we have that

F*(a)*’w) = (g ° B)* (M(a) +Z»a)*)) - (a)*,z) - <Z*»w)'

One can easily check that the conjugate of g is g* : X* x Y* x X x Y — R,
gr(x*, y*,x,y) = hg(x*,x) + h}(y*,y) and the adjoint operator of the linear
contlnuousmappmgBls B*: X*xY*xXxY — X*xXxY,B*(x*,y*,x,y) =
(x*+ A*y*,x,y). Hence B* xidgr(epig*) = {(B*(x*,y*,x,y),r) : g*(x*, y*,
x,y) <rp={(x*+ A*y* . x,y.r)  h%(x*.x) + h%(y*, y) < r} and because of
RM)xR = X* x AA x R, the regularity condition (RCS+A T4) is nothing else
than B* x idr(epig*) is closed regarding the set R(M) x R. By Theorem 24.1 we
have that (g o B)* (M(w + z,®*)) = min{g*(a*,b*,a,b) : B*(a*,b*,a,b) =
M(w + z,w*)} (the fact that R(B) N domg # @ follows from the assumption
A(Prx(domhg)) N Pry (domhr) # @). Thus

F*(o*, 0) = min he(a™,a) + hx(b*, b
( ) (a*+A*b*,a,b)=(w*,w+z,A(w+z)){ s(@”.a) + Wy (b™. D)}

—(0*,2) — (", w).

For the conjugate of G we have

1 1

G*(@*,w) = sup (@*, x)+ (x*, w) = S[Ix[> = S [x*[|Z + (%, x)

xe))g 2 2
x*eX*

1 1
= 30" + 212 + 3ol
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Forevery (x,x*) € X xX* and (u*, y*) € X*xY* suchthatu®+ A*y* = x*+7*
we obtain by the definition of the representative function that

hs(x + z,u®) + hr (A(x +2), y™) — (", 2) — (y*, Az) + G(x,x¥)
Z (M*,X +Z) + (y*,A(X +Z)) - (M*,Z) - (y*»AZ) + G(X»X*)
=W x)+{A"y*, x) + G(x,x™) = (W, x) + {(x* + 7" —u*, x) + G(x,x¥)
1 1
=(x*+75x) +G(x.x*) = 5||x||2 + Ellx*lli + (x*,x) > 0.

This implies F(x,x*) + G(x,x*) > 0forall (x,x*) € X x X*, thatis

inf X*{F(x,x*) + G(x,x*)} > 0.

(x,x*)eX x

The functions F* and G are convex and the latter is continuous. Thus by Fenchel’s
Duality Theorem, Theorem 2.2 ((RC19) is verified), there exists a pair (X*, ¥) such
that

inf F s * G s * = _F* *’ —G*—*,—
(x,x*)nelXxX*{ (x, x7) + Glx, X7} (x*,;?g))((*xx{ (™, x) (—x X)}

= _F*(F*, %) — G* (=%, —¥%).
Therefore there exists (C_l*,c_l,l;*,l;) € X* x X x Y* xY such that (a* +
A*b*,a,b) = (¥*,x + z, A(X + z)) and

- - 1 1
RE(@*,a) + hi(b*,b) — (¥*,2) — (2", %) + 5|| — X2+ 5|| —X|*<o.

Taking into account that b = A(x+z) = Aa,x =a—zand Xx* = a* + A*b*, we
obtain

0> (hi(@*,a)— (a*,a)) + (h3(b*,b) — (b*,b)) + (@*,a) + (b*,b)
=k * = 1 =k * 1 = * =k = ot
—(x".2) —(z ,x)+5I|—x +z |Ii+5|I—xI|2=(hs(a .a)—(a*.a))
—I—(h;k-(g*,g)—([;*,g))—}-(é*,ﬁ)+([;*,Aﬁ)—(ﬁ*,z)—(l;*,Az)—(Z*,E)—I—(z*,z)

1 _ - 1 _ . . o - -
+5|| —at—ATD 4+ 2 +§|| —a+z|*= (hi@*,a)—(@*. a)) + (hr(*,b) — (b*, b))
l =k Ak * 112 l _ = 2
+2|| a* — A*b* + ¢ ||*+2|| a—+z||
H{—a* — A*b* 4+ 5 —a+7) >0,

where the last inequality follows by using Proposition 23.3. Hence the inequalities
above must be fulfilled as equalities, that is

h%(@*,a) = (a*,ay, hy(b*,b) = (b*,b)
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and

1 — % * 7k * 12 1 — 2 — % * 7 % * —

5||—a — A*bh* + 2 ||*+§|| —a+z|* + (=a* —A*b* +7*,—a+z) = 0.
Using again Proposition 23.3 and the definition of the duality map J, we equiv-
alently obtain that a* € S(a), b* € T(b) and Z* — a* — A*b* € J(a — 2).
Employing once more the relation (a* + A*b*,a,b) = (X*,x + z, A(X + 7)) we

get ¥ —x* € J(X) and ¥* = a* 4+ A*b* € S(a) + A*T(Aa) = (S + A*TA)(a) =
(S + A*TA)(X + z). Finally we have

F=x"+ -5 e(S+ATTAE +z2) + J(X).
As z and z* have been arbitrary chosen, Theorem 23.4 yields the conclusion. ]

Remark 24.3. One should notice that the maximal monotonicity for S + A*TA is
valid even if asking only that

(EC/‘S+A*TA) {(x* + A"y*, x,y,r) : hg(x*,x) + h}(y*, y) < r}isclosed.

The regularity conditions for the maximality of S + A*TA that one can find in the
literature are of generalized interior point-type. We mention here only the weakest
conditions in this sense, namely the one given by Pennanen in [103]

0 € ri(A(D(S)) — D(T)).
which can be equivalently formulated as

0 € ri(A(co(D(S))) — co(D(T))
and, respectively, the one given by Penot and Zilinescu in [108]
(RC}‘?}'A*TA) 0 € sqri (A(Pry (domhg)) — Pry (domh7)),

with the equivalent formulations

0 € sqri(A(D(S)) — D(T))

and
0 € sqri(A(co(D(S))) — co(D(T)).

