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ON ABSTRACT CONVEXITY AND SET VALUED ANALYSIS
REGINA SANDRA BURACHIK AND ALEX RUBINOV

ABSTRACT. Given a set L C R¥ of functions defined on X, we consider abstract
monotone (or, for short, L-monotone) multivalued operators T : X = L. We
extend the definition of enlargement of monotone operators to this framework
and study semicontinuity properties of these mappings. We prove that sequential
outer semicontinuity, which holds for maximal monotone operators and their
enlargements in the classical case (i.e., when L = X and X is a Banach space),
holds also in our abstract setting. We also show through examples that some
properties, known to hold in the classical case, may no longer be valid in the
abstract setting. One of these properties is the maximality of the subdifferential
and another one is the lack of inner semicontinuity of (point-to-set) monotone
operators in the interior of their domain. We also focus on the structure of
both the abstract subdifferential and the abstract e-subdifferential. This is a key
question in abstract convexity because these sets may be very large for certain
choices of L and therefore it is important to be able to represent them by means
of some special elements of the set of “affine” functions induced by L.

1. INTRODUCTION

Abstract convexity opens the way for extending some main ideas and results
from classical convex analysis to much more general classes of functions, mappings
and sets. It is well-known that every convex, proper and lower semicontinuous
function is the upper envelope of a set of affine functions. Therefore, affine functions
play a crucial role in classical convex analysis. In abstract convexity, the role of
the set of affine functions is taken by an alternative set H of functions, and their
upper envelopes constitute the set of abstract convex functions. Different choices
of the set H generate variants of the classical concepts, and have shown important
applications, especially in global optimization (see e.g., [19, 18, 17, 20]). Moreover,
if a family of functions is abstract-convex for a specific choice of H, then we can use
some key ideas of convex analysis in order to gain new insight on these functions.
On the other hand, by using an alternative set for affine functions, we identify those
facts in classical convex analysis which depend on the specific properties of affine
functions.

Abstract convexity has mainly been used for the study of point-to-point functions.
An example of its use in the analysis of multivalued operators can be found in the
works of Levin [10, 11], who focused in the study of abstract cyclical monotonicity.

Our first aim is to consider abstract maximal monotone operators and their en-
largements. We analyze whether some semicontinuity properties, known to hold in

2000 Mathematics Subject Classification. 47TH05; 52A01; 58C06; 49J52; 49J53.
Key words and phrases. Abstract convexity; abstract monotonicity, subdifferentials, enlarge-
ments of set valued mappings, semicontinuity of set valued mappings.



106 REGINA SANDRA BURACHIK AND ALEX RUBINOV

the classical setting, can be extended to the abstract setting. We recall the defi-
nition of abstract maximal monotonicity given in [10, 11] and based on the works
[5, 4, 6, 12] we introduce the definition of enlargement of an abstract monotone
map. We prove that the abstract monotone mappings as well as their abstract en-
largements are sequentially outer semicontinuous, extending to our general context
a well known fact concerning maximal monotone operators and their enlargements.

Some of the classical facts, however, cannot be extended to the abstract setting.
For example, it is known that a maximal monotone operator cannot be inner semi-
continuous at a point x in the interior of its domain, unless T'x is a singleton (see,
e.g., [9, Lemma 1.30] or [3, Theorem 4.6.3]). Hence, a maximal monotone operator
cannot be continuous (i.e., outer- and inner- semicontinuous) in the interior of its
domain unless it is point-to-point. However, we show in Example 3.6 an abstract
maximal monotone map which is (not point-to-point and) continuous at every point
in the interior of its domain. This example is particularly relevant because every
lower semicontinuous function defined on a compact set is abstract-convex for this
choice of H. Therefore, our approach may open the way for using the main ideas
of convex analysis for the examination of arbitrary lower semicontinuous functions
defined in a bounded set. Another example of a classical fact that cannot be ex-
tended to the abstract setting is the maximality of the subdifferential of a proper,
lower semicontinuous and convex function. We show this in Example 3.1.

Our second aim is the representation of both the abstract subgradients and the
abstract e-subgradients. This question is relevent because the abstract versions of
the subdifferential and the e-subdifferential might be very large. For obtaining such
a representation, we work with the “affine” counterparts of the subdifferential and
the e-subdifferential. We recall the concept of maximal element in this setting and
establish conditions under which maximal elements exist.

The paper is organized as follows. Section 2 gives some preliminary material on
abstract convexity. In Section 3 we recall the definition of abstract monotonicity
and introduce the concept of enlargement of an abstract monotone map. Classi-
cal examples of enlargements are also extended to our framework. Under basic
assumptions (which hold in the classical setting) we prove that abstract monotone
maps and their enlargements are sequentially outer semicontinuous. Approximate
abstract subdifferentials is the subject of Section 4, in which we study maximal ele-
ments of the “affine” counterparts of the abstract e-subdifferential (see Proposition
4.2). In Proposition 4.3 we relate specific elements of the support set with maximal
elements of the “affine” counterparts of the abstract e-subdifferential. Finally, we
compare our results with those in classical convex analysis and illustrate both the
properties and the results with examples.

2. BASIC NOTATION AND DEFINITIONS

We use the following notation: R = (—o0,+00) is the real line and Ry, =
R U {+00}. Let X be an arbitrary set. For given f,g: X — R, the inequality
f < g means that f(x) < g(z) for all z € X. Most definitions and known statements
related to abstract convexity can be found in [16, 21, 14]. Recall that a lower
semicontinuous function defined in a Banach space with values in R, is convex if
and only if it is the upper envelope of its affine minorants. In abstract convexity,
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we keep the idea of upper envelope, and replace the set of linear functions by more
general sets.

Namely, we consider a set L of functions [ : X — Ry, which will play the role
of the linear functions. Our set H is the set of L-affine functions, defined as

(2.1) H:={hy: X =Ry :hyy():=1()—7, V(I,7) € L xR}

We may also denote the L-affine function h;, simply as (I,). For this identifica-
tion to be unique, the set of abstract linear functions should verify the following
assumption.

(Ap) Consider the function 1 : X — R defined by 1(x) =1 for all x € X. For all

le Land all 0 # c € R we have [ —c1 ¢ L.

We assume from now on that (Ap) holds for L. With the only exception of
Example 4.5, we will assume [(x) € R for every (z,l) € X x L.

