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Abstract

The main focus of this thesis is to study some generalizations of
a theorem of Burachik and Svaiter to non-reflexive Banach spaces,
and its theoretical implications in the theory of maximal monotone
operators, with special emphasis for maximal monotone operators
of type (NI).

Keywords: Maximal monotone operators, convex functions, con-
vex representations, non-reflexive Banach spaces, Fitzpatrick func-
tions, Fitzpatrick family, operators of type (NI), extension to the
bidual, duality mapping, Gossez generalized duality mapping, sur-
jectivity.






Agradecimentos

Muitas pessoas contribuiram para que fosse possivel chegar até
aqui. Comego entao agradecendo a minha esposa Daiane, que dedi-
cou muito amor e companheirismo ao longo desses anos, e minha
mae Aldalete, que sempre priorizou os meus estudos. A toda minha
familia e ao meu irmao querido, também agradego por tudo.

Ao meu orientador Professor Benar Fux Svaiter, meus sinceros
agradecimentos por sua serenidade, paciéncia e competéncia demon-
strados nesse periodo. Esta tese é um resultado de longas horas de
trabalho conjunto que realizamos.

Aos Professores Antonio Leitao e Mario Rocha Retamoso agradeco
pelos incentivos no mestrado e na graduacao, pela acolhida sempre
atensiosa quando volto as origens, pelas oportunidades que me pro-
porcionaram e pelos ensinamentos transmitidos.

Agradeco também ao Professor Alfredo Iusem por permitir o meu
ingresso no Grupo de Otimizacao do IMPA e pelas conversas sempre
esclarecedoras.

Agradeco aos Professores Alfredo Tusem, Fernanda Raupp, Paulo
Klinger, Rolando Géarciga Otero e Susana Scheimberg por parcici-
parem da comissao examinadora.

A todos os amigos e colegas fica o meu muito obrigado por tudo.
Em especial agradeco a Adriano, André, Cleverson, Fabio Julio,
Ives, Jean, Jefferson, Vanderlei, Sérgio e Yunier pela amizade, pelas
conversas matematicas e pelos muitos momentos de descontragao
proporcionados.

Finalmente gostaria de agradecer a todos os professores e fun-
ciondrios do IMPA. Em particular agradeco a Andrea Pereira e
Rogerio de Souza Silva pela forma simpatica e competente que sem-
pre me receberam.

Ao CNPq agradego pelo apoio financeiro.

vi



Contents

Introduction 1
1 Basic results and notation 4
1.1 Fitzpatrick functions . . . . . . .. .. ... ... .. 4
1.2 The starting point . . . . . ... ... 6
2 Maximality in non-reflexive Banach spaces 9
2.1 Maximality of subdifferentials . . . . . ... .. ... 9
2.2 Maximality and Brgndsted-Rockafellar property . . . 11
2.2.1 Preliminary results . . . .. . ... ... ... 12

2.2.2  Maximality of representable monotone opera-
tors. . . .. 18

2.2.3 Brgndsted-Rockafellar type theorems for rep-
resentable and of type (NI) operators . . . . . 21

2.3 A new characterization and a sum theorem for oper-
ators of type (NI) . . . . . . . ... ... ... ..., 24

3 On the relation between surjectivity of perturbations

and operators of type (INI) 32
3.1 Preliminary results . . . . . ... ... ... .. ... 33
3.2 Mainresults . . . .. ..o oo 36
4 On the uniqueness of the extension to the bidual 40
4.1 Convexity and maximal monotonicity . . . . . . . . . 41
4.2 Basic results and some notation . . . . .. ... ... 42
4.3 Extension theorems . . . . . . . .. ... ... ... 44

A Basics of convex analysis 49

vii



Introduction

Maximal monotone operators appear in several branches of applied
mathematics such as optimization, partial differential equations,
and variational analysis. These operators were object of intense
research between 1960 and 1980, when Brezis, Browder, Minty and
Rockafellar established the fundamental results about them. The
theory of convex representations of maximal monotone operators
emerged at the end of the 1980s with the work [20] of S. Fitz-
patrick!. It took some years until the Fitzpatrick’s results were
rediscovered by Martinez-Legaz and Théra [35] and Burachik and
Svaiter [17]. Since then, this subject has called the attention of
several researchers and has been object of intense research in the
field of convex analysis, monotone operator theory and optimiza-
tion [2, 3, 4, 11, 7, 9, 8, 10, 18, 33, 34, 31, 30, 29, 32, 36, 43]. We
refer the reader to [17] for exploiting the relationship between convex
representations and enlargements of maximal monotone operators.

The main point on Fitzpatrick’s result is that it allows the use of
convex analysis in the study of maximal monotone operators. The
proof of many basic results can be simplified and also new results
obtained, mostly in non-reflexive Banach spaces, with this new tool.

In this thesis we will present some of the new results on max-
imal monotone operators, as well as a simple proof of Rockafellar
theorem on the maximality of the subdifferential. This thesis is
build around the generalization of a Burachik-Svaiter theorem about
maximal monotonicity on reflexive Banach spaces [18]. We general-
ized this result to non-reflexive Banach spaces. Together with some
techniques used for this generalization it allowed us to obtain some
other results, which are also presented here. A classical theorem
of Rockafellar states that the subdifferential is maximal monotone.
Unfortunately, most of the techniques Rockafellar used for proving
this fact could not be adapted to our aims. For these reasons, a new
and simpler proof of the maximal monotonicity of the subdifferential
was the first result we obtained.

Thttp://www.maths.uwa.edu.au/Members/tributes/fitzpatr



Presentation of chapters

Chapter 1: In this chapter we present the results of Fitzpatrick and
Burachik-Svaiter on convex representations of maximal monotone
operators. Fitzpatrick’s results are summarized in Theorem 1.1.1.
In Section 1.2, we called “The starting point”, Burachik-Svaiter’s
results in this direction of research are presented.

Chapter 2: This chapter is the first step toward the study of
maximal monotonicity in non-reflexive Banach spaces. We start, in
Section 2.1, by presenting a new proof of maximality of the subdif-
ferential of a convex function. This proof is simpler than Rockafel-
lar’s classical proof, and makes use of classical results from subdif-
ferential calculus as Brgndsted-Rockafellar’s Theorem and Fenchel-
Rockafellar duality Theorem. We also observe that the proof can be
simplified in reflexive spaces, and that it can be seen as a particular
case of a more general maximality result presented in Theorem 2.2.5.

Section 2.2 is devoted to the study of monotone operators rep-
resentable by convex functions satisfying condition (1.13). Theo-
rem 2.2.5, states that condition (1.13) is a sufficient condition for
maximal monotonicity in non-reflexive spaces, generalizing Theo-
rem 1.2.3 for this non-reflexive setting. In Theorem 2.2.7 and Theo-
rem 2.2.8, we shall prove that such operators satisfies a Brgndsted-
Rockafellar type property. In this context, we futher prove, in The-
orem 2.2.10, that maximal monotone operators of type (NI) also
satisfies this Brgndsted-Rockafellar type property. In Theorem 2.3.1
and Lemma 2.3.2, of Section 2.3, we prove some additional proper-
ties of operators of type (NI) and a sum theorem for this class of
operators, respectively.

The results of this chapter were published in [28, 29, 31].

Chapter 3: This chapter is about surjectivity of perturbation of
maximal monotone operators in non-reflexive Banach spaces. The
results presented are from [30]. In a reflezive Banach space surjectiv-
ity of a monotone operator plus the duality mapping is equivalent to
maximal monotonicity. This is a classical result of Rockafellar [38].

In [21] Gossez introduced an “enlarged” version of the duality
mapping and proved similar Rockafellar’s surjectivity results for the
class of maximal monotone operators of type (D), introduced by
himself.

The class of maximal monotone operators of type (NI), intro-
duced by S. Simons in [39], encompasses the Gossez type (D) oper-
ators.



We shall make use of the analytical tools developted in Chapter 2
in order to obtain surjectivity results of perturbations of operators
of type (NI) by using the Gossez “enlarged” duality mapping. The
main results of the Chapter are present in Theorem 3.2.3.

Chapter 4: Any maximal monotone operator 7' : X == X* is
also a monotone operator T : X** =2 X* and admits one (or more)
maximal monotone extension in X** x X* that (in general) will not
be unique.

This chapter approaches the problem of under which conditions a
maximal monotone operator 7' : X = X* has a unique extension to
the bidual. The Gossez type (D) maximal monotone operators have
a unique maximal monotone extension to the bidual [21, 22, 23, 24].

We will prove that maximal monotone operators of type (NI)
admit a unique extension to the bidual and that, for non-linear
operators, the condition (NI) is equivalent to the unicity of maximal
monotone extension to the bidual. For proving this equivalence we
will show that if 77" C X x X* is maximal monotone and convex
then T is an affine subspace. The results of this chapter are from
the paper [31].

Notations

Bx[0,M] closed ball of X with radius M
cl f largest l.s.c. function majorized by f
conv f largest convex function majorized by f
clconv f largest l.s.c. convex function majorized by f
dom(f) effective domain of f
04 indicator function of A
or Fitzpatrick function of T'
Fr Fitzpatrick family of T’
J duality mapping J = 8%“ .
J. enlarged duality mapping J. = 9.3 - ||?
Ah  Ah(z,x*) = h*(x*, x)
7 duality product in X x X*
7, duality product in X* x X**
R extended real system {—oo} UR U {oo}
R¥  set of functions of X into R
R(T) range of T
R R: X" xX"— X*x X" R z") = (% 2™)
St S-function of T'
T-' inverse of T

I



Chapter 1

Basic results and notation

Let X be a real Banach space with topological dual X*. For x € X
and z* € X* we will use the notation (x,z*) = z*(x). A point to
set operator T': X = X™ is a relation on X x X*:

TcXx X~

and z* € T(z) means (z,z*) € T. An operator T : X =% X* is
monotone if

<3§’ - y,l'* - y*> 2 O,V(.Z',.T*), (y7y*) € T

and it is mazimal monotone if it is monotone and maximal (with
respect to the inclusion) in the family of monotone operators of X
into X™.

1.1 Fitzpatrick functions

Brezis and Haraux defined in [12], for a maximal monotone operator
T : X = X*, the function

Br € RX Br(z, ") = sup (z—y,y" —2*). (1.1)
(yy*)eT

Note that if (x,2*) € T then the above inner product is always
nonpositive, being equal to zero for (y,y*) = (z,2*). So, fr = 0
in T. If (z,2*) ¢ T, since T is maximal monotone we conclude
that (z —y,2* — y*) < 0 for some (y,y*) € T and so fr(z,z*) > 0.
Therefore, for any (z,2*) € X x X*

Br(z,z*) >0, PBr(z,z")=0 < (z,2%) € T.