Here for U C X by ri(U) we denote the set which is equal to the interior of U with
respect to its affine hull in case the latter is closed, being the empty set, otherwise.
According to [108, Corollary 3.6], one has

ri(A(co(D(S))) —co(D(T)) = sqri(A(co(D(S))) — co(D(T))
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and this means that all the generalized interior point conditions above are equivalent.
Next we show that (k\C/ S+A*TA) and, consequently, (RCS +A'TA) are implied by
the aforementioned conditions.

We assume that (RC I‘E;A*TA) is fulfilled and consider the following functions s :
XxX*xY* —>E,s(x,x*y*) =hs(x,x*),t 1Y xX*xY* —>E,t(y,x*,y*) =
hr(y,y*)and C : X X X* X Y* >V x X* xY*,C(x,x*, y*) = (Ax, x*, y*).
One can see by direct computation that

h(x*, x), if y =0,

s* 1 X*xXxY >R, s*(x*,x,y)={ .
+00, otherwise,

_ h(y*.y), ifx =0
LY XX XY SR At xy) =0T 00 "
XX XY —> (. x.y) { +00, otherwise

and C* : Y*x X xY > X*x X xY,C*(y*,x,y) = (A*y*, x,y). As
cone (A(Prx(domhg)) — Pry (domh7)) x X* x Y* = cone (C(doms) — dom¢)

it follows that 0 € sqri (C(doms) — dom¢?). Thus the regularity condition (RCZA)
introduced in Section 2 is fulfilled and, by Theorem 5.5, one has for all (x*, x, y) €
X*x X xY that

s+toC)(x* x, = min s ((x*, x,y)— C*@w™,v,
( ) y) (u*,v,z)EY*xXxY{ (( ») (u Z))

+* (W, v, 7)),

On the other hand, by Theorem 7.3, this is the same as assuming that epis* + C* x
idr(epiz*)is closedin X* x X x¥Y xR. Asepis* = {(x*,x,0,r) : h5(x*,x) <r}
and C* x idgr(epit*) = {(A*y*,0,y,r) : b} (y*,y) < r} we have in conclusion
that {(x* +A*y*, x,y,r) : hg(x*, x)+h}.(y*,y) <r} ii closed and hence closed
regarding the set X* x A4 x R. In other words, (RC 5T47T4) i fulfilled. Actually
we proved that (RC5547T4) = (RCSTTY o (RCS+4*TA) The fact that

RCS " is indeed weaker than RCS A*TA is shown by an example in the
PZ y p
next section.

Remark 24.4. Consider f : X — Rand g : ¥ — R two proper, convex and
lower semicontinuous functions such that A(dom f) Ndom g # @ and the maximal
monotone operators df : X = X* and dg : Y = Y* along with their repre-
sentative functions (x,x*) — f(x) + f*(x*) and (y,y*) — g(¥) + g*(»™),
respectively. By Theorem 24.2 it yields that if

(O + A%y  x )0 f0) + f5(x%) + g(y) + g% (y*) = r}is closed
regarding the set X * X A‘;} x R,
(24.1)
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then df + A*dg A is a maximal monotone operator. As one always has that d( f +go
A) D df +A*dgA and d( f +goA) is monotone, this is equivalentto d( f +goA) =
af + A*0gA.

Next we prove that (24.1) is equivalent to

epi f* + A* x idgr(epig™) is closed in X* x R. (24.2)
To this end we make the notations

Ui={(x*"+A"y* " x,p.r): f(x) + &) +ey) +g" (") <r}

and V := X* x A‘; x R. Hence (24.1) can be written as cl(U) NV =U N V.

(24.1)=(24.2) If (u*, r) is an element in cl(epi f*+ A* xidr (epi g*)), then there
exist the sequences {x;; :n e N} € X*, {yry :n e N} CY* {r,:n e N} CRand
{t, : n € N} C R such that

) <ra,g*(y}) <t Vn eN,
Xp+A%yy > utry +ty > r (n — +00).

By the hypothesis, there exists x’ € dom f N A~!(domg). We get that for all
neN(xy+ A%y x' Ax ry + ta + f(x') + g(Ax")) € U, which implies that
W*,x", Ax",r + f(x") + g(Ax")) € cl(U)NV = U NV. Thus there exist x* € X*
and y* € Y* suchthatu™ = x*+A*y* and f(x")+ f*(x*)+g(Ax")+g*(y*) <
r+ f(x’') + g(Ax'), thatis f*(x*) + g*(y*) < r. Consequently,

u*.r) =" r—g" (") + (A"y*. g"(»™)) eepi f* + A" xidr(epig™)

and so (24.2) follows.

(24.2)=(24.1) Let (z*, z, Az, r) € cl(U) NV be fixed. There exist some sequen-
ces{xy neNyCX* {yr:neN}CY*  {x,:neNC X, {y,:neNCY
and {r, : n € N} C R such that

fOn) + 7)) +8(m) + 8" (yp) =rn VR €N,
Xy + A% yr =25 xp > 2, yn = Aty = 1 (n = +00).

Foralln € Nwe have (f + go A)*(x; + A*y;) < f*(x;) + g*(y;;) and from
here f(xn)+8(n) +(f +g0A)*(x;; + A*yy) < ry. The lower semicontinuity of
the functions involved yields f(z) + g(Az) + (f + go A)*(z*) < r. Thus, by Theo-
rem 7.2, (z*,r— f(2) —g(Az)) € epi(f +goA)* =cl(epi f* + A* x idr(epig*))
=epi f* + A* x idgr(epi g*). Hence there exist x* € X*,y* € Y*ands,t € R
such that (z*,r— f(z)—g(Az)) = (x*,s)+(A*y*, 1), f*(x*) <sand g*(y*) <.
Therefore f*(x*)+g*(y*) < s+t =r—f(2)—g(42) & f(+/*(x*)+g(42)+
g*(y*) < r. This means that (z*,z, Az,r) = (x* + A*y*,z, Az,r) e U N V.
Consequently, cl(U) NV € U NV and (24.1) is fulfilled.
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The fact that the closedness-type condition in (24.2) is sufficient for having the
subdifferential sum formula follows as consequence of Theorem 7.5, even when
working in separated locally convex spaces.