The support set of f: X — Ry with respect to H is defined as

supp(f,H) :={he€ H:h< f}.

Denote by dom f := {z € X : f(x) < +o0}. A function f is called abstract convex
with respect to H (or H-convez, for short) at a point z € X if there exists a set
U C supp(f, H) such that f(z) =sup{h(z): h € U}. If f is H-convex at each point
x € Z, where Z C X then f is called H-convex on Z.

Note that the set supp(f, H) might be very large, because it contains all func-
tions A’ such that h’ < h with h € supp(f, H). Sets with this property are called
downward sets. It is therefore convenient to find simple representations of the sup-
port set. In order to obtain these representations we need to recall the concepts of
abstract subdifferential of f and its associated affine set Df.

Let f: X — Ry and xyp € X such that f(zg) € R. The abstract subdifferential
(or L-subdifferential) of f at the point x [16, page 281] is defined as

(2.2) Opf(zo) :={l € L:1(xo) € Rand l(x)—1(zo) < f(x)— f(xo) for all z € X}.

When f(z¢) € R we define 9z f(z0) := 0.

More generally, we will consider in our study the abstract subdifferential with
respect to a subset Z C X containing the point xg such that f(z¢) € R:
(2.3)

Or,zf(xo) :=={l € L:l(xg) € Rand I(x) — I(z0) < f(z) — f(zo) for all z € Z}.
The abstract subdifferential is a subset of L, its counterpart in the set H has been
introduced in [16, Section 8.2.3] and it is defined as:

(2.4) Drzf(xo) :={h € H: h(z) =1(z) — l(x0), | € Or,zf(x0)}.
Since there will be no ambiguity regarding the choice of L and Z, we simply denote
Drzf by Df. Let us also recall the definition of the abstract e-subdifferential
Or,z,yf + X xRy = L, given in [16, Definition 7.8]:
(2.5) Or,zef(20)

={leL:l(xg) € Rand l(z) —l(x0) < f(z) — f(zo) +¢ for all z € Z},
where zg € Z and € > 0. Its affine counterpart is defined as
(2.6) D, f(zo) :=={h € H : h(z) =l(z) — I(x0), l € O, zf(x0)}
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3. ABSTRACT MONOTONICITY

Let X be a Banach space and X* its dual. Recall that a point-to-set mapping
T : X =2 X* is said to be monotone when for every pair of elements (v, z), (u,y)
such that v € T'x and u € Ty, we have that

O§<U—U,1‘—y>

We extend now this concept to our setting.

Let X be a Haussdorf topological vector space. Assume that the set of elementary
functions L is such that I(z) € R for all (x,l) € X x L, a point-to-set mapping
T : X = L is said to be L-monotone when for every pair of elements (I, z), (I, 2)
such that [ € Tx and I’ € Tx', we have that

(3.1) 0<l(x)+1U'(x)—1(z) = ().

This definition was introduced in [10, 11], where the stronger concept of L-cyclical
monotonicity was studied. Namely, a point-to-set mapping 7' : X = L is said to be

L-cyclically monotone when for every finite collection of elements ({1, 1), . . . ,(lmn,Tm)
such that I, € Tz, for all k =1,...,m we have

m

> k(@) = le(wra)] > 0,

k=1
where x,,11 := 1. It is immediate to check that the abstract subdifferential is

L-cyclically monotone and in particular (take m = 2 in the expression above) L-
monotone. Call D(T) :={z € X : Tx # 0}.

Recall that the graph of a point-to-set map F' : A = B is defined as G(F) :=
{(a,b) € AxB:bec F(a)}. We give now the definition of L-maximal monotonicity.

As in the classical setting, we say that a point-to-set mapping 7' : X == L is L-
mazimal monotone when, for every other L-monotone map 7" with G(T") D G(T),
we must have T'=T".

Recall that the subdifferential of a proper, convex and lower semicontinuous func-
tion in a Banach space is maximal monotone. Another classical fact is that the
subdifferential is not empty at points in the interior of the domain of f. Both
properties may no longer be true for abstract subdifferentials, as is shown in the
following example.

Example 3.1. Let X be a Banach space and take the set L as in [16, Equation

7.3.13]:
by o) = ¢ ifo(z) > 1,
P00 ife(x) <1,

where v € X* and ¢ > 0. So that the set H of L-affine functions becomes

, e ife(z) > 1,

where v € X* and ¢, € R and ¢ < c.

Recall that a function f : X — Ry is quasiconver when for every a € R the
level sets {z € X : f(z) < a} are convex. The following facts were established in
[16, Proposition 7.41(1) and Proposition 7.45]. Let Ry :={t € R : ¢t > 0}.
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(a) A function ¢ : X — Ry U {+o0} is H-convex if and only if ¢ is lower
semicontinuous, quasiconvex and ¢(0) = inf{q(z) : z € X}.

(b) The L-subdifferential of ¢ at x( is empty if ¢ is not a local minimizer of q.
Let X := R and take ¢ = |- |. Then ¢ is H-convex by (a). Part (b) readily implies
that D(0rq) C {0} and therefore D(91q) does not contain the set intdomgqg = X.
Let us show now that 0r¢ is not maximal.

By (b) we have that G(9rq) = {0} x 9r¢(0). It can be proved that

01q(0) = {(0,¢) 1 ¢ > 0} U{(a,0) 1 0 £, 0< ¢ < é'}.
As we see from the equality above, (zg,v) = (0,(2,2)) ¢ G(0rq). On the other
hand, (zo,v) = (0,(2,2)) is L-monotonically related with G(drq). Indeed, take
z = 2/ = 0 in inequality (3.1). The definition of [, . implies that every term in
the right hand side of (3.1) is equal to zero, so the inequality holds. Therefore the
L-subdifferential is not maximal.

Analysis of monotone maps is closely connected with the specific properties of
the scalar product of the space. The role of the scalar product is now taken by the
coupling function ¢ : X x L — R defined as ¢(z,1) := l(x).

Let H be the set of L-affine functions defined in (2.1). We will consider the
following set of assumptions:

(A1) The topology in H contains the one induced by the pointwise convergence.
In other words, we assume that the topology in H is either stronger or it
coincides with the one given by the pointwise convergence. We also assume
that L is closed in H (with the induced topology).

(A2) Every [ € L is lower semicontinuous.