The function (7 provides a representation of the maximal monotone
operator, but it lacks properties to be explored.
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Fitzpatrick defined [20], for a maximal monotone operator T', the
function

ng(x,x*) = sup <I - Y, y* - ZL’*> + <.T, I*> (12)
(y,y*)eT

= sup (y,2") +(2,¥") — (v, y")- (1.3)
(y,y*)eT

Using (1.2) and the previous observations we conclude that
or(z,z*) > (z,2"), or(r,2") = (r,2") < (z,2")eT. (1.4)

Note also from (1.3) that o7, being a sup of linear functions on
(x,z*), is convex and lowersemicontinuous. The above equation
generalizes, in some sense, Fenchel-Young inequality (2.1). Fitz-
patrick also defined a family of convex functions associated with
each maximal monotone operator 7T,

h is convex and lower semicontinuous
Fr = h e RX | h(x,2*) > (z,2*), V(z,7*)€ X x X*
(x,2*) € T = h(z,x*) = (x,z%)
(1.5)
and proved the next result:

Theorem 1.1.1 ([20, Theorem 3.10]). Let T : X = X* be mazimal
monotone. Then for any h € Fp

(x,2%) €T <= h(z,2") = (z,2") (1.6)
and @1 1s the smallest element of the family Fr.

Proof. Inclusion of ¢r in Fr has already been proved in (1.4), and
in the preceding discussion. To prove that 7 is minimal in Fr, take
h € Fr and (y,y*) € T. For any (z,z*) and p,q > 0,p+q =1, we
have

(px + qy, pr* + qu*) < h(pz + qy,pr* + qy*)
< ph(z,z*) + qh(y, y") (1.7)

where the first inequality follows for the fact that A majorizes the
duality product and the second one from the convexity of h. Since
(y,y*) €T, h(y,y*) = (y,y*), which combined with (1.7) yields

plo, o) +ql{z, ") + (v, 2") — (y,¥")] < h(z, 7).

Now, taking limit as p — 0(¢ — 1) in the above inequality and
supremum over (y,y*) € T' in the resulting inequality we conclude
that ¢ < h. Therefore, ¢r is minimal in Fr and (1.6) follows from
this minimality.

]



It is worth to note that by (1.6), each Fitzpatrick function fully char-
acterizes the operator 1" which defines the family F7. This is exactly
what we mean by a convex representation of a maximal monotone
operator T'. For instance, if f is a proper, lower semicontinuous con-
vex function on X, then hy, € Fyy, where hy(z,2*) = f(z) + f*(z*).

1.2 The starting point

In this section we will discuss previous results of Burachik and
Svaiter, which are the starting point of this thesis. Fitzpatrick
function combines duality product and conjugation. Before showing
that, we will establish some notation and conventions.

Recall that the conjugate of f € R¥ is

freRY, f(z*) = sup(x, ) — f(x). (1.8)

reX

From now on we will denote the duality product by ,
€ RXX n(x,2%) = (z, 7). (1.9)

We will also identify X with its image under the canonical injection
into X**. With these conventions, we have

or(z,x*) = (r+ o) (2", x)

RX*X" is the indicator function of T":

0,onT,
oo, otherwise
In [17] Burachik and Svaiter observed that the family Fr is closed

under the supremum operation and defined its largest element, the
so called S-function:

where 07 €

8y € R¥*X 8, = sup h, (1.10)
heFr
Hence, 8¢ € Fr.
The next theorem gives an “explicit” expression of 87 and use

this function (together with ¢r) to provide an alternative charac-
terization of Fr (to be used in Theorem 4.3.1).

Theorem 1.2.1 ([17, Corollary 4.1, Remark 5.4]). Let pr and St
be the Fitzpatrick and S-function associated to T, respectively, as
defined in (1.2) and (1.10). Then,



1. 8¢ = clconv(m + o7),
2. for any convex lower semicontinuous function h € RXXX*,

hES’FT < (,OTShSST,

3. for any (x,z*) € X x X*, or(z,2*) = (87)"(z*, x),

4. if X is reflexive, then for any (x,x2*) € X x X* Sp(x,2*) =
(or)" (2", ).

If we define,

A . RXXX* N RXXX*

. Ah(x,z"):=h"(z", ), (1.11)

according to the above theorem, AS; = ¢pr € Fr. So, it is natural
to ask whether A maps Fr into itself. Burachik and Svaiter also
proved that this happens in fact:

Theorem 1.2.2 ([17, Theorem 5.3]). Suppose that T is mazimal
monotone. Then
Ah € Frp, Vh € Fr,

that s, if h € Fr, and
g: X xX* =R, g(z,z*) =h*(z", 1),
then g € Fr. In a reflexive Banach space Apr = St.

It is interesting to note that A is an order-reversing mapping of
Fr into itself. This fact suggests that this mapping may have fixed
points in Fr. Svaiter proved [43] that if 7' is maximal monotone,
then A always has a fixed point in Fr.

Note that, by Theorem 1.2.2, if h € Fr then:

h(z,z*) > (x,z*), V(zr,z*) e X x X*,

(1.12)
h*(x*,x) > (x,2*), V(r,z*)e X x X"

In [18] Burachik and Svaiter proved that the converse of this impli-
cation holds in a reflexive Banach space:

Theorem 1.2.3 ([18, Theorem 3.1]). Let X be a reflerive Banach
space. If h € R¥*X™ is proper, convez, l.s.c. and

h(z,x*) > (z,2%), V(r,z*)e X x X*
h*(x*,z) > (z,2*), V(r,z*)e X x X*

then
T:={(z,2") € X x X* | h(x,2") = (x,2")}

s mazximal monotone and h, Ah € Frp.
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The proof of Theorem 1.2.3 was based on Rockafellar’s surjec-
tivity theorem (see Theorem 3.0.3). Unfortunately, this technique
cannot be used in a non-reflexive setting. Motivated by this prob-
lem, in [29] we propose to replace (1.12) by the novel condition:

h(z,xz*) > (x,z*), V(z,z*) € X x X*,

The above condition generalizes (1.12) and allows one to prove The-
orem 1.2.3 in non-reflexive spaces, by replacing condition (1.12)
by (1.13) and by using the Fenchel-Rockafellar duality Theorem A.0.4.

It still remains as an open question to prove Theorem 1.2.3 in non-
reflexive Banach spaces with the original Burachik-Svaiter’s condi-
tion (1.12). In the last years, a great effort has been spent in trying
to answer affirmatively such open question. Theorem 1.2.3 would
give a affirmative answer to the celebrate Rockafellar’s conjecture
on the sum of maximal monotone operators in non-reflexive Banach
spaces (see Lemma 2.3.2).

The main focus of this thesis is to study some generalizations of
Theorem 1.2.3 to non-reflexive Banach spaces, and its theoretical
implications in the theory of maximal monotone operators, with
special emphasis for maximal monotone operators of type (NI).

The results presented in this thesis are contained in the works [28,
29, 30, 31, 32], all of them in collaboration with B. F. Svaiter.



Chapter 2

Maximality in non-reflexive
Banach spaces

This chapter is concerned with the study of maximal monotonicity
in non-reflexive Banach spaces. In Section 2.1, we give a new proof
of the maximality of the subdifferential of a convex function. Sec-
tion 2.2 is devoted to the study of monotone operators representable
by convex functions satisfying condition (1.13). In Section 2.3 we
prove some additional properties of operators of type (NI) and a
sum theorem for this class of operators.
The results of this chapter were published in [28, 29, 31].

2.1 Maximality of subdifferentials

Recall that the subdifferential of f is the operator 0f : X = X*,
f(z) ={z" € X" | f(y) = f(z) + (y —z,2"), Vy € X }.

Using the above definition, it is easy to check that if f is proper, con-
vex and lower semicontinuous (l.s.c. for short), then Jf is monotone
and

f(@) + (%) = (@, 27),
flx)+ f(a") = (z,2") <= 2" € df(x). (2.1)

First proved by Rockafellar in [37], the maximal monotonicity of
the subdifferential of a convex function is still object of study and
several authors attempt to give simpler proofs to this fact (see [28]
and references therein). Rockafellar’s original proof is based on very
important tools introduced by himself in [37]. In particular, he has
proved a result of weak density for the graph of df in the graph
of 0f* that has been widely used in different situations in convex
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analysis (see Theorem 6.1 of [17] for an application) and later on was
introduced by Gossez in the context of maximal monotone operators
of type (D) [23, 24, 21, 22].

In this section we present a short proof for the maximality of sub-
differentials which makes use of classical results from subdifferential
calculus like Brgndsted-Rockafellar’s Theorem (Theorem A.0.3) and
Fenchel-Rockafellar duality Theorem (Theorem A.0.4). We also ob-
serve that our proof can be still simplified in reflexive spaces, in par-
ticular in finite dimensional spaces, and it can be seen as a particular
case of a more general maximality result presented in Theorem 2.2.5.

Theorem 2.1.1. Let X be a Banach space. If f € RX is proper,
convexr and l.s.c., then Of : X = X* is maximal monotone.

Proof. (Marques Alves-Svaiter) Monotonicity of df is easy to check.
Suppose that (zg, zj) € X x X* is such that

(x —xp, 2" —x5) >0, Va* e df(x).

Define -

fo €RX fo(z) = f(x + 0) — (x,73). (2.2)
Applying Theorem A.0.4 to fy and g(z) := 3||z||* we conclude that
there exists x* € X* such that

. 1 * * 1 *
inf fo(@) + 3 ll2” + f5 (%) + 5 ll2"[* = 0. (2.3)

In particular, there exists a (minimizing) sequence {z,} such that

1 1 . 1.,
2 fola) + gkl + S + Sl
1 1
> (o) + G llall? + 5
1 *
> kol - 27 2 0, 24)

where the second inequality follows from Fenchel-Young inequality.
Using the above equation we obtain

fol@n) + fo(2") = (2, 2") < 1/n*

Hence, 2* € 0 n2 fo(x,) and by Theorem A.0.3 it follows that there
exist sequences {z,} in X and {z}} in X* such that

zr € 0fo(zn), |z —2"|| <1/n and |z, —a,|| < 1/n.  (2.5)
Using the initial assumption, we also obtain
(zn,2zn) > 0. (2.6)

10



Using (2.4) we get
lzall = ll2*ll, (2n,2") — —[l2"[,  asn— oo, (2.7)

which, combined with (2.5) and (2.6) yields z* = 0. Therefore,
z, — 0. As fy is Ls.c., z = 0 minimizes fo(z) + ||z|* and, using
(2.3) we have

fo(0) + f5(0) = 0.
Therefore 0 € 0fy(0), which is equivalent to x§ € 0f (o). O

Notice that in a reflexive Banach space X (in particular, in finite
dimensional vector spaces) the proof of Theorem 2.1.1 can be futher
simplified by taking a minimum on (2.3). This leads to the existence
of z € X such that

1 1
fo(2) + £5(=") = (z,2"), Sl + Slle® + (2,27) = 0

and so 0 € dfy(0), which finishes the proof.

It should also be noted that a similar (and simple) proof for The-
orem 2.1.1 can be obtained directly from Theorem 2.2.5 by using
hs(x,z*) = f(z) + f*(z*) as a convex representation for the mono-
tone operator df.

2.2 Maximality and Brgndsted-Rockafellar prop-
erty

In this section we are interested in the study of maximality of mono-
tone operators representable by convex functions satisfying condi-
tion (1.13). A remarkable result is Theorem 2.2.5, in which we prove
that condition (1.13) is a sufficient condition for maximal mono-
tonicity in non-reflexive spaces, generalizing Theorem 1.2.3 for this
non-reflexive setting.