25 The Maximality of A*TA and S + T

In the following we deal with some particular cases of Theorem 24.2 and formulate
closedness-type sufficient conditions for the maximality of the composition of a
maximal monotone operator with a linear continuous operator and of the sum of two
maximal monotone operators, respectively. By some examples, we illustrate that
these conditions are indeed weaker than the generalized interior point ones given
until now in the literature.

As a first special case of Theorem 24.2, we take S : X = X*, S(x) = {0} for
all x € X. Thus G(S) = X x {0} and S + A*TA = A*TA. We show that the
operator S has an unique representative function. To this end, we compute first its
Fitzpatrick function ¢g. We have for all (x,x*) € X x X*

@s(x,x*) = sup{(y*.x) + (x*,y) = (y*.y) : y* € S(»)}

(0, ifx*=0,

= =4 .
+00, otherwise Xx{0}

If hg is a representative function of S, then by Proposition 23.3 we get {(x, x*) :
hs(x,x*) = (x*,x)} = G(S) = X x {0}, hence hs(x,0) = 0 forall x € X. Let
x € X and x* € X* \ {0} be arbitrary elements. Since hg(x, x*) > ¢s(x, x*) =
+o00, it follows that hs = Sxxo}. As hgT is again a representative function of §,
we obtain that hgT = Oxx{o0} thatis iy = Sgoyxx-

The feasibility condition A(Pry(domhig)) N Pry(domhr) # @ looks like

R(A)N Pry(domhr)) # @ and the regularity condition (RCSTA™TAY can be
written as

{(A*y*, x,y.r) : h(y*.y) < r}is closed regarding the set X * x A% xR. (25.1)
We prove that (25.1) is equivalent to
(RCATAY A* x idy x idr(epih7T) is closed regarding the set X* x R(A) x R.
Notice first that (25.1) and (RC 4" T4) are nothing else than
{(A*y*, x.p.r) h3(y*.y) <} N (X* x Af xR)

=cl({(A*y* . x,y.r) h3(y*,y) <r}) N(X* x A% xR)
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and
(A", y,r) thp(y*,y) <y N (X* x R(A) xR)

= cl({(A"y". y.r) 1B (y". y) =7}) N (X* x R(4) xR),

respectively.

(25.1)= (RCA'TA) Take (z*, Az,s) € cl ({A*y*, y.r) s h5(y*,y) < r})

(X* x R(A) x R). Then there exist some sequences {y, : n € N} CY* {yn:
N} € Y and {r, : n € N} C Rsuchthat A*y; — z*,y, = Az, rpn — s (n —
+o00) and A (yn,yn) < rpforalln € N. Thus (A*y}; .z, yn.1n) = (2%, 2, Az, 5)
(n - +o0) andso by (25.1), (z*,z, Az, s) € cl ({(A*y* x,y,r):h} (y ,y) < r})
N(X* x A‘; x R) = {(A*y*,x,y,r) D hn(y*y) < rpn (X* X A‘;} x R).
This implies that for y* € Y*, z* = A*y* and h}.(y*, Az) < 5,50 (z*, Az,5) €
{(A*y*, y,r) : h3(y*,y) < r}. Therefore (RCA™TA) s fulfilled.

(RCA™TAy = (25.1) Let (z*,z, Az, 5) € cl ({A*y*, x,y.r) th5(y*,y) <7})
N(X* x A‘;( x R) be fixed. Then there exist some sequences {y,; : n € N} C Y'*,
{xn :n € N} C X,{y, :n e N} CYand{r, : n € N} C R such that
A*yy = 5. Xn = 2yn — Az,rp — s (n — 400) and A} (y;,yn) < T
for all n € N. We have (A*y;, yn.1tn) — (2%, Az,5) (n — +oo) and obtain
that (z*, Az,s) € cl({(A*y*, y.r):hh(y*.y) <r}) N (X* x R(A) x R) =
{(A*y* y.r)  hp(y*,y) < rp N (X* X R(A) x R). For y* € Y* we get

= A*y* and h}.(y*, Az) < 5,50 (z*,z, Az, 5) € {(A*y*. x,y.r) : hp (™, y) <
r} N(X* x AA x R). Thus (25.1) is fulfilled.

We can state now the following result (cf. [18]).

Theorem 25.1. If (RC A" T4) is fulfilled, then A*TA is a maximal monotone oper-
ator.

Remark 25.2. The regularity condition (RC4"T4) and Theorem 25.1 extend the
corresponding statements given in [23] in case hr is the Fitzpatrick function of
T. In the literature, different generalized interior point regularity conditions for
the maximality of A*TA have been given. We recall here the one due to Borwein
(ct. [7D)

0 € core(R(A) — D(T)),

which is the same as
0 € core(R(A) — co(D(T))),

and the one due to Pennanen (cf. [103])

0 € ri(R(A) — D(T)),

that is the same with
0 € ri(R(A) — co(D(T))).

The latter have been proved in [108, 128] to be equivalent to

0 € sqri(R(A) — co(D(T))



144 VI Applications of the Duality to Monotone Operators

and also to
0 € sqri(R(A) — D(T))

and
(RCA,T) 0 € sqri (R(A) — Pry (dom h7)) .