(A3) The coupling function ¢ is upper semicontinuous, i.e., given a directed set
I and a net {(l;, ;) }ier € L x X, we have

limsup l;(z;) < I(z),
el
whenever the net (I;, z;) converges to (I,z). We denote as ((As)s) the se-
quential statement of (Ajs), i.e., when the coupling function ¢ is assumed to
be sequentially-upper semicontinuous, or, in other words, when the nets are
replaced by sequences.

Remark 3.1. Note that (A2) and (As) imply that all elements of L (and, hence of
H) are continuous.

Remark 3.2. Assumptions (A;) — (A2) hold for the classical case, i.e., when X is
a Banach space and L = X*, the topological dual of X endowed with the weak*
topology. Condition (A3) may not hold in the classical case, this is because weak*
convergent nets may not be eventually bounded. However, (As)s (with a weak*-
strong convergent sequence {(vp, ) tnen instead of a weak*-strong convergent net
{(li;z;)} € X* x X) holds. When the strong topology is considered both in X
and X*, condition (As) (which in this situation is equivalent to (As)) holds. In
particular, (Ag) holds when X is finite dimensional. Assumptions (A;) — (As) hold
for Examples 4.1 and 4.2 below.
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3.1. Abstract enlargements. In order to define an enlargement of an L. monotone
map, we will represent abstract monotone maps by means of abstract convex func-
tions defined in the cartesian product X x L. Note that the linear functions defined
in the product X x L are of the form (u,y) € L x X with (u,y) (z,v) = u(z) +v(y).
We say that h: X x L — Ry is (L, X )-convex (or dual-abstract convezr) whenever

h(z,v) := sup{u(z) + v(y) — c: ((u,y),c) € supp(h, L x X)}.

Inspired in [12], we say that an L monotone map T is represented by a dual-abstract
convex function h when

(R1) h(z,v) > v(zx) for every (z,v) € X x L,

(R2) h(z,v) =v(z) if and only if (x,v) € G(T).
Representability of monotone maps in the classical sense has been recently studied
in [12]. The example below extends well known facts (see [6]) from the classical
setting, without any additional assumption on L or X. Given an H-convex function
f: X — Ry, its Fenchel-Moreau conjugate f*: L — Ry is defined as

(1) = 21612{1(9:) — f(z)}.

Example 3.2. Let f be an H-convex function. The abstract subdifferential of f
is represented by the dual-abstract convex function §¢(z,v) = f(z) + f*(v), and
every L-maximal monotone map is represented by its Fitzpatrick function [13]

(3:2) pr(z,v) = sup {u(z)+o(y) —uy)}.
(yu)€G(T)

The first assertion follows from Equation (7.2.10) and Proposition 7.7 in [16]. We
proceed to establish the second one. Note that the Fitzpatrick function is (L, X)-
convex by definition. In order to check (R;), fix (z,v) € X x L. If (z,v) € G(T),
then by maximality there exists (y,u) € G(T') such that

0> (@) +uy) — u(z) —o(y).

Therefore,

pr(z,v) = sup {u'(z)+o(y) — ' ()}
(v w)eG(T)
> u(z) +o(y) —uly) = [u(@) +v(y) —uly) —v(@)] + v(z) > V().
Assume now that (z,v) € G(T). The argument of the supremum in (3.2) can be
expressed as

[u(z) +o(y) — uly) —v(@)] + v(z) < v(2),
where we used monotonocity of 7. So ¢r(z,v) < v(x). On the other hand, if we
take (y/,u') = (z,v) € G(T) in the argument of the supremum we get

or(z,v) > v(z) +v(z) —v(x) =v(z),
so or(z,v) = v(z) when (x,v) € G(T). Conversely, assume that o7 (z,v) = v(z).
By definition,

pr(z,v) = sup [u'(z)+o(y) - () —v(@)] + v(z),
(y'w)eG(T)
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so the equality ¢r(z,v) = v(z) yields [v/(x) + v(y') — v/ (v') — v(x)] < 0 for every
(y/,u') € G(T). By maximality we must have (z,v) € G(T'). This proves (Rz).

As we gather from the example above, we can study L-maximal monotone maps
through their (L, X)-convex representations. Moreover, we can use the (L, X)-
convex representations for defining their enlargements.

Given a fixed L monotone map T : X = L, we say that £ : Ry x X = L is an
L-enlargement of T when it verifies the following property:

(E1) There exists a dual-abstract convex function h which represents 7" and such
that

(3.3) E(e,z) ={ve L:h(x,v) <e+wv(x)}

This condition can be interpreted as follows. If h represents 7T', then it represents
their enlargements by the rule given in (3.3). By (R1) — (R2) we have that T'(x) =
E(0,x).

Example 3.3. The most important example of enlargement in the literature is the
e-subdifferential, which is an enlargement of the subdifferential defined in [7]. It is a
well-known fact that the classical e-subdifferential verifies (F7) with h = 8 defined
in Example 3.2. The fact that these properties can be extended to the abstract
e-subdifferential has been proved in Proposition 7.10 in [16]. In particular, when
€ =0 we have Orf(x) = {v € L: B(x,v) < v(x)}.

Example 3.4. Fix an L-maximal monotone operator T'. Define By : Ry x X — L
in the following way.

(3.4) Br(e,x)
={leL:I'(y)+Il(z)-1l)—U(z) > —e, forall (y,I') € G(T)}
={leL:ppr(zl) <e+l(x)}
This enlargement is an extension to the abstract setting of the one introduced in
[4] and further studied in [3, 5, 6]. In the particular case in which T" = 9. f (see
(2.3) for Z = X) we have Jp, . f(z) C Br(e,x), where the enlargement Jy, () f(:) is
given in (2.5). This fact is well-known for the classical case (see [4]) and for our
general framework the proof follows the same steps. Indeed, the inclusion 9z, . f(z) C

Bp, f(e,x) is a consequence of condition (F7) and the fact that ¢y, f < f. Let us
check the latter inequality:

o (e, v) = sup  {u/(z)+o(y) - (Y)}
V' edn f(u)
< sup oY) - fY)+ f(=)
Y ' edy f(y)

= ["(v) + f(2) = By (x,v),

where we used the fact that f(z) — f(y') > «/(z) —4/(¢’) in the inequality and the
definition of f* in the second equality.