After proving Theorem 2.2.5 we will study Brondsted-Rockafellar
property for maximal monotone operators in non-reflexive Banach
spaces. Burachik, Iusem and Svaiter [15] defined the e-enlargement
of Tfore >0,asT°: X = X*

T5(x) ={z" € X" [(x —y,a" —y") > —e V(y,y") €T} (28)

It is trivial to verify that T C T°. The e-enlargement is a gener-
alization of the e-subdifferential of a convex function and has both
theoretical and practical uses [41, 42, 19, 25, 26, 27|. An impor-
tant question concerning the study of c-enlargements of a maximal

11



monotone operator 7' is whether an element in the graph of T¢ can
be approximated by an element in the graph of T'.

A maximal monotone operator T': X == X* has the Brondsted-
Rockafellar property if, for any € > 0,

€T (x) =VA>0, Iz, z") €T, |z—z| <A\ [|z"—2"] <e/A

It does make sense to ask if every maximal monotone operator has
Brgndsted-Rockafellar property. This question has been successfully
solved for the extension 0.f, of df, by Brgnsted and Rockafellar,
as is showed in Theorem A.0.3. In the case of a general maximal
monotone operator, the answer is affirmative in reflexive Banach
spaces [44, 16] but is negative in the non-reflexive case [40].

The operator T' satisfies the strict Brondsted-Rockafellar prop-
erty [29] if

e T(x), n>e=VA>03(z,7%) €T,
o —zl| <A, [z =2 <n/A (2.9)
In Theorem 2.2.7 and Theorem 2.2.10 we will prove that maxi-
mal monotone operators representable by convex functions satis-
fying (1.13) and maximal monotone operators of type (NI) satisfies

the strict Brgndsted-Rockafellar property.
The results of this section were published in [29, 31].

2.2.1 Preliminary results

The main result of this subsection is Theorem 2.2.4. We start by
proving some technical results.

Theorem 2.2.1. (Marques Alves-Svaiter [29]) Let h € R¥*X" be a
conver and l.s.c. function. If

h(x,xz*) > (x,z*), V(z,2*) € X x X*,
h*(l'*,l'**) Z <x*,x**>, V(.flf*,flf**> c X* X X**,

then for any € > 0 there exists (T,%*) € X x X* such that
JUT AT S S - -
W@, )+ llE*+5 111" < e 2l < A(0,0),  [lF]" < A(0,0),

where the two last inequalities are strict in the case h(0,0) > 0.

Proof. If h(0,0) < e then (z,2*) = (0,0) has the desired properties.
The non-trivial case is
e < h(0,0), (2.10)

12



which we consider now. Using the assumptions on h, we conclude
that for any (z,2*) € X x X*,

1 1 1 1
h(zx,z*) + §||$||2 + §||9U*||2 > (x,x") + §||$||2 + §||$*||2
o2 1 2
> _ * - - *
>l 2"l + gl + 5 =
1 *11\2
=3 ([]| = l=*[[)* > 0. (2.11)

Analogously, for all (z*,2**) € X* x X**,

1 1 1 1
A=) 4 217 217 2 )+ I+
1 2 1 2
> _||* Kk Sk S| ek
> [+ 1+ S
1 * sk [[) 2
=5 (= = 11" = 0. (2.12)

Now using Theorem A.0.4 for the Banach space X x X* and f,g €
RX x X* ’

2

flz,2%) = h(z,2"),  gla,27) = llz]” + 5 |2"|°

we conclude that there exists (2%, 2**) € X* x X** such that

1 1 1 1
it b o)+ gllal+ Sl = (25 = S = 518
As the right hand side of the above equation is non positive and the
left hand side is non negative, these two terms are zero. Therefore,

: 1, 5 1 )
f o Maa)+g Sllzr|? =0 2.13
(x,z*)ngxX* (ZL’,J} ) + 2||I|| + 2”‘T || ) ( )
and X '
k(oK% Skk Ak (|2 sk 12
W(E 2T+ 12+ 5 1EIE =0 (2.14)

For (z*, 2**) = (2*, 2**), all inequalities on (2.12) must hold as equal-
ities. Therefore,

12°1* = (121 = —A(z", 2) < h(0,0), (2.15)

where the last inequality follows from the definition of conjugate.
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Using (2.13) we conclude that for any > 0, there exists (z,, z,*) €
X x X* such that

| 2 L. L2
h(xy, x, )+§Hl’n|| + 5”% " <n. (2.16)

If h(0,0) = oo, then, taking n = ¢ and (%,2*) = (x,,x,") we con-
clude that the theorem holds. Now, we discuss the case h(0,0) < oo.
In this case, using (2.15) we have

12511 = 1]l < v/ (0,0). (2.17)
Note that from (2.10) we are considering
e < 1(0,0) < 0. (2.18)

Combining (2.14) with (2.16) and using Fenchel-Young inequal-
ity (A.2) we obtain

* 1 2 1 * 12 ok Akk 1A*2 1A**2
0> By ) + g gl P4 B 2 £ S+ g

ok * Skk 1 2 1 * 12 1 Ak (12 1 s¥k (|2
> (2, 2%) 4 Gy 2 4 gl gl P 220 5

Y
2
B}
=

1 1 1
1

1
2% (12 * Sk ()2
= 5 gl = 1127107 + 5 U™l = 127"

As the two terms in the last inequality are non negative,

lzgll <1120 ++/2n, Nzl < 127 + v/ 2.

Therefore, using (2.17) we obtain

lzqll < V/R(0,0) + V20, [lay™[| < v/R(0,0) + /21,

For finishing the proof, take in (2.16)

2
5
0<n< 2.19
= 91(0,0) (2.19)
and let
h(0,0
(0,0 T=7Tua,, =7, (2.20)

T /R(0,0) + V2
Then,
2]l < /h(0,0),  [lZ7]| < +/h(0,0).
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Now, using the convexity of h and of the square of the norms and
(2.16), we have

. 1, . 1, .,
W@ &) + S + SIE P < (1= 1) h(0,0)

1 ((Bawan) + 3l + 3l )

< (1=7)h(0,0)+7n
= Nh(0,0) — 7(h(0,0) — 7).

Therefore, using also (2.19)

= (@) + Gl + G5 IF) 2 = = h0.0) + 7(1(0,0) - )
> ¢ — h(0,0) + 7(h(0,0) — 2n)
= = — 1(0,0) + \/2(0,0) <\/h(0, 0) — \/%)
== — \/2h(0,0)7 > 0.

which completes the proof. O]

In Theorem 2.2.1 the origin has a special role. In order to use
this theorem with an arbitrary point, define [33], for & € R***" and
(z,2%) € X X X*, h ey € R

hizooy(z,27) == h(z+2z,2"+2") — [(m,z*)+<z,x*>—|—(z, z*}} (2.21)
Notice that
hizpoy (@, 27) = (@, 07) = h(x 4+ 2z,2" + 27) — (@ + 2,27 + 27). (2.22)

The operation h + h(, .-) preserves many properties of h, as con-
vexity, lower semicontinuity and can be seen as the action of the
group (X x X* +) on R¥*X" hecause

(h(zovzé))(zl,z;) = N(zgtzr,z5+27) -

The proof of Theorem 2.2.5 will be heavily based on these nice
properties of the map h — h. .-). In the next proposition we prove
that the class of L.s.c. convex functions h € R¥*X" such that h > 7
and h* > m, is invariant under the map h +— h, .«

Proposition 2.2.2. (Marques Alves-Svaiter [29]) For any h € R¥*X”
it holds that:

1. h 1s proper, convexr and l.s.c. <= h(, .~ 1s proper, conver
and l.s.c., V(z,2*) € X x X*;

15



*

2. (h(zzr) = (W*)(ox .y, where the rightmost z is identified with
its image under the canonical injection of X into X**;

8. h>m h* >m < hioy 2w, (hpe) >, VY(z,2%) €
X x X*.

Proof. Ttem 1 is trivial to check. For proving item 2, take (z*, 2**) €
X* x X**. Then, using (2.21) we obtain

(h‘(Z,Z*))* (ZE*7[L‘**) = Sup <y7$*> + <y*7 I**> - h(z,z*)(y7y*)

(y,y%)
= Rh*(z" + 2%, 2" 4 2) — [(¢%, 2) + (2", 2™) + (2, 2)]
= (h") (@ o) (27, ). (2.23)
It remains to prove item 3. For proving the “if”, note that h(g gy = h.
For proving the “only if”, use (2.22) to conclude that h(, .-y > 7

whenever h > 7. By the same reasoning, (h*) (2.2) > m, whenever
h* > 7, and so that using item 2 we end the proof of item 3. O

Corollary 2.2.3. (Marques Alves-Svaiter [29]) Let h € R*¥*X" pe
a conver and l.s.c. function. If

h(z,z*) > (x,z*), V(z,2*) € X x X*,
h*(l'*,l’**) Z <x*’x**>7 V(x*,x**) c X* x X**,

then for any (z,2*) € X x X* and ¢ > 0 there exist (,7*) € X x X*
such that

Wi, @) < (5,8 +e,
H:Z‘ - ZH2 < h(Z,Z*) - <Z7 Z*>,
”‘%* - Z*H2 < h(Z>Z*) - <Z’ Z*>v
where the two last inequalities are strict in the case (z, 2*) < h(z, 2*).

Proof. If h(z,z*) = (z,2*) then (Z,7*) = (z, z*) satisfy the desired
conditions. Assume that

0 < h(z,z") = (2,2"). (2.24)

Using Proposition 2.2.2 and Theorem 2.2.1 we conclude that there
exists (7,7%) € X x X* such that

1, 1
h(z,z*)(yay ) + §HyH2 + 5”:1/ H2 <eg,
||gl|2 < h(z,z*)<070>7
15°11% < hz,2(0,0). (2.25)
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Using (2.22), we obtain h, .«)(0,0) = h(z,2*) — (z, z*). Let
T:=9+z, =g+ 2t
Therefore, using (2.25) and (2.24), we have
|7 — 2| < h(z,2*) — (z,27), 7% = 2%||° < h(z, 2%) — (2, 2°).

For finishing the proof of the corollary, use (2.22) and (2.25) to
obtain

h(z,z*) — (z,7%)

Now we come with the main result of this subsection. It is im-
portant by itself and will be used in the next sections, specially for
proving Theorem 2.2.5.

Theorem 2.2.4. (Marques Alves-Svaiter [29]) Let h € RX*X" be
conver, l.s.c. and

h(xz,z*) > (x,z*), V(z,z*) € X x X*,
h*(x*, x*) > (x*, ™), V(z* ™) € X* x X*.
If (,2*) € X x X*, e >0 and
h(z,z*) < (x,z") + ¢,

then, for any A > 0 there exists (T, z%) € X x X* such that

* e = % * €

W@y, 73) = (@373, [lEa -zl <A llF -2t <.

Proof. First, suppose that A = /. If h(z,2z*) — (x,2*) = 0, then

(x,2*) has the desired properties. So, suppose also that h(x,z*) —
(z,x*) > 0. Let £g > 0 and 0 € (0,1) be such that

* * o
0 < h(x,x”) —(z,27) < e <e, < Ve 2.26
@me) - fra)<q<e o<VE (@)

Define inductively a sequence {(xy,z})} as follows: For k = 0, let

Given k and (z,x}), use Corollary 2.2.3 to conclude that there
exists some (%41, 2},,) such that

h(psn, Th) = (@rpn, 1) < 0 e (2.:28)
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and

ka-&-l - xk” \/h(xkv JZZ) — <xk’ IZ)»
N N ; ; (2.29)
%1 — 2kl V(g xp) — (g, 27).