These are the weakest generalized interior point regularity conditions in reflexive
Banach spaces for the maximality of A* TA known so far. By Remark 24.3 it follows
that whenever (RC ﬁ;TA) is fulfilled, the conditions

(EC/A*TA) A* x idy x idr(epih7 ) is closed

and (RC4"T4) are fulfilled, too. In other words, we have (RC?;TA) = (IFQ\C/A*TA)

= (RCA"T4) In the example below, we present a situation where (RC ﬁ;TA) and,
N . o . o == AYTA
consequently, the other generalized interior point conditions fail, unlike (RC )

and (RCA™T4),

Example 25.3. (cf. [23]) Let X = R, Y = R? and T : R? =2 R? be defined as

(—00,0] x {0}, if x =0,y <0,
(—00,0] X [0, +00), ifx =y =0,
T(x,y) = {x} x{0}, ifx >0,y <0,
{x} x[0,400), ifx >0,y =0,
@, otherwise.

Is is not difficult to notice that, considering the proper, convex and lower semicontin-
uous functions f,g : R — R, f(x) = (1/2)x2 + Sry (x) and g(x) = &(—o0,07(x),
we have T(x,y) = 9f(x) x dg(y) for all (x,y) € R2. Thus T is a maximal
monotone operator. Taking 4 : R — R?, Ax = (x, x), one gets for any x € R

R, ifx =0,

A*oT o A(x) = 3f (x) + dg(x) = { @, otherwise

and one can see that A* o T o A is maximal monotone operator, too.
We consider as a representative function for 7 its Fitzpatrick function ¢7. We
have for all (x, y, x*, y*) € R*

2

(%) , ifx>0,x4+x*>0,y <0,y* >0,

or(x.y.x"y") = 0. if x > 0.x +x* <0,y <0,y* >0,
+00, otherwise

and
x2, ifx>0,x>x*y*>0,y <0,

k% _
or (7, 7, %, y) = { 400, otherwise.
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The epigraph of its conjugate is

epigr = U ((—00, x] X [0, +00) x {x} x (—00,0] x [x?, +00))

x>0

and so

A* x idga x idg(epipy) = R x U ({x} x (—00,0] x [x2, +0)) ,

x>0

which is closed. The regularity condition (ﬁé A*TA) is valid and the same applies
for (RCA™T4),

In order to check the validity of (RC E;A*TA) we calculate cone(R(A)— D(T)).
It is clear that D(T') = [0, +00) x (—00,0] and R(A) = Ag2. We have R(A) —
D(T) = Uyxer(—00, x] X [x, +00) and so cone(R(A) — D(T)) = Uxer(—00, x] X
[x,400) = {(x,y) € R? : x < y}, which is not a linear subspace, and this means
that the generalized interior point condition is violated.

The second important particular case of Theorem 24.2, that we treat in this
section, is obtained by taking ¥ = X and A = idy. Then A* = idyx,
S, T :X = X*and S + A*TA = S + T. The condition A(Prx(dom#hgs)) N
Pry(domhr) # @ becomes Pry (domhgs) N Pry(domhr) # @ and the regularity
condition (RCS+4"T4) turns out to be

(RCSHT) {(x* + y*,x,y.7) : hg(x*,x) + h}(y*,y) < r}isclosed
regarding the set X* x Ay> x R.

Theorem 24.2 yields to the following result.

Theorem 25.4. If (RCS*T) is fulfilled, then S + T is a maximal monotone
operator.

Another possibility to get (RCS*T) is by deriving it from (RCA"T4) when
Y =XxX,A:X > XxX,Ax = (x,x)and (§,7) : X x X = X* x X*,
(S, T)(x,y) = S(x) x T(y). In case S and T are maximal monotone operators
(S, T) is also a maximal monotone operator and it holds A*(S, T)A(x) = S(x) +
T (x) for all x € X. After some calculations, one can see that (RC A*TA) becomes
(RC S+T).

Remark 25.5. The regularity condition (RCS*7) and Theorem 25.4 extend the cor-
responding result given in [23,28] in case hs and hr are the Fitzpatrick functions
of S and T, respectively. We want to mention that the most famous regularity con-
dition ensuring the maximal monotonicity of the sum of two maximal monotone
operators was introduced in the pioneering work of Rockafellar [115] and it looks
like

D(S) Nint(D(T)) # 9.
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Rockafellar’s condition has been weakened by considering the algebraic interior
instead of the topological interior to (cf. [7, 105])

0 € core(D(S) — D(T)),
which is the same as
0 € core(co(D(S)) — co(D(T))).

A further improvement of these regularity conditions has been furnished in [56, 103]
where
0 eri(D(S)— D(T))

or, equivalently,
0 € ri(co(D(S)) —co(D(T)))

has been assumed. The latter conditions have been proved in [108, 128] to be
equivalent to the following ones expressed via the strong quasi-relative interior
(see [3])

0 € sqri(D(S) — D(T))

and also to
0 € sqri(co(D(S) — co(D(T)))

and
(RCI‘S}'T) 0 € sqri (Pry (domhg) — Pry (domhr)).

These are the weakest generalized interior point regularity conditions in reflexive
Banach spaces known so far, which guarantee that S + 7' is a maximal monotone

operator. As follows from Remark 24.3, (RC g;r) implies the condition

(k\C/S-FT) {(xX* +y*,x,y,r) : hg(x™, x) + h(y*,y) < r}isclosed

and this further implies (RC3*+7). The maximal monotone operators in the exam-
ple below have as sum a maximal monotone operator, the regularity conditions
(TQ\C/‘SJFT) and (RCS*T) are fulfilled, but (RC;E;T) and, consequently, the gen-

eralized interior point conditions from above fail.

Example 25.6. Take X = R?, equipped with the Euclidean norm |- ||5, f. g : R? —
R f=]-|.+ S]R%r’ g= S—Ri and S = df, T = dg. Both S and T are maximal
monotone operators and for all x € R? one has (S + T)(x) = 3f(x) + dg(x) =
R? if x = 0, being the empty set, otherwise. This means that S + T is maximal
monotone, too. Since f is proper, sublinear and lower semicontinuous and g is the
indicator function of a nonempty, convex and closed set, the operators S and T have
both unique representative functions, namely

hs(x,x*) = f(x) 4+ f*(x*) V(x,x*) e R> x R?
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and
hr(x,x*) = g(x) + g*(x*) V(x,x*) € R? x R?,

respectively. One can see that g* = 8]1& and [ = 8¢, cp2.u »<1}—g2 - For the set
involved in the formulation of the closedness-type regularity condition, we have that

(O +y"x,y, ) f)+ ) +g(y) +g" (") <1}
=RZx{(x,y,r):x € Ri,y € —Ri, lx]l2 < r}.