Remark 3.3. Under assumptions (A7) and (Asg), a representation h of T is lower
semicontinuous. Indeed, it is enough to check that the (L, X)-linear functions (u,y)
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are lower semicontinuous. Let {(x;,v;)};cr be a net converging to (x,v). Then,
lim inf (u, y>(:ci, v;) = liminf u(x;) + v;(y)
7 (2

> liminf u(z;) + lim inf v; (y)

> u(x) + lim inf v;(y)

= u(@) + o(y) =¥ (2.v),
where we used (As) in the second inequality and (A;) in the second equality.

Example 3.1 suggests that maximality is no longer a property associated with
abstract subdifferentials. We establish below a condition under which maximality
holds.

Proposition 3.1. Let f be H-convex and such that both f and f* are continuous.
Assume that the set D(OLf) is dense on dom f and that the set R(OLf) :={v € L:
Jx € X such that v € O f(x)} is dense on dom f*. Then Orf is maximal.

Proof. We mentioned in Example 3.2 that the abstract subdifferential of f is rep-
resented by the (L, X)-convex function §¢(z,v) = f(x) + f*(v). Take now a pair
(2’,v") which is L-monotonically related with G(9r f). So for every (z,v) € G(ILf)
we have

V(@) 2 V(@) +u(@) —v(z) =V (2) +o(@) — f@) - £ (v),
where we used condition (Ry) for 3y in the equality. We can rewrite the inequality
above as
V(@) = V(@) - f(@)] + [2'(v) = f*(v)]-
Taking now supremum over the domain and range of Jr f, and using the density
and continuity assumptions, we get

V(@) = £ () + ().
By Theorem 7.1 in [16] we have that every H-convex function verifies f = f** so we
obtain v/(2") > f*(v') + f(a2) = B¢(2’,v"). Since we always have Gf(a’,v") > v'(2')
we conclude that v'(2") = Bf(a’,v’), which together with (Ry) yields (a/,v) €
G(0rf) and hence Jr f is maximal. O

Remark 3.4. In connection with Proposition 3.1, we point out that the question
of the density of domdr f has been intensively studied in the literature (see, e.g.
[1, 14, 22]).

3.2. Outer semicontinuity. Continuity properties of point-to-set maps are ana-
lyzed by studying the topological properties of their graphs. Recall that a point-to-
set map is outer semicontinuous when its graph is closed with respect to the product
topology. Maximal monotone (in the classical sense) maps (and therefore subdif-
ferentials of proper lower semicontinuous convex functions) are sequentially outer
semicontinuous with respect to the strong topology in X and the weak™® topology in
X* (sequentially stands for the fact that the limit is taken over sequences instead
of nets). The same property is shared by every enlargement (in the sense of [3-6])
of T'. As a consequence, when X is finite dimensional, both the graph of T and the
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graph of its enlargements are closed with respect to the product topology. We point
out that closedness of the graph of T in the product topology (with respect to the
strong topology in X and the weak*-topology in X*) may not hold in general (see
2)).

Our aim is to extend these outer semicontinuity properties to our setting. More
precisely, we will prove that our basic assumptions (A;) — (As) yield outer semicon-
tinuity of L-monotone maps and their abstract enlargements.

Theorem 3.1. Assume that (A1) —(As) hold. Let T be a representable L-monotone
mapping and consider E an enlargement of T' wverifying condition (Ey). Then T
and E are outer-semicontinuous. If (As)s holds, then T and E are sequentially
outer-semicontinuous. Consequently, L-mazimal monotone mappings are outer-
$emicontinuous.

Proof. A consequence of condition (Fj) and the properties of h is that {0} x G(T) =
G(E) N {0} x (X x L). Hence it is enough to prove that G(E) = {(z,l,e) €
Ry xLxX:l€ E(ex))}is closed. Let {(z;,;,¢;) }ier € G(E) be a net converging
to (z,l,¢). We must prove that [ € E(e,z). In other words, we want to show that
h(z,l) < e+ I(x), where h represents T and verifies (3.3). From Remark 3.3 we
have that h is lower semicontinuous. Hence

< limi 1) < limi ) (s
h(z, 1) < hrznei_nf h(zq, ;) < hrznellnf gi + li(x;)

< limsupe; + l;(x;)

el

< limsup¢; + limsup l;(z;)
iel iel

<e+ l(x)’

where we used (E7) in the second inequality and (As) in the last one. The statement
on sequential outer-semicontinuity is proved in the same way, but using sequences
instead of nets. The last statement of the theorem follows from the fact that every
L-maximal monotone operator is representable (see Example 3.2). O

Corollary 3.1. Assume that f is H-convex. Let the point-to-set mappings Or, 7 f(-)
and 9y, 7,1 f(+) be given by (2.3) and (2.5), respectively. Under assumptions (A1) —
(As), their graphs are closed with respect to the product topology. If (As)s holds,
then Or,zf(-) and O, 7z, f(-) are sequentially outer-semicontinuous.

Proof. We know that T := Jr, zf(-) is L-monotone and representable by h = f.
We can now appy Theorem 3.1. O

Remark 3.5. By Remark 3.2, we see that the sequential statement in Theorem 3.1
recovers the classical result on sequential outer semicontinuity for maximal mono-
tone mappings, while Corollary 3.1 recovers the sequential outer semicontinuity of
subdifferentials and their enlargements Jy, 7 (.yf(-) and By, ¢ (-, ")

The following example uses a set L as in Example 7.5 of [16].

Example 3.5. Let X = R and take Z := [—1, 1]. Consider the set of functions
= {l(x) = az® +br:a <0, bR}
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We identify the function I(x) = ax? + bz with the pair (a,b). We define T: Z = L
as
Tx:={(a,b)e L:z € A]rgtenflauc]mf2 + bt}.

Is is clear that D(T') = Z because (0,0) € Tz for all z € [-1,1]. The operator T
is onto, because for every (a,b) € L the function ¢ — at? 4 bT is continuous over
the compact set [—1,1], so there always exists x € [—1,1] such that (a,b) € Tz.
We claim that T is the subdifferential of any function U which is constant over Z.
Indeed, by definition of 7" we have that (a,b) =1 € T'(tp) if and only if 0 > I(x)—1(to)
for every x € [—1, 1], which is equivalent to 0 = U(z) — U (to) > l(x) —(to) for every
x € [-1,1], i.e., 1 € O, zU(to). Note also that any constant function U on [—1,1] is
H convex, because at every point ¢t € [—1, 1] we can represent U(t) as the supremum
of concave parabolas. The function U* is continuous, to check this see formula for
Bu at the end of this example. Because U and U* are continuous, D(T') = Z and T
is onto, Proposition 3.1 implies that T'= JrU is maximal. It is also easy to check

that Tz is a closed cone for every x € [—1,1]. In the figure, we depicted Tz for an
€ (—1,1) and 7(0).