Using (2.26) and (2.28) we conclude that for all k,

<
<

0< h(‘rkaxZ) - <xk7xz> < 9k507 (230)
which, combined with (2.29) yields

o0 o0 oo oo
> Nzl < VR Y_ VO, Y et il < VR Y VR
k=0 k=0 k=0 k=0

The second part of (2.26) gives
S lweer—ael < VA S I -l < VR (231)
k=0 k=0

In particular, the sequences {x} and {z}} are convergent. Let

Z:= lim xy, 5= lim xj.
k—o0 k—o0

Then, using (2.31) we have

Iz -2l <ve, 77 -2t < Ve
Using (2.30) we have

klim h(xg, z3) — (zx, x5) = 0.

As h is l.s.c. and the duality product is continuous (in the strong
topology of X x X*),

h(z,z*) — (z,z") < 0.

Therefore, h(Z,z*)—(z, *) = 0, which ends the proof of the theorem
for A = y/e. To prove the general case, use in X the norm

é
A

and apply the previous case in this re-normed space. ]

[l = == ll=ll,

2.2.2 Maximality of representable monotone operators

Next we present one of the main results of this thesis. It gener-
alizes Theorem 1.2.3 for non-reflexive Banach spaces by replacing
condition (1.12) by condition (1.13).
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Theorem 2.2.5. (Marques Alves-Svaiter [29]) Let h € R¥*X" be a
convex and l.s.c. function. If

h(z,z*) > (x,z*), V(z,2*) € X x X*,
then
T:={(z,2") € X x X" | h(x,z") = (x,2")}
18 mazximal monotone and h, Ah € Frp.

Proof. The duality product 7 : X x X* — R is everywhere differen-
tiable and
7'(x, ") = (¥, x).

Suppose that h(z,z*) = (z,2*) = 7(z,2*). Then, by Lemma A.0.5
(x*,x) € Oh(z,z*), that is,

h(z,z*) + h*(z*, z) = ((z,2"), (z¥, x)). (2.32)
Take (x,z%), (y,y*) € T. Then, as was explained above,
(z%,2) € Oh(x,2"),  (y7,y) € Oh(y, y").
Since Oh is monotone,
((z,2%) = (v, "), (=%, 2) = (y",9)) 2 0,

which gives (z —y,z* — y*) > 0. Hence, T is monotone.

Now, if h(z,x2*) = (x,x*), then using (2.32) we have h*(z* z) =
(x,x*). Conversely, if h*(z*,z) = (z,2*), then by the same reason-
ing h**(x, x*) = (x,z*). As his proper, convex and L.s.c., h(z,z*) =
h**(z,x*). Thus,

T={(z,2") e X x X" | h* (2", z) = (x,2")}. (2.33)

For proving maximal monotonicity of T', take (z, z*) € X x X* and
assume that

(x —z,2" = 2%) >0, V(z,2") e T. (2.34)

Using Theorem 2.2.1 and Proposition 2.2.2 we know that

: Lo 1 2

£ hpa (2, 2%) + = Szt = 0.

itk o M @20 £ 3l + Gl

Therefore, there exists a minimizing sequence {(zg, x})} such that
1 1, . 1

heony (@i, w) + Sllanll” + SIohl < 5 k=12 (235)
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Note that the sequence {(zy,z})} is bounded and
hz ey @k 23) = (2, 23) - < hezn (@, 7) + [l [l ]

. 1 o 1, .2
< h(z,z*)($k,$k)+§||$k|| Jr§||ﬂ'31,c||-

Combining the two above inequalities we obtain

1

E.

Now applying Theorem 2.2.4, we conclude that there for each k
there exists some (Zy, Z}) such that

hiz e (@r, @) < (T, 23) +

hie o) (@, T) = (Trs T [T = 2il| < ks |7 — 2]l < 1/k.
Then,
(G, 9r) = (T + 2,7, + 27) €T,
and from (2.34)

(Tg, T3) = (G — 2,75 — 2%) > 0.

The duality product is uniformly continuous on bounded sets. Since
{(xg,z})} is bounded and limy_o ||zx — Tk || = limg—oo |25 —Z5]] = 0
we conclude that

li;n inf (zg,z7) >0
Using (2.35) and the fact that h majorizes the duality product, we

have

w1 o 1, L2 w1 o 1, L2 1
0.< w a5 lonlP+5 177 < A (on, w5 laul 45 il < .

Hence, (zy, ;) < 1/k* and limsup,_, ., (z1,x}) < 0, which implies
limy oo (xk, %) = 0. Combining this result with the above inequal-
ities we conclude that

klim (g, z5) = 0.

Therefore, limy_,o (T, Z;) = 0 and {(7k, 7))} converges to (z, z*).
As h(yk, y5) = (Uk, yi) and h is lower semicontinuous,

h(z,2") < (z,z%).

which readily implies h(z, z*) = (z,2*). Therefore (z,2*) € T and
so that T" is maximal monotone and h € Fr. Finally, using (2.33)
we conclude that Ah € Fr. O
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The duality product is continuous in X x X*. Therefore, if a con-
vex function majorizes the duality product then the convex closure
of this function also majorizes it and has the same conjugate. This
fact can be used to remove the assumption of lower semicontinuity
of h in Theorem 2.2.5:

Theorem 2.2.6. (Marques Alves-Svaiter [29]) Let h € R¥*X" be a

conver function. If
h(xz,x*) > (x,z*), V(z,z*) € X x X~*,
@) > (@) Vo) -
h*(l‘*,l’**) Z <[L’*7ZE**>, V(SL’*,I**) E X* X X**7

then
S:={(z,x") € X x X*|h* (2", x) = (x,2")}
18 maximal monotone and clh, Ah € Fg.
Proof. Define h := clh. Then, h is proper, convex, Ls.c. and (h)* =
h*. Since the duality product is continuous, h also satisfies (2.36).

Thus, applying Theorem 2.2.5 to h, we have that S is maximal
monotone and clh, Ah € Fg. n

2.2.3 Brgndsted-Rockafellar type theorems for representable
and of type (NI) operators

The class of maximal monotone operators of type (NI) was intro-
duced by S. Simons for generalizing some results in reflexive Banach
spaces to non-reflexive spaces:

Definition 2.2.1. ( [39]) A mazimal monotone operator T : X =
X* is of type (NI) if

inf (y* —a*,y—2™) <0, V(z*, x™) e X* x X,
(y,y*)eT

As pointed out before, in this subsection we aim to prove that
maximal monotone operators representable by convex function sat-
isfying (1.13) and operators of type (NI) satisfy the strict Brondsted-
Rockafellar property.

Theorem 2.2.7. (Marques Alves-Svaiter [29]) Let h € R¥*X" be a
convex and l.s.c. function. If

h(xz,z*) > (x,z*), V(z,2*) € X x X*,
h*(l'*,l'**) 2 <;1:*,x**>, v(x*7$**) c X* X X**,
then the maximal monotone operator (see Theorem 2.2.5)

T:={(z,2%) € X x X* | h(z,2") = (x,2")}
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satisfies the strict Brgndsted-Rockafellar property: If n > ¢ and
x* € T¢(x), that is,

<'T - yax* - y*> Z -5, v(yu y*) S T7
then, for any A\ > 0 there exists (Ty,Z}) € X x X* such that

BET@), lle-ml<A o -zl <7

Proof. Assume that n > ¢ > 0 and
(x —y, " —y*) > —¢, Y(y,y*) € T.

The Fitzpatrick function of 7' is

or(z,2") = sup (z,¥") + (v, 2") — (y,¥")
(y,y*)eT
= sup —(x—y,x"—y")+ (r,z").
(y,y*)eT
Therefore

or(r, ") < (z,z") +e < (z,x") + 1.

Now recall that, as 7" is maximal monotone, @7 is the smallest
element of the family F7. In particular h > pr. Hence,

o > h",
which implies that ¢r satisfies the hypothesis of Theorem 2.2.4.
Thus, there exists (Z,z}) such that

S I - - N
pr(@nT3) = (@0 73), e —all <A la” = 23]l < .

The first equality above says that (z,,z}) € T, which ends the proof
of the theorem.
]

Theorem 2.2.8. (Marques Alves-Svaiter [29]) Let h € R¥*X" be a
convex function. If

h(xz,xz*) > (x,z*), V(z,2*) € X x X*,
h*(l'*,l'**) 2 <x*,x**>, v(x*’m**) c X* X X**,

then the mazimal monotone operator (see Theorem 2.2.6)

S i={(z,2*) € X x X* | h*(2*,2) = (x,2")}
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satisfies the strict Brgndsted-Rockafellar property: If n > ¢ and
x* € S%(x), that is,

<Jf—y7l’*—y*> > —-<, V(y,y*) 687
then, for any A > 0 there exists (Ty,Z5) € X x X* such that

HeS@) le-ml<n -3 <1

In Theorem 2.2.10 we shall prove that the class of maximal mono-
tone operators of type (NI) satisfies the strict Brgndsted-Rockafellar
property. The starting point of the proof is a characterization of the
class of operators of type (NI) given by the S-function:

Proposition 2.2.9. (Marques Alves-Svaiter [31]) A mazimal mono-
tone operator T : X =% X* is of type (N1) if, and only if,

Proof. Recall that 87 = clconv(m + dr). The proof follows directly
from the identity below:
(81" (2, 2) = (7 + 62)°(+", 2"
= sup (y,2") +(y"z™) = (y,9")
(yy*)eT
=— inf (" —y" 2™ —y)+ ("™
oinf (7 =y y)+ o )

]

Theorem 2.2.10. (Marques Alves-Svaiter [31]) Let T : X =% X*

be a maximal monotone operator of type (NI). Then, T satisfies the
strict Brendsted-Rockafellar property: If n > e and z* € T¢(x),
that is,
<aj - y,x* - y*> Z —&, V(?/,?J*) € Ta
then, for any A > 0 there exists (Ty,Z5) € X x X* such that
BeT@), lle-ml<r Jo" -zl <.
Proof. Recall that 87 € Fp and so

T={(z,z") € X x X*|Sp(x,z") = (x,2") }.
Using the fact that 8¢ € Fr and Proposition 2.2.9, we have that

Sr(z,z*) > (x, %), V(z,2*) € X x X*,
(ST)*([L'*,ZL'**) 2 <ZL’*,ZIZ'**>, V(l’*,l’**) c X* X X**,
Thus, the result follows from Theorem 2.2.7. O
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2.3 A new characterization and a sum theorem
for operators of type (NI)

Proposition 2.2.9 says that if a maximal monotone operator T :
X =% X* is of type (NI) then there exits h € Fr, namely h = 8,

such that
hw,a*) > (z,2%),  V(w,z") € X x X, o3
h*(.x*,l'**) Z <£C*,.Z'**>, V(x*,x**) c X* X X** '

In Theorem 2.2.5 we used the fact that if h satisfies condition (2.37),
then it also satisfies the following variational condition:

: * 1 ]' * *
inf gy (2,0°) + 0l + 510" = 0, ao o). (239

(z,x*

In Theorem 2.3.1 we will show that conditions (2.37) and (2.38)
are equivalent and that if some h € JFr satisfies condition (2.37),
then all function in the Fitzpatrick family of T satisfies condi-
tion (2.37). Remember that if h € Fp, then h > 7 holds by definition
of Fr. In particular, (2.38) provides a sort of variational character-
ization of the class of maximal monotone operators of type (NI).