As this set is closed, both (féS+T) and (RCS*T) are fulfilled.

Since Pry (domhgs) = R3 and Pry (domhr) = —R?, the condition (RCf,;T)
becomes: Ri is a closed linear subspace in R2, which shows that this condition fails
in this case.

We close this section by making some considerations on the closedness-type reg-
ularity conditions treated above. As one can notice from the particular case treated
in Example 25.6, even if the generalized interior point conditions fail, (E\C/‘ S+T)
and (RC5*T) are both fulfilled. We have a similar situation in Example 25.3 with
the regularity conditions stated for A*TA. This gives rise to the following open

problem.

Open problem 25.7 Do there exist maximal monotone operators S,7 : X =
X* with corresponding representative functions As and hr with Pry (domhg) N
Pry(domhr) # @ such that (RC3*T) is fulfilled, while (k\C/S-FT) fails?

Further, one should also notice that (RCS*7) (but also (k\C/ S+T)) provides a
family of sufficient conditions for the maximality of S 4 T that can be obtained by
considering different representative functions. Let us denote by (RCS*7 (hg, h1))
the regularity condition we formulated by taking as representative functions &g and
hr for S and T, respectively. It seems to be challenging to find out what kind of
relations do exist between the regularity conditions (RCS%7 (hs, hr)) for differ-
ent choices of hg and hr. Employing in the formulation of (RCS*7 (hg, hr)) the
Fitzpatrick and the Penot function, one obtains the following conditions

(RCS¥T (s, 1)) {(x* + y*,x,p,7) 1 95(x*, ) + ¢7.(y*, y) < r}is closed
regarding the set X* x Ay2 X R,

(RCSTT (95, 97)) {(x* + y* . x,y,7) 1 5(x*, x) + ¢r(y, y*) < r} is closed
regarding the set X* x Ay2 x R,

(RCSHT (95, o)) {(x* + y*.x, y.7) 1 s (x.x%) + @7 (v*,y) = r} is closed
regarding the set X* x Ay2 X R,

and

(RCSTT (9%, 7)) {(x* + y*,x,y,7) - 95 (x, x*) + @1 (y, y*) < r} is closed
regarding the set X* x Ay2 x R,



148 VI Applications of the Duality to Monotone Operators

each of them guaranteeing that S 4+ T is maximal monotone. The following question
appears to be natural.

Open problem 25.8 Is there any relation between the four regularity conditions
listed above?

If the answer is negative, it would be important to provide some relevant exam-
ples illustrating this fact. As one can see, the generalized interior point regularity
condition (RC ;}T) is written also in terms of the representative functions of the
operators involved. Nevertheless, it makes no sense to raise for it a similar question,
as in the case of the closedness-type condition, since for every pair (hs, ht) of rep-
resentative functions, (RC ‘;'ET) is equivalent to O € sqri(D(S) — D(T)) and this is
written in terms of the domains of the operators S and 7.

26 Enlargements of Monotone Operators

The notion of enlargement of a monotone operator has been introduced in analogy to
the notion of e-subdifferential in the convex analysis. Having f : X — R a proper,
convex and lower semicontinuous function defined on a nonzero Banach space X,
assumptions which guarantee that df is a maximal monotone operator, for ¢ > 0
the e-subdifferential d, f is an enlargement of df in the sense that df(x) C d¢ f(x)
forall x € X.

For an arbitrary monotone operator S : X = X *, the following enlargement has
been introduced in [45]: given ¢ > 0, let S® : X = X ™ be for all x € X defined by

SPx) = e X (yF—x*,y—x)>—eV(y.y*) € G(S)}.

This enlargement turned out to have useful applications and properties similar to
those of the e-subdifferential, like local boundedness, demiclosed graph, Lipschitz
continuity and the Brgndsted—Rockafellar property (see [50,51,72]).

Due to the monotonicity of S, we have S(x) € S¢(x) forall x € X and ¢ > 0.
The operator S° needs not be monotone. It is worth noting that G(S?) is exactly
the set of monotonically related elements to G(S), hence S is maximal monotone
if and only if S = S° (see [45, Proposition 2] and [111, Proposition 3.1]). The
enlargement S° can be characterized via the Fitzpatrick function associated to S:

x* e S%(x) & ps(x,x*) < e+ (x*, x).
Motivated by this characterization, the following enlargement for the monotone
operator S can be considered (cf. [51,53]): for a representative function g of S we

define forallx € X ande > 0

Spe(X) =={x" € X* 1 hs(x,x") < e+ (x*, x)}.
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Obviously, S;S = S?and G(S) C G(S;S) for all ¢ > 0. Moreover, S;S has convex
strong-closed values and it holds SZ'S (x) C S}‘Z (x), provided that 0 < &1 < &5.
Further, if S is maximal monotone, then, in view of Proposition 23.3, we have for
allx e X

S(0) € 85, (¥) € S () € S5, () = § ()

and
S(x) C Sy (x) S Ssz(x) C S, (x) = S%(x),

where S;E(x) ={x* e X* : hg(x*,x) < e+ (x*,x)},aswellas § = S:/is =

S,‘l)s = S). = 8J. = S°. Let us notice that in case S is a monotone operator and
N

S=S }?S, where hs # s, we do not necessarily have that S is maximal monotone.

If S = df, where f : X — R is proper, convex and lower semicontinuous, then
forallx € X

Af (x) S 0e f(x) S 9° f(x) := (3f)*(x)

and the inclusions can be strict (see [45,97]). Moreover, by taking as representative
function for f h: X x X* — R, h(x,x*) = f(x) + f*(x*), we see that for all
x € X ande > 0 (3f)5,(x) = e f(x).