—1 !
x
230\
T(0) Tz
More precisely, we have
{A(-=1,2z) : A > 0} if x € (—1,1),
(3.5) Tr =< {\0,1): A>0}U{B(-1,2): 5 >0} ifx=1,

{A0,—1): A>0}U{B(-1,-2): 3 >0} ifa=—1.

Computation of the sets T'(1) and T'(—1) as well as the inclusions {A(—1,2z) : A >
0} C Tz for all z € (—1,1) are straightforward from the definition of 7. Let us check
the inclusion Tz C {A(—1,2z) : A > 0} for z € (—1,1). Fix (a,b) € T'z. Because
(0,0) always belongs to the set on the right-hand side, we can assume (a, b) # (0,0).
Using the fact that x € (—1,1), we must have a < 0. By definition of 7" we must
have that ¢(t) := at? + bt attains its unique maximum at the point z € (—1,1).
This yields = = 5—5. So we must have (a,b) = —a(—1,2x) as we wanted.

Let us look now at the enlargements of T'. Since T' = Jr, zU we have the enlarge-
ment given by Example 3.3, which is the e-subdifferential of U. Since U is constant
we see that (a,b) € 0. 1, zU(x0) if and only if for every y € [—1,1]

0="U(y) — U(zo) > ay® + by — axd — brg — €.
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In other words, (a,b) € 0z 12U (zo) if and only if z¢ verifies
(3.6) axd + bxg > ay® + by — e, Vy € [-1,1],

which means that x¢ is an e-mazimum of q(t) = at® + bt.

The other enlargement is the one induced by the Fitzpatrick function (see Ex-
ample 3.4). We claim that both enlargements coincide. Indeed, in view Example
3.4, it is enough to check that Br(e,x0) C O 1,zU(z0). In fact, the latter inclu-
sion is a consequence of the fact that (0,0) € Ty for every y' € [—1,1] in (3.4).
Therefore, both representing functions Gy and @7 given in Examples 3.2 and 3.4
coincide. Indeed, choosing the constant function U to be identically equal to zero
we get Sy (z, (a,b)) = U(z) + U*(a,b) = sup;e_q 1] at? + bt. Using (3.5) it can be
verified that the Fitzpatrick function associated with T is

a—"b ifb<2a,a<0,
or(z, (a,b)) = 1—22 if 2a <b < —2a, a <0,
a+b ifb>—-2a,a<0,

which coincides with Sy (z, (a,b)).

3.3. Inner semicontinuity. Let A, B be topological Haussdorff spaces. A point-
to-set map F': A = B is said to be inner semicontinuous at & € D(F') when, for
every open set D C B such that D N F(Z) # (), there exists a neighborhood U of Z
such that DN F(x) # () for every x € U. For metric spaces the latter definition can
be stated in terms of sequences in the following way: F' is inner semicontinuous at
Z when for every y € F(Z) and f or every sequence {xy} C D(F') converging to Z
there exists a sequence {yy} such that y; € F(xy) for all k and {yx} converges to y.

We mentioned before that a maximal monotone operator (in the classical sense)
T : X = X* defined in a separable (i.e., X has a denumerable dense subset) space
X is inner semicontinuous at Z if and only if T'Z is a singleton. Hence full continuity
(i.e., outer- and inner- semicontinuity) of set-valued maximal monotone operators
is a rare event in the classical setting, unless we are dealing with a point-to-point
mapping. This fact may no longer be true in the abstract setting, as the next
example shows.

Example 3.6. Let us consider again the L-monotone operator T of Example 3.5.
This T is maximal and clearly not point-to-point since Tx is a cone for every
x € (—1,1). On the other hand, we can easily check that T is inner-semicontinuous
at every point z € (—1,1). Fix (a,b) € Tx. If a = 0, the fact that x € (—1,1)
again forces b = 0. Given a sequence {z}} C D(F') converging to & we can always
take yx := (0,0) € Tz so yi trivially converges to (a,b) = (0,0). Assume now that
a < 0. So we must have x = 5—5. Consider a sequence {zy} converging to z. We can
assume that {xp} C (—1,1). By (3.5) we have that Tz, = {\(—1,2x) : A > 0}. Let
us choose A\, := —a. Then I, := (—a)(—1,2z) € Txy, and converges to (a, —2za) =
(a,b). So T is inner-semicontinuous at every point = € (—1,1). Let us check that T’
is not inner-semicontinuous at x = 1 or x = —1. Take (0,1) € T'(1) and the sequence
Uy =1 — % — 1. Since u,, € (—1,1) we have that Tu,, = {\(—1,2u,) : A > 0}. If
T would be inner-semicontinuous at z = 1 we would be able to choose \,, > 0 such
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that

An(—=1,2u,) — (0,1).
Which yields the contradicting facts A, — 0 and 2A,(1 — %) — 1. The lack of
semicontinuity at x = —1 is proved in a similar manner. Altogether, we have that
T is continuous in the interior of its domain. Moreover, we can actually prove that
T is Lipschitz continuous in (—1,1). Here the Lipschitz property is defined using
the following distance between the cones K1, Ka (see [15]):

d(K1, Ks) :=max{ sup dist(z,Ks3), sup dist(z,K1)},
zeK1NS zeKoNS

where S denotes the unit sphere. We will use this formula for K1 = Tx and
Ky = Ta/, with x,2’ € (=1,1), in order to estimate the distance between Tx and
Tz'. First note that K13 NS is the unique point 2z := W( 1,2x). In the
same way K5 NS is the unique point zy := W( 1,22"). So the above formula
simplifies to

§(Tx, Tz") = max{dist(z1, K2), dist(z2, K1)}
Note that

2
dist(z1, K2) = min m

A>0\/ \/m V1 + 422

Direct calculation shows that dist(z1, K2) \/ 1-— a +$;4xﬁfx,2) Since this ex-

A2+ ( — 2\a')2.

pression is symmetric with respect to  and 2’ we get

1+ daa’)? 20z — 2
§(Tx, Ta') = (/1 — ( —z 2') = [z — o] <2lx — /|,
(1+42?)(1+42) /(1 + 422)(1 + 4a7?)

which establishes the desired Lipschitzianity.