Theorem 2.3.1. (Marques Alves-Svaiter [32]) Let T : X = X* be
mazimal monotone. The following conditions are equivalent:

1. T is of type (NI),
2. there exists h € Fr such that
h(z,z*) > (x,z*), V(z,2*) € X x X*,
h*(ﬂf*,l'**) 2 <£L’*,ZL’**>, V(ZL'*,.T**) c X* X X**
3. for all h € Fr,
h(xz,z*) > (x,z*), V(z,2*) € X x X*,
h*(m*,x**) 2 <ZC*,£C**>, V(l'*?x**) c X* X X**
4. there exists h € Fp such that

1nf)h(x07x6)(a:,x )+§||x||2+§||x 17 =0, ¥(zo,z%) € X x X",

(z,z*

5. for all h € Fr,

1 1
inf) h(xw*)(x,a:*)+§|]xH2+§H:E*H2 =0, V(zo,2f) e XxX".

(,a* ¢
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Proof. First let us prove that item 2 and item 4 are equivalent. Using
Theorem 2.2.1 we conclude that item 2 implies item 4. For proving
that item 4 implies item 2, first note that, for any (z, z*) € X x X*,

. . 1 1, .
.+ (0,0) > 1nf)h(z7z*)(:z:,x )+ §H$H2 + 5”3; H2

(z,z*
Therefore, using item 4 we obtain
h(z,2") = (2,2") = h(z:+(0,0) > 0.

Since (z,z*) is an arbitrary element of X x X* we conclude that
h > .

For proving that h* > ,, take some (y*,y**) € X* x X**. First,
use Fenchel-Young inequality to conclude that for any (x, z*), (z,2*) €
X x X*,

hieory (@, 0%) 2(2,y" = 2°) + (25 4™ = 2) = (heom) (0 = 250 = 2).
As (h)” = (W) ),

(heer)” (" =2" 5 =2) = B (", y™) =" g )y — 25 y™ = 2).
Combining the two above equations we obtain

hiz oy (@,27) 2, y" = 27) 4+ (2%, 4™ — 2)

Adding (1/2)|z||*4 (1/2)||z*||” in both sides of the above inequality
we have

1 1
* 2 %12 * * % kx 2 *
e (.2%) & Sl + S 2a.g” = )+ (0,57 = 2+ el + S

2

Note that

1 1 1 1
(,y" — Z*>+§||95||2 > —5lly" - T A T Z>+§||93*||2 = —5lly™ = 2|

Therefore, for any (z,z*),(z,2*) € X x X*,

2 2 o 2

>~ Sy -1 - 3]
—_— - _Z —_
> =5l 5l

Using now the assumption we conclude that the infimum, for (x, z*) €
X x X* at the left hand side of the above inequality is 0. Therefore,

* 1 2 1 *
e (2 + Ll + 2| —
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taking the infimum on (z,z*) € X x X* at the left hand side of the
above inequality and rearranging the resulting inequality we have

*k

1 * * k%
Sy = 2| =yt - 2y - 2).

1 2
h* * %k _ k kk > _ * _ * _

Note that

2
I

|| *k

2
Ny - 2|

* * kk 1 * k
sup —(y* — 2%,y = 2) — sl 2 -

ZreX*

Hence, taking the sup in z* € X* at the right hand side of the
previous inequality, we obtain

and item 4 holds. Now, using that item 2 and item 4 are equivalent
it is trivial to verify that item 3 and item 5 are equivalent.

The second step is to prove that item 4 and item 5 are equivalent.
So, assume that item 4 holds, that is, for some h € Fr,

1 1
inf h(m,xs)(m,x*)+§||x||2+§||x*||2 =0, V(g x}) € XxX*.

(z,x*)eXxX*

Take g € Fp, and (g, 25) € X x X*. First observe that, for any
(z,7) € X X X*, Gaoap)(@,2%) > (2, 2%) and

1 1 1 1
sy (@2°) + el 4 S|P > (o, 2) + Sl + 5l > 0.
Therefore,
inf (r.a") 4 el + Lt 20, (2.30)
(raryex s J@oEg) B ST ol ]l = T '

As the square of the norm is coercive, there exist M > 0 such that
* * * 1 2 1 * (12
(2,27) € X X X7 [ hao o) (2, 27) + Sllell” + Sll2"]" <1 © Bxowex- (0, M),
where
Booe- (0.0 = { (0.07) € X x X [/l o < .
For any € > 0, there exists (Z,*) such that

. ~ ~x% 1 ~112 1 ~x% |2
min {1, %} > Ay ) (7, 2°) + S 127 + 512711
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Therefore
€ > Nag.a) (£, 5%) + JIITN° + 51T 2 ag o (7,57) = (7,57) 2 0,
M2 > ||E])” + (|2
In particular,
€% > hwous) (T, T°) — (2, 7).

Now using Theorem 2.2.4 we conclude that there exists (z, z*) such
that

Plages)(T,7°) =(T,7%), [T —2|| <e, [[T°—2"[ <e (241)
Therefore,
h(Z + 20, 7" + 15) — (T + 20, T" + 1) = N(agar) (T, T7) — (T,77) = 0,
and (T + zo, 2" +af) € T. As g € I,
9(T + 2o, T + xy) = (T + x0,T" + 7)),

and
Yworwg) (T, T7) = (Z,T7). (2.42)
Using the first line of (2.40) we have

~ o~k 1~ 1~* ~  ~x% ~ o~k 1~ 1~>(< ~ o~k
2 > By (B 3+ | B4 18P (2 | —~(2.27) 2 1215 |32 7).
Therefore,
1 ~112 1 ~x (12 ~ o~k
2> + I + (5.5, (243)
Direct use of (2.41) gives

(Z,2%) = (T, 2") + (T —2,2") + (T, 2" = ") + (T — 2,2" — T7)
(@,27) + Iz — 2| 27| + [|2][ Z° — 27| + |z — 2]l [|z" — 2]

(&, %) + e[||Z*]| + | Z]|] + €
and

— 112 _x (12 ~ — ~11\2 ~ % g ~%(1\2
1z)" 4+ lz*]]" < Izl + llz = Z[)" + (|27 + [z — 2*|])
<&+ 112°)17 + 2e[l1 2] + N13[1] + 2¢2

Combining the two above equations with (2.42) we obtain
__*1_21_*2<~~*1~21~*2 - x 2
o) (@, T ) A2+ 51271 = (2, 2+ 2"+ 127+ 2|2l + 127 []+2e
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Using now (2.43) and the second line of (2.40) we conclude that
1 1
Iao.a) (@) + S + S[177° < 26 MV2+ 3%

As € is an arbitrary strictly positive number, using also (2.39) we
conclude that
1 1
B Gy (@,3) + g lel+ I =0,

Altogether, we conclude that if item 4 holds then item 5 holds. The
converse (item 5 implies item 4) is trivial to verify. Hence item 4
and item 5 are equivalent. As item 2 is equivalent to item 4 and
item 3 is equivalent to 5, we conclude that items 2,3,4 and 5 are
equivalent.

Now we will prove that item 1 is equivalent to item 3 and conclude
the proof of the theorem. First suppose that item 3 holds. Since
Sr € Fr

(ST)* 2 T

As has already been observed, for any proper function h it holds
that (clconv h)* = h*. Therefore

(8T>* = (7‘[‘ + (5T)* Z Tx,
that is,

(yy*)eT

(2.44)
After some algebraic manipulations we conclude that (2.44) is equiv-
alent to

inf (" —y, 2" —y*) <0, V(z*, z™) e X* x X,
(y,y*)eT

that is, T is type (NI) and so item 1 holds. If item 1 holds, by the
same reasoning we conclude that (2.44) holds and therefore (S7)* >
Te. As 81 € Fp, we conclude that item 2 holds. As has been proved
previously item 2 = item 3. O]

In the next lemma we give a sufficient condition for proving that
the sum of maximal monotone operators of type (NI) is of type (NI).

Lemma 2.3.2. (Marques Alves-Svaiter [30]) Let 71,15 : X =% X*
be mazximal monotone and of type (NI). Take

hlefle, hQEfTrTQ
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and define

he RXXX*
h(l‘,l’*) = (hl(xa )Dh2($, )) (iL'*) = y}g)f(* hl(xay*) + hg(l’, " — y*)a

Prx dom(h;) := {z € X |Jz*, hi(z,z") < oo}, i=1,2.

If
|J A [Prx dom(hy) — Pry dom(hy)] (2.45)

18 a closed subspace then

h>m h*>m,, Ah >, (AR)* > m,,

T+ Ty = {(x,z") | Ab(z,2") = (x,2")}
={(z,2%) | h(z,27) = (z,2")}

and Ty + Ty is mazimal monotone of type (NI) and
Ah,clh € Frim,.
Proof. Since hy € I, and he € Fp,, hy > mand hy > 7. So
hy(x,y") + ho(x, 2" — y*) > (z,y") + (x, 2" — y*) = (x,27).

Taking the inf in y* at the left-hand side of the above inequality we
conclude that h > .
Let (z*,2™*) € X* x X**. Using the definition of & we have

R*(z*,2™) = sup (z,2") + (", 2™) — h(z, 2") (2.46)
(z,2%)eX X X*

= sup <Za l‘*> + <Z*7$**> - hl(z>y*)
(z,2*y* ) EX X X * x X * —hg(z, 2 y*)
(2.47)
= sup (z,2%) + (y*, ™) + (w*, 2*) — hy(2,y%)
(2,y* w*)EX X X*x X* —hg(z,w*)

(2.48)

where we used the substitution z* = w* + y* in the last term. So,
defining H;, Hy : X x X* x X* - R

Hl(x7y*72*> - hl(%?fk)a HZ(‘TJy*J Z*> = ]’LQ(SL’,Z*). (249)

we have
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Using (2.45), Theorem A.0.4 and (2.49) we conclude that the con-
jugate of the sum at the right hand side of the above equation is the
exact inf-convolution of the conjugates. Therefore,

u*,y**,z**

Direct use of definition (2.49) yields

(2.50)
(2.51)

Hence,
h*(z*, ™) = min hj(u*,z™) + hi(z* —u*, ™). (2.52)

ureX*

Therefore, using that A} > m,, h5 > 7., (2.52) and the same reason-
ing used to show that A > 7m we have

h* > 7",

Up to now, we proved that h > 7 and h* > m,( and Ah > 7). So,
using Theorem 2.2.6 we conclude that S : X = X*, defined as

S ={(z,2") € X x X*|Ah(z,z") = (x,27)},

is maximal monotone. Since Ah is convex and lower semicontinuous,
Ah € Fg.

We will prove that T} + T, = S. Take (x,2*) € S, that is,
Ah(z,2*) = (x,2*). Using (2.52) we conclude that there exists
u* € X* such that

hi(u*, x) + hy(x* —u*, z) = (x,x").
We know that
hi(u*,x) > (x,u"), hy(z* —u*,x) > (z, 2" —u").