As follows from Theorems 7.7 and 7.9, when X is a separated locally convex
space and f,g : X — R are proper, convex and lower semicontinuous functions
such that dom f Ndom g # @, a necessary and sufficient condition for having

0:(f+2x) = |J (3, /() +9e,8(x)) Vx € X 20 (26.1)

£1,62>0
g1t+ex=¢

isthatepi f* +epig* is closed in (X™*, w(X*, X)) x R. This equivalence motivates
the investigations we make in this section, namely we give a necessary and sufficient
condition that ensures a relation similar to (26.1) for the enlargements defined above
via an arbitrary representative function.

For the beginning, we prove some preliminary results and start with a theorem
which leads to the so-called bivariate infimal convolution formula.

Theorem 26.1. Let X and Y be separated locally convex spaces, hi,hy : X XY —
R be proper, convex and lower semicontinuous functions such that Pry (domhy) N
Prxy(domhy) # @ and V be a nonempty subset of Y*. Consider the functions
hi0zhy ¢ X XY — K, hlﬂzhz(x,y) = inf{hl(x,u) + ha(x,v) : u,v €
Yu+v = y}and h¥01h% : X*xY* — R, (h¥01h3)(x*, y*) = inf{h* (u*, y*) +
RSV, y*) - u* v* e X* u* +v* = x*}. Then the following conditions are
equivalent:

(i) (hOxh2)*(x*,y*) = (W{O1h3)(x*, y*) and hiO1h5 is exact at (x*,y*)
(that is, the infimum in the definition of (hiU1h3)(x*, y*) is attained) for all
(x*,y") e X*xV;

(ii) {(a* +b*,u*,v*,r) : hi(a*, u*)+h3(b*,v*) < r}is closed regarding the set
X*x A2 xRin(X*, 0(X*, X)) x (Y*, 0¥ *,Y) x (Y*,0(Y*,Y)) xR
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Proof. Take an arbitrary (x*, y*) € X* x Y*. The following equality can be easily
derived:

(O2h2)*(x", y*) = sup {(x".x) + (y".u+v) = hi(x,u) — ha(x,v)}.

xeX,u,veY
(26.2)
Define now the functions F,G : X x Y xY — R, F(x,u,v) = hi(x,u) and
G(x,u,v) = ha(x,v), (x,u,v) € X xY x Y. It holds (h10xhy)*(x*, y*) =
(F+G)*(x*, y*, y*). Forall (x*,u*,v*) € X*xY*x Y™ the conjugate functions
F*,G* : X*x Y* x Y* — Rlook like

K (kK ek
F*(x*,u*,v*)={hl(x ), i _.0’
+00, otherwise

and
G*(x*, u* v = { ety e - 0,
+00, otherwise,
respectively. Further, we have (F*0OG*)(x*, y*, y*) = (h{O1h3)(x*, y*). Hence
the condition (i) is fulfilled if and only if (F + G)*(x*,y*,y*) = (F*OG*)
(x*,y*,y*) and (F*OG*) isexactat (x*, y*, y*) forall (x*, y*, y*) € X*xAyn.
In view of Theorem 9.2, this is further equivalent to epi F'*+epi G * is closed regard-
ing the set X *xAp2xRin (X*, o(X*, X)X (Y *, oY *, V)<Y *, 0(Y*,Y))xR.
Finally, the equality epi F* + epiG* = {(a* + b*,u*,v*,r) : hi(a*,u*) +
h3(b*,v*) < r}, the proof of which presents no difficulty, gives the desired result.
O

For the particular case when V := Y*, we obtain the following necessary and
sufficient condition for the bivariate infimal convolution formula, i.e. the formula
encountered in statement (i) below.

Corollary 26.2. Let X and Y be separated locally convex spaces, hy, hy : X XY —
R be proper, convex and lower semicontinuous functions such that Prx (domh;) N
Prx (dom hy) # @. The following statements are equivalent:

(i) (h1|:|2h2)* = hTD1h§ and hTD]h; is exact;

(ii) {(a* +b*, u*,v*,r): hi(@*,u*)+h3(b* v*) < r}is closed regarding the set
X*x Ay xRin (X*, o(X*, X)) x(Y*, 0Y*, V) x (Y*, o(Y*,Y)) xR.

Remark 26.3. A generalized interior point condition, which ensures relation (i) in
Corollary 26.2, was given in [121, Theorem 4.2], namely

0 € sqri (Pry (domhy) — Pry(domhy)) .
Unlike (ii), which is a necessary and sufficient condition for (i), the condition above
is only sufficient. To see this, it is enough to take the functions hs and hr from

Example 25.6. As shown there,

0 ¢ sqri (Pry(domhg) — Pry(domhr)),
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but
{(@* +b* u* v*, 1)t hi(a*, u*) + hE(b* v*) <1}

2 . 2 2
=R* x {(*,v*,r):u* e RL v € —RL, [u*|2 <r},
which is a closed set.

By taking in Theorem 26.1 Y := X™* and V := X, where X is supposed to be a
normed space, so that V' = X can be seen as a subspace of Y* = X**, we obtain
the following result.

Corollary 26.4. Let X be a normed space and hy,h, : X x X* — R be proper,
convex and lower semicontinuous functions such that Prx (domh;) N Prx (dom &5)
= (. The following statements are equivalent:

(i) (hiOxh2)*(x*, x) = (h70O1A3)(x*, x) and hTO1 B is exact at (x*, x) for all
(x*,x) e X*x X;

(ii) {(a*+b*, ™ v** r) hi(a*, u**)+h5(b*,v**) < r}is closed regarding the
set X* X Ay2 xRin (X*, 0(X*, X)) x (X**, 0(X**, X*)) x (X**, 0o(X**,
X*)) xR.