4. APPROXIMATE SUBDIFFERENTIALS

Denote by H the set of all L-affine functions. Fix a subset Z C X and zy € Z.
The set of L-subdifferentials of f may be very large, so it is useful to identify special
members of it, and relate them with special members of the support set on Z. In [16,
Proposition 7.1] it is proved that there exists a bijective correspondence between
the set of L-subdifferentials of f at zo and the set

(4.1) Sp(w0) = {h € supp(f, H, Z) : hlxo) = f(w0)}.

Remark 4.1. The set Sy(xo) is nonempty if and only if f is H-convex at ¢ and the
supremum sup{h(zo) : h € supp(f, H, Z)} is attained (see [16, page 279]).

The result in [16, Proposition 7.1] allows to determine whether the abstract sub-
differential is or not empty. In some cases, as for instance the one in [16, Example
8.3], the abstract subdifferential at a given point is empty, and hence we are forced
to look at the abstract e-subdifferentials of f at xg with respect to the set Z. Note
also that every H-convex function on Z has approximate subdifferentials (for a proof
of this fact, see page 286 in [16]). Our first result extends [16, Proposition 7.1] to
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the framework of abstract e-subdifferentials. The natural replacement for the set
defined in (4.1) is

S:f(xg) :={h € supp(f, H, Z) : h(zo) = f(z¢) — €}.
Note that, when € = 0, we recover the set Sy(xo).
Proposition 4.1. Let f: X - Ry, Z C X and fix xg € Z, 1 € L and e > 0.

Define ¢ := l(z9) — f(x0) + € and h(z) := l(x) — c¢. Then, the following statements
are equivalent;

(a) 1 € 0r,z,¢ef(x0).
(b) h € Saf(%)-

Items (a) or (b) are true for ¢ = 0 if and only if f is H-conver at xo and the
supremum sup{h(xg) : h € supp(f, H, Z)} is attained.

Proof. First note that h(zg) = f(x¢) —e. So

heS.f(xo) & h(x) < f(z) VeeZ
—l(xo) + f(xg) —e < f(x) VzeZ
—l(x0) < f(x) — f(xo) +e YazeZ
& 1€ dpzef(xo).

& l(x

~— —

& l(x

The last statement of the proposition follows from Remark 4.1. U

Example 4.1. Let X = R and Z = [-1,1] and L as in Example 3.5. So H :=
{az? + bz +c:a <0, b,c € R} is the associated set of affine functions. Consider
the funcion f(z) = —|z|. Note that f is H-convex on Z, and Jr zf(x) # 0 for
every x # 0. This claim is true because for every fixed Z 3 x # 0 we can define
hy = (ag, by, cp) = (ﬁ',o,%), and it is easy to check that h,(t) < f(t) for all
t € Z as well as the equality h,(x) = f(x). So for every Z 5 x # 0 we have
f(x) = max{h(x) : b < f}, the fact that the maximum is attained at h, implies
that dr, zf(x) # 0 for every Z > x # 0. At x = 0 we have that f(0) = sup{h,(0) :
xe€Z, x#0}= sup{% cx€Z,x#0}=0. So fis H-convex on Z. It can also
be seen that dr, 7 f(0) = 0. In fact, 9, 2 f(0) = 0 for every Z’ C R which has 0 as
an interior point. Given € > 0, the abstract e-subdifferential at 0 is the set of [ € L
such that

e > |z| + az® + b,
for all z € [—1,1]. Call M(a,b) := max{sup,¢(_1,0 ar? 4+ (b— 1)z, SUPge(0,1) ax? +
(b+ 1)z}. Note that M(a,b) > 0 for every (a,b) € R_ x R. It is direct from the
definition that (a,b) € 01,z ¢ f(0) if and only if € > M (a,b). In this case, the “&”
correspondence used in the proof of Proposition 4.1 relates (a,b) € 01,z ¢ f(0) with
S:£(0) > h(z) = ax® + bz — ¢ < az® + bx — M(a, b).

The next example is taken from [16, Example 7.6].
Example 4.2. Let X be a Banach space, Z a subset of X and fix g € Z. Let
L :={a|lz — zol| : a < 0}.
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Given f : Z — R define

. f(x) — f(xo)

,xg) = inf —Ff———2,
Blfimo)i= Il ol
Assume f is Lipschitz on Z with the Lipschitz constant
fl@) — fly

S e s @O
T YEZ, tFY HJ: - yH

It is clear from the above definitions that G(f) > G(f,z0) > —0B(f) > —oo. Iden-
tifying every | € L with the coefficient a such that [(x) = al|lx — x|, it is easy to
check that, when f is Lipschitz, the set 0 z f(xo) is not empty and

Or.zf(z0) = {a € R:a <min{0, 5(f,z0)}}.
Fix now € > 0. Then a € 01, z ¢ f(x0) if and only if @ < 0 and
allz — o < f(z) — f(zo) +¢,
for all x € Z. Therefore,

@S, e
[l — o [l — o
Which yields

: f(x) — f(=o) 15 o
¢ xEZI,r;l‘f?é:Co ||$ — ZL‘oH + ||$ — gL‘OH o BE(fa 1'0)'

Hence we have

01,7 f(x0) = (—o0, min{0, B (f, zo9)}] D (—oo0, min{0, B(f,x0)}] = O,z f (o).

When z( is a minimizer of f at Z, then 8(f,x) > 0 and hence the L-subdifferential
at xo (as well as every e-subdifferential) will coincide with the whole set L. Other-
wise, there exists & € Z such that f(Z) — f(zo) < 0 and choosing € > 0 such that
e < f(xo) — f(2) we will have B(f, z0) < B:(f,x0) < 0 and in this case

0L,z f(x0) = (=00, Be(f, @0)] D (=00, B(f, x0)] = I,z (w0)-
The correspondence defined in Proposition 4.1 sends a € Jr, 7z ¢ f(xo) to h(z) =
allz — o + f(zo) — & < Be(f, @o)llx — ol + f(zo) —&.