Combining these inequalities with the previous equation we conclude
that these inequalities hold as equalities, and so

u* € Ti(x), =t € Ty(z), z* e (Ty+ Tr)(x).
hi(z,u*) = (x,u*), he(x,z" —u*) = (x,2" —u*), h(z,z*) < (x,z").

We proved that S C 17 + 15. Since 17 + T5 is monotone and S is
maximal monotone, we have T} + T, = S (and Ah € Fr,.1,). Note
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also that h(x,z*) < (x,z*) for any (x,2*) € Ty + Ty = S. As h >,
we have equality in T} + T5. Therefore,

T+Ty C {(z,2") | h(z,2") = (x,2")} C {(z,2") | clh(z,2") < (z,2")}.

Since h > 7 and the duality product 7 is continuous in X x X* we
also have clh > m. Hence, using the above inclusion we conclude
that clh coincides with 7 in 77 + T5. Therefore, clh € Fp, 17, and
the rightmost set in the above inclusions is 77 + T5. Hence

T+ Ty = {(x,z") | h(z,2") = (x,z")}.

Conjugation is invariant under the (lower semicontinuous) closure
operation. Therefore,

(clh)* = h* >,

and so 11+ T is of type (NI). We proved already that Ah € Fp, 11,
Using item 3 of Theorem 2.3.1 we conclude that (Ah)* > . O
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Chapter 3

On the relation between
surjectivity of perturbations
and operators of type (INI)

In this chapter we are concerned with surjectivity of perturbation of
maximal monotone operators in non-reflexive Banach spaces. The
results presented here are collected from [30]. In a reflezive Ba-
nach space the following result due to Rockafellar gives a necessary
and sufficient condition for maximal monotonicity in terms of the
surjectivity of perturbations by the duality mapping J:

Theorem 3.0.3 ([38, Proposition 1]). Let X be a reflexive Banach
space and T : X = X* be a monotone operator. Then T is maximal
monotone if and only if

R(T(-+2)+J) = X", Vz € X.

Here, by (z,2*) € T(- + 29) we means (x + 29,z*) € T. Recall
that the duality mapping is the point to set operator J : X =% X*
defined by

1
T(@) = 03P
The point is that J is surjectivity if and only if X is reflexive. In

order to overcome this difficult, J.-P. Gossez introduced [21] an “en-
larged” version of the duality mapping, J. : X = X* defined by

1
Je(z) = 8€§||x||2,

and obtained similar resuts of Theorem 3.0.3 for a special class of
maximal monotone operators he introduced in non-reflexive Banach
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spaces, the operators of type (D). Notice that for any € > 0, J. is
always surjectivity.

Recall that a maximal monotone operator T' : X = X* is of type
(NI) if

inf (y* —a*,y—a™) <0, V(z*, z™) e X* x X™.
(ysy*)eT

The class of maximal monotone operators of type (NI) encompasses
the Gossez type (D) operators and was introduced by S. Simons [39]
to generalize some results concerning maximal monotonicity in re-
flexive Banach spaces for non-reflexive Banach spaces.

The general framework of convex representations of maximal
monotone operators developted in the previous chapters allows us
to characterize the operators of type (NI) by the existence of a Fitz-
patrick function in the Fitzpatrick family such that the conjugate
majorizes the duality product (see Theorem 2.3.1). In the next
sections, we will use this results to obtain surjectivity results for
perturbations of maximal monotone operators of type (NI).

3.1 Preliminary results

We begin with two elementary technical results which will be useful.

Proposition 3.1.1. (Marques Alves-Svaiter [30]) The following state-
ments holds:

1. For any e >0, if y* € J.(x), then | ||lz|| — |lv*]| | < V2e.
2. Let T : X = X* be a monotone operator and €, M > 0. Then,
(T + J.)~" (Bx-[0, M])
15 bounded.

Proof. For proving item 1, let ¢ > 0 and y* € J.(z). The desired
result follows from the following inequalities:

1 1 1
Sl = ™ ? < sllall® + Sy = (7)<

For proving item 2, take (z,2*) € T. If z € (T +.J.)~" (B0, M])
then there exists x*, y* such that

2 eT(x), y*eJ(x), |e* + y*|| < M.
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Therefore, using Fenchel Young inequality (A.2), the monotonicity
of T" and the definition of J. we obtain

]' 1 * * * * * *
Sl =2l + Sl 4y = 2 2 (o = 2w 4y - )

v

<I - Zvy*>

1 1
> |5’ + 51y I —e| = l=lllyl-

Note also that
2 2 2 * * * (12 *
2 — 2" < |lz[|"+2|[[[| 2|+ =], 2% + " — 2|7 < (M+]2*]))%

Combining the above equations we obtain
1 5 1 . L, .2 .
Szl + S+ 17107 = Sly*ll” = =l = =yl — e
2 2 2

As y* € J.(x), by item 1, we have ||z|| < ||y*|| + v2e. Therefore
1 9 1 . 1, .2 .
I+ 5 (M + [1271)° = Sy IF = 2lly" [l = [l2]lv2e — .

Hence, y* is bounded. In fact,

Il < 20 1P 2 [V ] o O+

As we already observed, ||z| < |ly*|] + v2¢ and so, ||z|| is also
bounded. O

Now we will prove that under monotonicity, dense range of some
perturbation of a monotone operator is equivalent to surjectivity of
that perturbation.

Lemma 3.1.2. (Marques Alves-Svaiter [30]) Let T : X = X* be
monotone and (> 0. Then the conditions below are equivalent

1. R(T(-+ 20) + pJo) = X*, for any e >0 and 2 € X,
2. R(T(-+ z0) + puJo) = X*, for any ¢ >0 and 2z, € X.

Proof. Tt suffices to prove the lemma for 4 = 1 and then, for the
general case, consider 7" = p~'T. Now note that for any 2y € X
and z§ € X*, T—{(z0, z5) } is also monotone. Therefore, it suffices to
prove that 0 € R(T + J.), for any € > 0 if and only if 0 € R(T+ J.),
for any € > 0. The ”if” is easy to check. To prove the "only if”,
suppose that

0€ R(T+ J.), Ve > 0.
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First use item 2 of Proposition 3.1.1 with M = 1/2 to conclude that
there exists p > 0 such that

(T + Jl/2>71 (BX* [07 1/2]) C BX[Ov p]
By assumption, for any 0 < n < % there exists x, € X, Ty, Y, € X
such that
k * * * 1
vy € T(xy), y, € Jy(zy) and |la; +ypll <n< 7 (3.1)

As Jy(xy) C Jijalay), oy € (T + Jij2)~ (), + y;) and so,
lzgll <o, gl <p+ 1

where the second inequality follows from the first one and item 1 of
Proposition 3.1.1. Therefore

1

Sl < 5 (e + w0+ Il < 57+ o+ 1)+ 5l P

[\

<$C77, .',U:}) = <x777 SU:; + Z/;) - <xT]7 Z/;;> < P — <x777 y1>;>
Combining the above inequalities we obtain

1 1, . . 1 1., . 1
Shaall® + Szl + (g, 23) < Sllagll + SMwpl1° = {wg v) +0(20 + 1) + 5.

The inclusion y; € J,(z,), means that,

1 1, . .
e R I e T e (32)

Hence, using the two above inequalities we conclude that

5”3:’7"2 - 5“‘7577”2 + (T, ) < 2n(p+1) + 5772.

For finishing the prove, take an arbitrary € > 0. Choosing 0 < n <
1/2 such that,

1
2n(p+1) + 5172 <,

we have

1 ]' * * *
Sl gl + (o) <o € Tay).

According tho the above inequality, —z; € J.(,). Hence 0 € (T +
Je) (). O
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3.2 Main results

As we pointed out in the introduction of the present chapter, in a
reflexive Banach space, surjectivity of a monotone operator plus the
duality mapping is equivalent to maximal monotonicity. This is a
classical result of Rockafellar [38]. For obtaining a partial extension
of this result for non-reflexive Banach spaces, we must consider the
“enlarged” duality mapping [21].

Lemma 3.2.1. (Marques Alves-Svaiter [30]) Let T : X =% X* be
monotone and p > 0. If

R(T(+Zo)+ﬂjg) = X, Ve > 0,20 € X

then T, the closure of T in the norm-topology of X x X*, is mazimal
monotone and of type (NI).

Proof. Note that T + pJ. = pu(u~'T + Je). Therefore, it suffices to
prove the lemma for ;4 = 1 and then, for the general case, consider
T' = p~'T. The monotonicity of T follows from the continuity of
the duality product.

Using the assumptions on 7" and Lemma 3.1.2 we conclude that
T(-+ z9) + J. is onto, for any £ > 0 and zy € X. Therefore, for any
(20,25) € X x X* and € > 0, there exists x., 2% such that

xi 4z €T (x4 2) and —zl € J (). (3.3)

Note that the second inclusion in the above equation is equivalent
to

1 1 * *
el + Szl < (o, =) +e (3.4)

For proving maximal monotonicity of T, suppose that (2o, 25) €
X x X* is monotonically related to T. AsT C T

(z — 20,2 —25) >0, ¥V (2,2") € T.
So, taking € > 0 and z. € X, zf € X* as in (3.3) we conclude that
(e, xly = (T + 20 — 20,22 + 25 — 25) > 0,
which, combined with (3.4) yields
1 1
Sl + el <

Since (z. + 2o, 2 + 25) € T, and ¢ is an arbitrary strictly positive
number, we conclude that (29, 25) € T, and T is maximal monotone.
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It remains to be proved that T is of type (NI). Consider an ar-
bitrary (zo, 25) € X x X* and h € F7. Then, using (3.3), (3.4) we
conclude that for any € > 0, there exists (z.,z}) € X x X* such
that

h('rﬁ—i_ZOu xe+ZO) = <CL’5 + 2o, T + ZO>7 §||ZE€||2+§||I€||2 < <l‘€, _'175)—1—5‘

The first equality above is equivalent to A, .o)(z, 27) = (zc, x%).
Therefore,

zo,z5) (@, 22) + §||965||2 + §||96EH2 <e,
that is,
) . 1 o 1, L2

Now, use item 5 of Theorem 2.3.1 to conclude that 7" is of type
(NT). O
Direct application of Lemma 3.2.1 gives the next corollary.

Corollary 3.2.2. (Marques Alves-Svaiter [30]) If T': X =2 X* is
monotone, closed, p >0 and

R(T(- + 2z) + pJe) = X7, Ve >0,20€ X
then T is maximal monotone and of type (NI).
Proof. Use Lemma 3.2.1 and the assumption 7' = T. O

The next result gives a complete characterization (in non-reflexive
Banach spaces) of maximal monotone operators of type (NI) in
terms of the surjectivity of perturbations, by J and J..

Theorem 3.2.3. (Marques Alves-Svaiter [30]) If T : X = X* is a
closed monotone operator then the conditions bellow are equivalent

1. R(T(-+20) +J) = X*, for all zy € X,

2. R(T(-+ z) + J.) = X*, foralle >0, z0 € X,
3. R(T(-+ 2z9) + J.) = X*, foralle >0, zp € X,
4. T is mazimal monotone and of type (NI).

Proof. Ttem 1 trivially implies item 2. Using Lemma 3.1.2 we con-
clude that, in particular, item 2 implies item 3. Now use Corol-
lary 3.2.2 to conclude that item 3 implies item 4. Up to now we
have 1=2=3=4.