We return to the setting considered at the beginning of the section, namely with
X a nonzero real Banach space, and prove that condition (ii) in Corollary 26.4 is
sufficient for having that (hg(yh7)* is representative for S + T in case hg and
ht are representative functions for S and T, respectively. Moreover, Theorem 26.5
offers an alternative proof for the statement in Theorem 25.4.

Theorem 26.5. Let S, T : X = X* be maximal monotone operators with repre-
sentative functions hs and hr, respectively, such that Prx (dom i) NPrx (dom )
# 0 and consider the function h : X x X* = R, h = (hsOahr)*T. If

{(@* +b*,u™ v¥** 1)t hi(a*, u™™) + hi(b*,v*™) < r} is closed regarding the set
X*x Ay2 X Rin(X*, 0(X*, X)) x (X**, o(X**, X*) x (X**, 0(X**, X*)) xR,

then h is a representative function of the monotone operator S + T. If, additionally,
X is reflexive, then S + T is a maximal monotone operator.

Proof. The function £ is obviously convex and strong-weak™ lower semicontinu-
ous, hence strong lower semicontinuous. By applying Corollary 26.4, we obtain
h(x,x*) = (hgO1hT)(x*, x) and A5 A} is exact at (x*, x) for all (x*,x) €
X* x X. By using Proposition 23.3 we have for all (x,x*) € X x X* that
h(x,x*) = hsO1hy (x*, x) = infths(u*, x) +h7 (v, x) cu* v € X* u*+v* =
x*} > inf{{u*, x) + (v*, x) cu*, v € X*,u* +v* =x*} = (x*,x),hence h > c.
It remains to show that G(S + T) C {(x,x*) € X x X* : h(x,x™) = (x*, x)}.
Take an arbitrary (x, x*) € G(S + T). Then there exist u* € S(x) and v* € T(x)
such that x* = u* 4+ v*. By employing once more Proposition 23.3, we obtain

(x*,x) < h(x,x*) = hgO1h(x™, x)
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< hg*,x)+hp(v* x) = (W, x) + (v, x) = (x*, x),

thus the inclusion is proved.
Actually, we have more, namely that

GS+T)={(x,x")e X xX*:h(x,x*) = (x*x)} (26.3)

Take an arbitrary (x, x*) € X xX* such that 2(x, x*) = (x*, x). By Corollary 26.4,
there exist u™,v* € X*, u* +v* = x*, such that

hs™, x) + hp (v, x) = (U™, x) + (v*, x). (26.4)

The functions hs and A7 being representative, by Proposition 23.3, we have
h(w*, x) > (u*, x) and h},(v*, x) > (v*, x), hence, in view of (26.4), the inequal-
ities above must be fulfilled as equalities. By applying again Proposition 23.3, we
getu® € S(x)andv* € T(x),sox* =u*+v* € S(x) + T(x) = (S + T)(x) and
(26.3) is fulfilled.

Suppose now that X is a reflexive Banach space. Since the weak closure of a con-
vex set is exactly the strong closure of the same set, the regularity condition becomes
the condition (RCS*T) given in the previous section. We give in the following a
different proof of the fact that S 4+ 7" is maximal monotone.

As hg and hr are representative functions we have hsl,hT > c. The duality
product is continuous in the strong topology on X x X*, so it follows clj.jx|-|.
(hsOhT) > c. Therefore, ) cli x|« (hsO2hr) = c. The conclusion
follows now by combining Theorem 23.5 with relation (26.3). g

We state now the result for the enlargements of S + 7 we announced at the
beginning of the section (cf. [15]).

Theorem 26.6. Let S, T : X = X™* be maximal monotone operators with repre-
sentative functions hs and hr, respectively, such that Prx (domhg) NPry (domhr)
# @ and consider againh : X x X* — R, h = (hsOah7)* 7. Then the following
statements are equivalent:

(i) {(a* + b* , u** v**,r) : hg(a*, u**) 4+ h3.(b* . v**) < r} is closed regarding
the set X* x A yo XRin (X*, o(X*, X)) ¥ (X**, o(X**, X %)) x (X **, o(X**,
X*) x R;

(i) (S+T)x) = U (S,j}5 (x) + T2 (x)) foralle > 0and x € X,

£1,62>0

&g1+ter=¢
where (S + T)j (x) := {x* € X* : h(x,x*) < &+ (x*,x)} for every x € X and
e>0.

Proof. Before proving the equivalence, we want to notice that, in view of Theo-
rem 26.5, when (i) is fulfilled, then 4 is a representative function of the operator
S + T, hence the notation (S + T)j;(x) := {x* € X* : h(x,x*) < & + (x*,x)}
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is justified. As we show in the following, when condition (ii) is true, then (i) is also
fulfilled, thus also in this case the use of this notation makes sense.
Suppose now that (i) is fulfilled and take x € X and ¢ > 0. We show first the
inclusion
U (S +Tzm) < (s + D). (26.5)
£1,62>0
&1 tex=¢

Indeed, take €1, &, > 0,61+6&, = &, u* € Sfl]g (x) andv* € T{; (x). Then h(x, u* +
v¥) = (hsDahr)* (u* +v*, x) < g0 by (u* +v*, x) < h§w*, x) +h7(v*, x) <
e1+ (u*, x) + &2+ (v*, x) = e+ (u* +v*, x), hence u* +v* € (S + T)j (x), that
is, the inclusion (26.5) is true. Let us mention that this inclusion is always fulfilled,
as there is no need of (i) to prove it.