4.1. Maximal Elements. For X D Z, let L C R¥ be a set of elementary functions
defined on X and H be the corresponding set of L-affine functions as in (2.1). Given
a subset U of functions defined on Z, we say that g € U is a maximal element of
the set U when

JeU, ga)>ga)foralaeZ = g =g

Proposition 8.4 in [16] establishes a bijection between maximal elements of
supp(f, H, Z) and maximal elements of Df(xg). Inspired by this result, we will
establish a similar connection between maximal elements of S, f(z¢) and maximal
elements of the set D f(x¢) given in (2.6).

A careful inspection of Proposition 8.4 in [16] shows that maximal elements
in Df(xg) are in bijective correspondence with those maximal elements h €
supp(f, H, Z) which verify h(xg) = f(z¢). In other words, there is a one-to-one
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correspondence between maximal elements of the sets S¢(zg) and Df(xp). With
this stronger statement in mind, our next result becomes Proposition 8.4 in [16]
when € = 0.

Proposition 4.2. Let f: X - Ry, ZC X and fitrxg € Z,l € L andec > 0. The
following statements are equivalent;

(a) h(-) :=1(-) — l(x0) is a maxzimal element of D f(x0).

(b) W () :=1(-) = (l{xo) — f(x0) + &) is a mazimal element of Sef(xo).

Proof. Note that h' = h+ (f(z¢) —¢), it is immediate to see that h € D, f(zg) <
R € S.f(x). Hence S. f(x0) = De f(x0)+(f(xo) — €) and the conclusion follows. [

Let us look now at the maximal elements of the previous examples.

Example 4.3. Consider again Example 4.1 and fix € > 0. We have that
(a,b) € O,z f(0) is maximal if and only if M(a,b) = ¢. Indeed, assume first that
(a,b) € R_ x R is such that M(a,b) = ¢ and take (a’,b') € 9r,2z.f(0) such that

(4.2) dz? + Vx> ax’® + bz, for all z € [-1,1].

Since (¢, V') € 91,z f(0) we must have M (a',b") < e = M(a,b). On the other hand,
(4.2) yields M(a,b) < M(a’,b"). Hence we must have M(a,b) = M(a',t’). From
this fact and (4.2) for the sequences {1/n}, {—1/n} € [—1, 1] we see that ¥’ = b and
a’ > a. Using the compacity of [—1,1] and the continuity of the functions involved
in the definition of M, it is possible to prove that a’ = a. Hence (a,b) is maximal.
Conversely, assume (a,b) € 01, z.f(0) is maximal. We know that ¢ > M (a,b) and
we must show that ¢ = M (a,b). Assume that ¢ > M (a,b). It is possible to find
§ > 0 such that e > M(a+d,b) > M(a,b). The fact that (a + §)z? + bz = ax® + bx
for all x € [—1,1]\ {0} contradicts the maximality of (a,b). For an example, assume
that ¢ = 2. In this case (0,—1) € 01, z.f(0) and M(a,b) = 2. So (0,—1) is a

maximal element, and generates the element h(z) = —z € D, f(xo). By Proposition
4.2, h corresponds to the maximal element h'(z) = —z — e € S. f (o).
Example 4.4. Consider now Example 4.2. Let f(z) = —|/z||?> and take 2o = 0.

Note that 3(f,0) = infyez »20 —| 2| and B-(f,0) = infrcz o20 —||z||+€/||z||. Hence
when Z is unbounded, then both limiting values are —oo and hence both sets
Or,zf(0) and Jr, z.f(0) are empty. Let B(0,1) denote the unit ball of X and take
Z = B(0,1). In this case we have that f is H-convex at 0 (but f is not H-convex
at Z > = # 0) and the supremum is attained. We have that 5(f,0) = —1 and
B-(f,0) = € —1. So in order to have dr z.f(0) & L we consider ¢ < 1. Since
[(0) = 0 we have that D.f(0) = 0r,z.f(0). Because the set of linear functions
is totally ordered the maximal element of 01 z.f(0) is in fact a maximum and
it is lpr(z) = B:(f,0)||z]| = (¢ — 1)||z|]. The corresponding element in S.f(0) is
W(z) = (e =1zl —e

The following example is inspired in [§].

Example 4.5. Let Z = C be a cone in a vector space X with the order relation
>k introduced by a convex cone K D C. For y € C,y # 0 define the function
ly: C — Ry by ly(x) =sup{a > 0: ay <g x} with the convention sup@ = 0. (If
X =R"and ¢ = K =R} then ly(z) = mingy,>0 3¥.) Let L ={l, : y € C}U{0}. It
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is known [8] that a function f : C' — R, is H-convex if and only if f is increasing
with respect to >k and the restriction of f on the ray {ax : o > 0} for each z € C
is a convex and lower semicontinuous function of one variable (these functions are
called ICAR: increasing convex along-rays). Let f be an ICAR function and g € C
be a point such that xg € dom f. Then it can be proved (see [8]) that

(i) The function fy,(«) := f(axp) is convex and 1 € dom fy,.
(ii) The (classical convex) subdifferential Jf,,(1) of f., is not empty. and it
coincides with a closed segment, denote it by [a, b].

A function f : C — Ry is called strictly increasing at a pointx € C'if (y € C,x <y
y) = f(z) < f(y). It has been proved in [8] that for the abstract subdifferential
it holds

(4.3) Or,cf(xo) D{tly, : 7 € 0fzo (1)}

If f is strictly increasing at zp, then equality holds in (4.3). Assume that f is
strictly increasing at xzg. Then f;, is also strictly increasing and hence we must
have b > a > 0 in item (ii). Altogether, we get Or.cf(zo) = {7lsy : @ < 7 < b},
Since Iy, is nonnegative it follows that bl;, is the maximal element of Jr, ¢ f(zo)
and each element of 01, ¢ f(x() is majorized by this maximal element. We have also

Df(xo) ={h € H : h(x) = Tlg,(x) — Tlyy(z0) : T € Of o (1)}
={he€ H:h(x)=1ly(x)—1):7 € dfz (1)}