37



For completing the proof we will show that item 4 implies item
1. So, assume that item 4 holds, that is, T" is of type (NI). Take
2y € X* and 2y € X. Define Ty =T — {(20, 25) }. Trivially

2y € R(T(-+20)+J) < 0e€ R(Tp+ J).

As the class of operators of type (NI) is invariant under translations,
in order to prove item 1, it is sufficient to prove that if T' is of
type (NI), then 0 € R(T'+ J). Let h € Fr and € > 0. Define
p:X X X*— R,

1

pla,o?) = Sl +

1

Sl (35)

Item 5 of Theorem 2.3.1 ensures us that there exists (z.,z}) € X x
X* such that
h(ze, ) + p(oe, —xF) < €2 (3.6)

Direct calculations yields p > 7w and p* > w,. We also_know that
p € F; and so J is of type (NI). Define H : X x X* — R,

H(z,x*) = y*ig)f(* h(z,y*) + p(x, 2" — y*).

As dom(p) = X x X*, we may apply Lemma 2.3.2 to conclude that
T + J is of type (NI) and ¢l H € Fr ;. Using (3.6) we have

H(z.,0) < h(z.,zl) + pla., —ak) < g2,

So, cl H(z.,0) < H(x,0) < (z.,0) + 2. Now use Theorem 2.2.4 to
conclude that there exist z, z* such that

(z,2*) e T+ J, |1z — || <e, |z* = 0| <e.

So, " € R(T 4+ J) and ||Z*]| < e. As e > 0 is arbitrary, 0 is in the
closure of R(T + J). O

The next corollary is a immediate consequence of Theorem 3.2.3.

Corollary 3.2.4. (Marques Alves-Svaiter [30]) If T : X = X* is a
closed monotone operator then the conditions below are equivalent:

() R(T(-+ z0) + uJ) = X* for all zyp € X and some p > 0,
(b) R(T(

+20) + pJ) = X* forall z0 € X, u >0,

(c) R(T(-+ 20) + pde) = X* foralle >0, zp € X and some > 0,

(d) R(T(-+ 2z0) + pJo) = X* foralle >0, zp € X, u>0,
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(e) R(T(-+z0)+uJ:) = X* foralle >0, zy € X, and some u > 0,
(f) R(T(-+ 20) + pJo) = X* foralle >0, zp € X, up >0,
(g) T is mazimal monotone and of type (NI).

Proof. Suppose that item (a) holds. Define 7" = p~'T and use
Theorem 3.2.3 to conclude that 7”7 is maximal monotone and of
type (NI). Therefore, T = pT1" is maximal monotone and of type
(NI), which means that (g) holds.

Now assume that item (g) holds, that is, 7" is maximal monotone
and of type (NI). Then, for all g > 0, x~'T is maximal monotone
and of type (NI), which implies item (b).

Since the implication (b)=-(a) is trivial, we conclude that items
(a), (b), (g) are equivalent.

The same reasoning shows that items (c), (d), (g) are equivalent
and so on. O
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Chapter 4

On the uniqueness of the
extension to the bidual

Let us start by introducing maximal monotonicity in X** x X*. An
operator T : X** = X* is monotone if

<$** _ y**7$* _ y*) 2 O,V(.I**,.CE*), (y**’y*) E T‘

An operator T : X** = X* is maximal monotone (in X** x X*)
if it is monotone and maximal (with respect to the inclusion) in
the family of monotone operators of X** into X*. The canonical
injection of X into X** allows one to identity X with a subset of
X**. Therefore, any maximal monotone operator 7' : X == X* is
also a monotone operator 7" : X** =2 X* and admits one (or more)
maximal monotone extension in X** x X*. In general this maximal
monotone extension will not be unique. In this chapter, we are
concerned with the problem:

Under which conditions a maximal monotone operator 7" :
X = X* has a unique extension to the bidual, X** = X*7

The problem of unicity of maximal extension of a generic mono-
tone operator was studied in details by Martinez-Legaz and Svaiter
in [33]. That paper will be an important reference for the present
chapter.

The specific problem above mentioned, of uniqueness of extension
of a mazimal monotone operator to the bidual, has been previously
addressed by Gossez [21, 22, 23, 24]. He found a condition under
which uniqueness of the extension is guaranteed [24]. Latter the
condition (NI), was studied by S. Simons in [39]. This condition
guarantees the uniqueness of the extension to the bidual and en-
compasses Gossez type (D) condition.
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We will prove that maximal monotone operators of type (NI)
admit a unique extension to the bidual and that, for non-linear
operators, the condition (NI) is equivalent to the unicity of maximal
monotone extension to the bidual. For proving this equivalence we
will show that if 7" C X x X* is maximal monotone and convex then
T is an affine manifold.

The results of this chapter are from the paper [31].

4.1 Convexity and maximal monotonicity

Recall that a linear (affine) manifold of a real linear space Z is a set
A C Z such that there exists V', subspace of Z, and a point 2 such
that

A=V +{xn}={2+2%]|zeV}

The next lemma states that a convex maximal monotone operator
is “essentially” linear:

Lemma 4.1.1. (Marques Alves-Svaiter [31]) If T': X = X* is
mazimal monotone and convex, then T is affine.

Proof. Take an arbitrary (zo,x§) € T and define
To =T —{(wo,20)} -

Note that Ty is maximal monotone and convex. So, it suffices to
prove that Tj is a linear subspace of X x X*. Take an arbitrary
(x,2*) € Ty. First we claim that

t(z,z") € T, YVt > 0. (4.1)

For 0 < ¢ < 1 the above inclusion holds because (0,0) € Ty and Ty
is convex. For the case t > 1 let (y,y*) € T. Then, t !(y,y*) € Ty
and so
(x —t7 Yy, 2" —t71y*) > 0.
Multiplying this inequality by ¢ we conclude that (tx — y, tz* — y*) >
0. As (y,y") is a generic element of T, which is maximal monotone,
we conclude that ¢(z,2*) € Ty and the claim (4.1) holds.
We have just proved that Ty is a convex cone. Now take an
arbitrary pair
(Z[', I*>7 (y7 y*) € TO'
Then | .
(@+y.a"+y) =2 |5(@a") +5(.y")| € o (4.2)
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Since (0,0) € Tp, we have
(y—(—z),y" — (—2%)) = ((y+2) — 0,(y" +2%) — 0) > 0.

Since Tj is maximal monotone, we conclude that —(z,z*) € Tj.
Therefore, using again (4.1) we conclude that T is closed under
scalar multiplication. In order to end the proof, combine this result
with (4.2) and conclude that T is a linear manifold. O

This lemma generalizes a result of Burachik and Tusem [14, Lemma
2.14], which states that if a point to point maximal monotone op-
erator is convex and its domain has a non-empty interior, then
the operator is affine. Burachik and Iusem also proved that un-
der these assumptions, the operator is defined in the whole space.
After the submission of [31], Bauschke, Wang and Yao published, in
the arXiv.org preprint server, a preprint [5] with the same result of
Lemma 4.1.1.

4.2 Basic results and some notation

In this section we use the notation mxy x+, (-, ) xxx+ for the duality
product

Txsx (T, 2%) = (x, ") xx x+ = 2" ().
Whenever the underlying domain of the duality product is clear, we
will use the notations 7 and (-,-). The indicator function of A C X

is 5A,X S RX,
0, ze€A
(5,47)((:6) = {

oo, otherwise.

Whenever the set X is implicitly defined, we use the notation 0 4.

The S-function and Fitzpatrick function (as well as the Fitz-
patrick family) are still well defined for arbitrary sets (or operators)
TCXxX*

Sy € R¥*X | 81 = clconv(rm + d7), (4.3)
or € RN pop(z,a*) = sup (2,y") + (y,2%) — (¥, y). (4.4)
(y,y*)ET

Martinez-Legaz and Svaiter studied in [33] generic properties of S1
and @p for arbitrary sets and its relation with monotonicity and
maximal monotonicity. They observed that for a generic 7' C X x X*

or(z,2*) = (m+ o) (x*, 2) = (87)" (2™, x), V(z,z%) € X x X*.
(4.5)
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Therefore, also for an arbitrary T', one has ASy = pr.

It will be useful to define a relation p which characterizes mono-
tonicity, and study monotonicity in the framework of this relation
and the classical notion of polarity [6].

Recall that a relation in a set V' is a subset g of V' x V.

Definition 4.2.1 ([33]). The monotone relation u in X x X* is
defined as

p=A{((z,27), (y,5")) € (X x X*)* | (& —y,2" —y") > 0}.

Two points (z,x*), (y,y*) € X x X* are monotonically related or
in monotone relation if (x,z*) u (y,y*), that is,

(x —y, " —y*) > 0.

Given A C X x X*, the monotone polar (in X x X*) of A is the
set A,

A= {(z,2") e X X X [ (z,27) p (y,y7),  V(y,y") € A},
= {(z,2") e X x X* | (x —y,2* —y*) >0, V(y,y*) 6(21}6)

We shall need some results of Martinez-Legaz and Svaiter which
are scattered along [33], and which we present in the next two the-
orems:

Theorem 4.2.1 ([33, Eq. (22), Prop. 2, Prop. 21]). Let A C X x
X*. Then

Af ={(z,2") € X x X* | pp(x,2") < (x,2")}, (4.7)
and the following conditions are equivalent
1. A is monotone,
2. 04 < (m+3d4).
3. AC A"
Moreover, A is maximal monotone if and only if A = A",

Note in the above theorem and in the definition of the Fitzpatrick
family, the convenience of defining as in [33, Eq. (12) and below],
for h € R¥*X":

b(h)
L(h)

{(z,2*) € X x X* | h(z,2*) < (x,
{(z,2*) € X x X* | h(z,2*) =
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Theorem 4.2.2 ([33, Prop. 36, Lemma 38]). Suppose that A C X x
X* is monotone. Then the following conditions are equivalent

1. A has a unique mazimal monotone extension (in X x X*),
2. A* is monotone

3. A* is mazimal monotone,

and if any of these conditions holds, then A" is the unique mazimal
monotone extension of A.
Moreover, still assuming only A monotone,

pa>7 = blpa) = L(pa) (4.9)

and if these conditions hold, then A has a unique maximal monotone
extension, A",

4.3 Extension theorems

Let T : X = X* be maximal monotone. The inverse of T is T~ :
X=X,

T'={(z*2) € X* x X | (x,2%) € T}. (4.10)
Note that 77! € X* x X C X* x X**. The Fitzpatrick function of
T, regarded as a subset of X* x X** is, according to (4.4),

Q-1 xoxx (", ™) = sup (2N, y") + (v — (¥ YT
(y*y**)eT—1

= sup (25 y) + (2 — (YY)
(y*y)eT 1
= (7 +0p)" (2%, 2™).

where the last x* is identified with its image under the canonical
injection of X* into X***. Using the above equations, (4.3) and the
fact that conjugation is invariant under the convex-closure opera-
tion, we obtain

Or-1 xexxe = (T +07)" = (87)7, (4.11)

where m = TX x X* and (ST = 5T,X><X*-

We will use the notation (7-1)" XX for denoting the mono-
tone polar of 77! in X* x X**. Combing the above equation with
Theorem 4.2.1 we obtain a simple expression for this monotone po-

lar:

(T—l)M:X*XX** — {(I*,l'**) c X* % X** | (ST)*(ZL'*,ZE**> S <ZE*,I**>}
(4.12)
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Next we establish our first extension theorem. In order to simplify
the notation, define

R: X" xX"— X"x X" R z%) = (% z™).
Note that R(X x X*) = X* x X.