However, for the opposite inclusion we use condition (i). Take x* € (S +T7)j (x)
or, equivalently, (hsChhr)*(x*,x) < & + (x*,x). By Corollary 26.4, we get
hgOy1h7(x*, x) < e+ (x*, x) and the infimum in the definition of A5 A7 (x*, x)
is attained. Hence there exist u™®, v* € X * such that u* + v* = x* and

RS, x) + By (", %) < &+ (", x) + (0, x). (26.6)

Take &1 := hg(u*, x) — (u*, x) and &3 := £ —¢1. By (26.6) and Proposition 23.3 we
gete; > 0and &3 > hy. (v, x) — (v*,x) > 0. Thus u* € SZL (x) and v* € T;2 (x),
s T
that is
* — * * SS]{( TEz ) ,
X u +v' e U (hs(x)—i- T(x)

£1,62>0
&1 tex=¢

so (ii) is fulfilled.
Conversely, assume that (ii) is true. We prove first

h(x,x*) > (x*,x) V(x,x*) € X x X*. (26.7)

We suppose that there exists (xg, x5) € X x X* such that 2(xo, x5) < (x§, xo). By

using (i) for & := 0 we obtain x§ € (S+T)(x0) = SP. (x0)+T% (x0) = S(x0)+
S T

T'(x0). Hence there exist uy € S(xo) and v§ € T (xo) such that x5 = ug + vj. From

Proposition 23.3, we obtain /5 (xo, uy) = (ug, xo) and hr(xo,vg) = (vg,xo) and

further

h(xg,x3) = sup  {{xg,x) + (u*, x0) + (v¥,x0) — hs(x,u”) — hr(x,v*)}

xeX,u* v*eX*

= (xg.Xo) + {ug. Xo) + (vg. X0) — hs(xo0.ug) — hr (x0.v5) = (x5. Xo).

thus (26.7) is fulfilled.

In view of Corollary 26.4, it is sufficient to show that /1 (x, x*) = A5 h7. (x*, x)
and h0 A} is exactat (x*, x) forall (x*, x) € X*xX. Take an arbitrary (x*, x) €
X* x X. The inequality
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h(x.x*) < (0005 (. x) (26.8)

is always true. When A (x, x*) = 400, there is nothing to be proved. The condition
Prx (domg)NPry (domht) # @ ensures that 2(x, x*) > —o0, SO we may suppose
that 2(x, x*) € R. Let us denote by r := h(x, x*). We have h(x, x*) = (x*,x) +
(r — {x*,x)). With ¢ := r — (x*,x) > 0 (cf. (26.7)) we obtain that x* € (S +
T)j,(x). Since (ii) is true, there exist £1,&2 > 0, &1 + &2 = e and u™ € SZIE (x) and

v* e Thsf (x), respectively, such that x* = u* 4 v*. Further, adding the inequalities
T

hsW™, x) < e + (u*, x)

and
(V. x) <ex+ (V¥ x)

we obtain
hgW®, x) + hp(v*, x) <er + e+ (W +v*, x) =r = h(x,x%),

hence, in view of (26.8) we get h(x, x*) = hg(u*, x)+h}(v*, x) = A5 (x*, x)
and the proof is complete. (]

Remark 26.7. Due to Remark 26.3 and 26.6, one has that all the generalized interior
point regularity conditions provided in Remark 25.5 for the maximal monotonicity
of § + T are sufficient conditions for having

S+mp0= | (S,‘j‘E (x) + T2 (x)) Ve >0Vx € X.

£1,62>0
&1tex=¢

That these conditions are only sufficient for this relation, can be seen by consid-
ering the operators S and 7 and the representative functions hs and hr from
Example 25.6.

In the following, we show that the equivalence proved in Theorem 7.9 in sep-
arated locally convex spaces follows when X is a Banach space as a particular
instance of Theorem 26.6.

Corollary 26.8. Let f,g : X — R be proper, convex and lower semicontinuous
functions such that dom f Ndom g # @. The following statements are equivalent:

(i) epi f* +epig™ is closedin (X*, w(X*, X)) x R;
(i) 0:(f +9)x)= U (Bglf(x) + 852g(x))f0ralls >0andx € X.

£1,62>0
g1+er=¢

Proof. Consider the functions /11,5 : X x X* — R, hy(x,x*) = f(x) + f*(x*)
and hp(x, x*) = g(x) + g*(x*) forall (x,x*) € X x X*. We have AT (x*, x**) =
SEE) + f*(x*) and A (x*, x**) = g¥ (x**) + g*(x*) forall (x*,x**) €
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X* x X**_ Further, (h02h2)*(x*,x) = (hi01A3)(x*, x) and h7O1 A5 is exact
at (x*, x) for all (x*,x) € X* x X is fulfilled if and only if (f + g)* = f*Og*
and f*[g* is exact. Therefore, by Theorem 7.7, the condition epi f* + epi g™ is
closed in (X*, w(X*, X)) x R is nothing else than condition (i) in Corollary 26.4.
This is further equivalent to

{(@ +b*,u™ v¥**,r) thi(a*, u™™*) + h3(b*,v*™) < r}is closed regarding the set
X* x Aya x Rin(X*, 0(X*, X)) x (X**, 0(X**, X*))x (X**, 0(X**, X*)) xR.

Since &1 and h; are representative functions of the maximal monotone operators df
and dg, respectively, we obtain, by Theorem 26.6, that (i) is fulfilled if and only if
forall ¢ > 0 and x € X it holds

Of +gp@ = U (0050 +09@),
£1,62>0
g1 tex=¢

where 1 1 X x X* = R, h(x,x*) = (h1ah2)*(x*,x) = (f + g)(x) + (f +
g)*(x*). Taking into consideration that (3f + dg);(x) = {x* € X* : (f +
Q)+ (f +8)*(x*) = e+ (x*, x)} = 3:(f +g)(x) and (3f)f,'»f (x) = 06, f(x),
respectively, (8g)2?zk (x) = 0g,8(x), we get the desired result.

O

Remark 26.9. In reflexive Banach spaces one can deduce the equivalence in Corol-
lary 26.8 also from [53, Theorem 6.9]. On the other hand, following the approach
presented in this section, one can give a similar result to Theorem 26.6 by consider-
ing instead of the sum of two maximal monotone operators the operator S + A*TA,
where X,Y are Banach spaces, S : X = X*and T : Y = Y™ are maximal
monotone operators and 4 : X — Y is a linear continuous operator.
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strong conical hull intersection property, 49
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strong, 65
uniform convergence, 78
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