Note that the function I, is positively homogeneous. Then for x = Azg, A > 0 and
T € [a, b] we have h(Azg) = TAly, (z9) —7 = T(A—1). Thus h(Azg) < 0 for A < 1 and
h(Azg) > 0 for A > 1, so h has both positive and negative values. This implies that
every element of D¢(x¢) is maximal. Indeed, let h € Df(xp) and let ' € Df(xg) be
an element such that A" > h. Then there exist 7 € 9f;,(1) and 7" € Jf,,(1) such
that h(z) = 7(ly(z) — 1) and k' (z) = 7/(l3,(z) — 1). In particular h(Azg) = 7(A—1)
and h'(Azg) = 7/(A — 1). The inequality h'(Azg) > h(Azg) is possible for all A > 0 if
and only if 7 = 7/. Hence b’/ = h, so h is a maximal element of D f(z(). Combining
this fact with [16, Proposition 8.4] or Proposition 4.2 for the choice ¢ = 0 we
conclude that every element h(-) = I(-) — l(xo) € Df(zo) is in correspondence with
the maximal element h'(-) = I(-) — l(xo) + f(z0) € supp(f, H,C).

Theorem 8.5 in [16] establishes conditions under which every maximal element
in the support set can be associated with a maximal element of Df(xg) for some
suitable xg € Z. We extend this result in the Proposition below.

Proposition 4.3. Let f be H-conver on Z. Assume that (l,c) € supp(f, H,Z) is
a mazimal element. Then,

(a) c=f*(l).

(b) For every e > 0 there exists xo € Z and é € [0,¢) such that h(z) := (I,1(x0))
is a maximal element of Def(x0). As a consequence, h is a mazimal element
of Df(xo).

(c) If there exists xg € Z such that ¢ = l(xo) — f(xo) then we can take é =0 in
(b). (this situation holds, for instance, when O f : Z = dom f* is onto).
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(d) There exists xg € Z such that h(z) := (I,1(z0)) is a mazimal element of
D.f(xo) for the choice € == f(xg) — l(xo) + c. As a consequence, h is a
mazimal element of D f(xg).

Proof. (a) Since supp(f, H,Z) = epi f* we know that f*(I) < c¢. Suppose that for
some b € R we have f*(I) < b < c¢. Then (I,b) € epi f* = supp(f, H, Z) with (I, b)
strictly greater than (I, c), contradicting the maximality of (/,¢). This completes
the proof of (a).

(b) By definition, we have f*(I) = sup,cz l[(z)— f(z). Hence for every ¢ > 0, there
exists zg € Z such that c—e < l(xg) — f(zg) < c. Call € := c—1(z9) + f(z0). So we
have ¢ € [0,¢). Let us prove now that h = (I,1(x)) is a maximal element of D f (2o).
Assume for this that h' = (I',1'(x0)) verifies B’ > h on Z with I’ € 81, 7. f(20). Note
that [ € 0,z f(z0). Indeed,

(4.4) l(x) = Uxo) =l(x) —c+c—1l(xg) =1(x) —c+ & — f(x0)
where we used the assumption (I,¢) € supp(f,H,Z). On the other hand, the

inequality b’ > h on Z can be rewritten as I'(z) — I'(x0) + f(zo) > I(z) — I(x0) +
f(zo) = I(x) — c+ €. Combining this with the fact that I’ € 9, , 2f(xo) we get

Fa) + > (@) — Uao) + Flao) > ) — e+ &,
which gives

fl@) = V(@) = '(zo) + f(z0) — € = I(z) —c.
So the middle function of the expression above belongs to supp(f, H,Z) and by
maximality of (I,¢) we must have I(z) — ¢ = I'(z) — I'(x9) + f(z0) — . Using now
the definition of € we can rewrite the last equality as I(x) — I(zg) = I'(x) — I'(x0).
This proves the maximality of h on the set Daf(zq). Since Df(xg) C Deaf(zo) we
have in particular the maximality on Df(xg).

(c) If there exists xyp € Z such that ¢ = I(z¢) — f(x¢), then by item (a) we must
have f*(I) = l(xo) — f(xo) > l(z) — f(z) for all x € Z. This yields | € O,z f(zo)
and h = (I,1(20)) € Df(xo). The maximality on the set Df(zg) is now established
in a way similar to item (b).

(d) We know that e = f(z9) — I(zo) + ¢ > 0. If ¢ = 0, we are in case (c), so we
get the maximality of & on the set Df (zg). If € > 0, then we have

f(x) 2 Ul(x) — ¢ = U(x) = U(zo) + f(zo) — &,
so we get | € 01,z f(zo) and hence (1,1(x0)) € D:f(zo). Assume ' € 91, z.f(zo) is
such that I'(z) —1'(zg) > l(z)—(x0) for all x € Z. Again we can write I'(z) —1'(zo) +
f(xo) > U(z) — l(zo) + f(xo) =l(x) —c+e. Call v(z) :=U'(x) — U'(x0) + f(x0) — .
Since I € 91,z f(x¢) we have

f@)+e>1(z) = U(zo) + flwo) > l(z) — c+e.

So f(z) > v(x) > I(z) — c. Using again the maximality of (I, c) we get

(

v(z) =1 (z) = U'(x0) + f(z0) — e =1(z) —

which yields I(z) — I(zo) = I'(z) — I'(x9) and therefore the maximality of & is
established. g
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Our next corollary re-writes the above proposition for the classical case.

Corollary 4.1. Let f : X — Ry be convexr and lower semicontinuous and denote
by A the set of affine functions. Fiz (I,c) € supp(f,A). The following statements
are equivalent.

(a) (I,¢) is mazimal in supp(f, A),

(b) f*(1) =¢,

(c) For every e > 0 there exists xc € Z such thatl € Oz f(z:) and I(-) — l(xe)
is mazximal in Def(x:), where € :==c— l(x:) + f(z:) < e.

Moreover, the supremum in f*(1) is attained at some xo € Z if and only if | €
0z f(x0). In any case, we always have that | € 0z f(xg) fore := f(xo) —l(xo)+c >
0.

Proof. Part (a) implies (b) is Proposition 4.3(a). Part (b) implies (a) follows from
the fact that

(4.5) I'(z) —l(x) > ¢ —cfor all z if and only if I’ = and ¢’ = c.

Part (b) implies (c) was proved in Proposition 4.3(b). Part (c) implies (a) again
follows from (4.5). The first part of the last statement follows from Proposition
4.3(c), while the second part follows from Proposition 4.3(d). O
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