Theorem 4.3.1. (Marques Alves-Svaiter [31]) Let T': X = X* be
a mazximal monotone operator of type (NI). Then

1. T admits a unique maximal monotone extension T:X"= X*;
2. (87)" = PRT s
3. fm; all h € Fp, h* € Tz, that is, h* > m, and (z*,2*) €
RT = h*(z*, x**) = (x*, ™).
Proof. Using Proposition 2.2.9 and (4.11) we have
Or—1 xs s x (2%, 2™) = (87)" (2", &™) > (a7, ™), V(z*, ™) e X*xX™.

Therefore, using Theorem 4.2.2 and Theorem 4.2.1 for A =T"! C
X* x X**, we conclude that (T~ " the monotone polar of

T—!in X* x X**, is the unique maximal monotone extension of 71
to X* x X** and

()7 = @) € X X (80) (a0 = (a2
(4.13)
Using the above result and again Proposition 2.2.9, we conclude that
(81)* € ?(T_l)u,x*xx**.
Now, define

T = {(a*,2%) € X* x X* | (¢, 2™) € (T’l)“’X*XX**}.

(4.14)

Note that RT = T~ and RT = (T)"* ¥ Therefore
(8r) € Fps. (4.15)

Moreover, since R is a bijection which preserves the duality product,
we conclude that T is the unique maximal monotone extension of T’
in X** x X*. This proves Item 1.
Since ' C T,
pp(x®, ™) = sup (25 y7) + (52T — (YT
(y*y**)eRT
(y**,y*)ET
> sup (y,2") + (" 2") = (y,y7) = (7 +0r)" (27, 2™).
(yy*)eT
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Combining the above equation with the second equality in (4.11) we
conclude that ¢,z > (87)*. Using also the fact that ¢,z is minimal
in ¥, % and (4.15), we obtain ¢ % = (87)*. This proves Item 2.

By Theorem 1.2.3, pr(z,2*) = (S7)*(z*, z). Therefore,

(or)"(z*,2™) = sup  (y,2") +(y", 2™) — or(y,y")
(y,y*)EX X X *

= sup  (y, o)+ (Y 2") — (87)" (¥, y)
(y,y*)EX x X*

< osup (YT at) 4 (5T = (81) (W)
(y**7y*)EX** x X *

Take h € Fr. By Theorem 1.2.3 one has oy < h < sp. Using also
the fact that conjugation reverts the order, the above equation and
Proposition 2.2.9, we conclude that, for any (z*, z**),

(4.16)

Define
g c RX*XX**7 g(.fl?*,l'**) — ((ST)*)*(.T**,.CE*)

Using (4.15) and Theorem 1.2.2 we conclude that g € F 7. There-

fore, using again the maximal monotonicity of RT in X* x X . we
have

g(ﬂ?*,%**) _ (ST)**(x**,x*) — <LU*,ZL’**>, V(LU*,SL’**) c Rf

Combining the above equations with (4.16) we conclude that h*
majorizes the duality product in X* x X** and coincides with it in
RT. Since h* is also convex and closed, we have h* € F, 7. This
proves Item 3. O

Item 1 in the above theorem was firstly proved in [39], while item
2 and item 3 are taken from [31]. The following partial converse of
item 1 of Theorem 4.3.1 is the third main result of this chapter.

Theorem 4.3.2. (Marques Alves-Svaiter [31]) Suppose that T :

X = X* is maximal monotone and has a unique extension T :
X* = X*. Then either

(Sp)*(x*, ™) > (a*, 2™), V(z*, ™) e X* x X*™,  (4.17)

that is, T is of type (NI), or T is affine linear and T = dom(pr).
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Proof. Suppose there exists only one T C X* x X* maximal mono-
tone extension of 7' to X*™* x X*. If T is not of type (NI), there
exists (zf, x§*) € X* x X*™* such that

(87)" (5, 79") < (g, 257)- (4.18)
Since R is a bijection that preserves the duality product and RT =

T-1, we conclude that RT is the unique maximal monotone exten-
sion of 771 to X* x X**. Using now Theorem 4.2.2, Theorem 4.2.1

and (4.11) we obtain
RT = (T_l)“’X*XX**
= {(z",2™) € X" x X™| pp-1 xexxe (2", ™) < (z¥, ™)}
={(z",2™) € X* x X | (8p)*(z",2™) < (z*,2™)}. (4.19)

Suppose that
(S7)"(z*, ™) < oc. (4.20)

Define, for t € R,
plt) = (ai ) + " — a2 — ) = (1= £)(ady ai7) + Ha", 2™,
Since (87)* is convex, we have the inequality
(87)"(p(t)) — mxosx+ (p(t)) < (L= £)(87) (g, 257) + 1(87)" (2", ™)
—mx s x+ (p(t)), vt € [0,1].

Since the duality product is continuous, the limit of the right hand
side of this inequality, for t — 0+ is (8¢)*(x§, x5*) — (x5, x¢*) < 0.
Combining this fact with (4.19) we conclude that for ¢ > 0 and small
enough, N

(x5, x5") +t(a™ — xg, 2™ — i) € RT.
Altogether, we proved that

(87)*(x*,2*) < 0o = It > 0, Vt € [0,1]
(xf, x§*) + t(a* — af, v — af*) € RT.
Now, suppose that
(87)"(af,27") < oo,  8p(a3,a5") < oo,
Then, using (4.21), we conclude that there exists ¢ > 0 such that

(a5, 2"+ (]~ 27 —ay) € BT, (a, o) +t(—ah, o' —ai) € RT.

Since RT is (maximal) monotone, the above points are monotoni-
cally related (in the sense of Definition 4.2.1) and

2 * * *k *ok
t(x) — 3, 27" —ay*) > 0.
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Hence, (x7 — a3, 27" — x5*) > 0. Therefore the set
W= {(z*,2™) € X* x X™|(87)"(z", ™) < oo},

is monotone. By (4.19), RT ¢ W. Hence W = RT and

T={(z",2%) € X x X*|(87)" (2", 2™) < o0} .

Since (87)* is convex, W is also convex. Therefore, RT is convex
and maximal monotone. Now, using Lemma 4.1.1 we conclude that
RT is affine. This also implies that T is affine linear. Since

T=TnX x X*
we conclude that T is affine and
T = {(z,z%) [ (87)"(«", ) < oo}
= {(@,2") [ or(z,27) < oo}
where the last equality follows from Theorem 1.2.3. m

According to the above theorems, for non-linear maximal mono-
tone operators, condition (4.17) is equivalent to unicity of maximal
monotone extension to the bidual.

48



Appendix A

Basics of convex analysis

Let X be a real Banach space with dual X*. We use the notation
m and m, for the duality product in X x X* and in X* x X**,
respectively:

T X X X" >R, T : X" x X" =R
m(z,2") = (z,2"), (2", ™) = (¥, ™). (A.1)
The norms on X, X* and X** will be denoted by || - ||. Whenever

necessary, we will identify X with its image under the canonical
injection of X into X™**.

We denote by R the extended-real system and by R¥ the set of
extended-real valued functions defined on X:

R={-00}URU{o0}, R* ={f: X — R}.
A function f: X — RU {oo} is convez if

F((A =tz +ty) < (1 —1)f(x) +1f(y)

whenever x,y € X and ¢t € (0,1). This is equivalent to say that the
epigraph of f, defined by epf = {(z,f) € X x R|f(z) < t} is a
convex subset of X x R. Moreover, f is lower semicontinuous (1.s.c.
for short) whenever epf is a closed subset of X x R.

An extended-real valued function is said to be properif f > —oo
it is not identically co. The effective domain of a proper function
feRXis

dom(f) ={z € X | f(z) < o0}.

For f € RX, conv f € R¥ is the largest convex function majorized
by f, and cl f € RX is the largest Ls.c. function majorized by f. It
is trivial to verify that

cl f(z) = liérii?ff(y), f* = (conv f)* = (clconv f)*.
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The functions cl f and clconv f are usually called the l.s.c. closure
of f and the convex l.s.c. closure of f, respectively.

The concept of e-subdiffential of a convex function f € RX was
introduced by Brgndsted and Rockafellar [13]. It is a point to set
operator 0.f : X = X* defined at x € X by

Ocf(x) ={z" € X" [ f(y) = f(a) + (y —x,2") —¢, Vy € X},

where € > 0.

An special interest is given for the case ¢ = 0. The point to set
operator f : X = X* defined by 0f = 0y f is called the subdiffential
of f. For each z € X the elements z* € 0f(x) are called the
subgradients of f at x. In particular, 0f(z) C 0.f(x), for all z € X
and € > 0.

The next theorem estimates how well the e-subdiffential approxi-
mates the subdiffential of a convex function. It is known as Brgndsted-
Rockafellar Theorem.

Theorem A.0.3 ([13, Lemmal). Let f € R be a proper, convex
and l.s.c. function. Given z* € 0. f(x), for any X > 0 there ezist
T € X and z* € 0f(Z) such that

o=zl <A, fla" =27 <

>| ™

For a proper convex function f € R¥, the Fenchel-Legrendre
conjugate of f is the function f* € RX" defined by

[ (@%) = sup(z, %) — f(x).

zeX

If f is proper, convex and l.s.c., then f* is proper and f satisfies the
Fenchel-Young inequality:

flz)+ f (2%) > (z,2"), V(r,z")e X x X" (A.2)
Moreover, in this case, 0. f and Jf can be characterized using f*:

Of(z) = {z" e X*[f(z) + f(z") = (x,2M)},

0f@) = {o" € X*|f@)+ f(e) < wa?) +e}. )

The subdifferential and the e-subdifferential of the function - |2
will be of special interest, and will be denoted by J : X = X* and
J. + X = X* respectively

1 1
J@y=0 3l L) =0 Sl
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Using f(z) = (1/2)||z||” in (A.3), it is trivial to verify that
J@) = e X |l + Sl = (w.a))

{z" € X*[||lz]|* = [la"||* = (z,2")}

I
8
8

and
* * 1 2 1 %112 *
Je(w) ={Z" € X[ Sllal” + Slla™lI” < {z,27) + e}

The operator J is widely used in convex analysis in Banach spaces
and it is called the duality mapping of X. The operator J. was in-
troduced by Gossez [21] to generalize some results concerning maxi-
mal monotonicity in reflexive Banach spaces to non-reflexive Banach
spaces.

In what follows we present the Attouch-Brezis’s version of the
Fenchel-Rockafellar duality theorem:

Theorem A.0.4 ([1, Theorem 1.1]). Let X be a Banach space and
f,g € RX be two proper, convex and l.s.c. functions. If

U Aldom(f) — dom(g)]

is a closed subspace of X, then

inf f(a) +g(w) = max —f*(2") — g"(=2"). (Ad)
We finish this appendix with a well known result of the theory
of convex functions:

Lemma A.0.5. Let E be a real topological linear space and f :
E — R be a convex function. If g : E — R is Gateaux differentiable
at xy, f(xo) = g(xo) and f > g in a neighborhood of xy, then
9'(z0) € 0f (20).
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