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La investigacion de esta tesis es presentada en seis capitulos, desde el Capitulo [2| al Capitulo

[

El capitulo [2| proporciona una demostracion directa de una caracterizacion reciente de
convexidad dada en el marco de los espacios de Banach en [J. Saint Raymond, J. Convexo no
lineal Anal., 14 (2013), pp. 253-262|. Estos resultados también extienden esta caracterizacion
a espacios localmente convexos bajo condiciones mas débiles y se basa en la definicién de una
funcion epi-puntada.

El Capitulo [3| proporciona una extension del Teorema Brgndsted-Rockafellar, y algunas de
sus importantes consecuencias, a las funciones convexas semicontinuas inferiores definidas en
espacios localmente convexos. Este resulado es demostrado usando un nuevo enfoque basado
en un principio variacional simple, que también permite recuperar los resultados cléasicos de
una manera natural.

El Capitulo M| continiia el estudio de la epi-puntadas no convexas, bajo una definicion
general de subdiferencial. Este trabajo proporciona una generalizacion del teorema del valor
medio de Zagrodny. Posteriormente este resultado es aplicado a los problemas relacionados
con la integracion de subdiferenciales y caracterizacion de la convexidad en términos de la
monotonicidad del subdiferencial.

El Capitulo [5| proporciona una férmula general para e-subdiferencial de una funcién in-
tegral convexa en términos de e-subdiferenciales de la funcion integrante. Bajo condiciones
de calificacion, esta formula recupera los resultados clasicos en la literatura. Ademas, este
trabajo investiga caracterizaciones del subdiferencial en términos de selecciones medibles que
convergen al punto de interés.

El Capitulo [6] proporciona férmulas secuenciales para subdiferenciales bornologicos de un
funcional integral no convexo. También son presentadas féormulas exactas para el subiferencial
Limiting/Mordukovich, el subdiferencial Geometrico de Ioffe y el subdiferencial de Clarke-
Rockafellar.

El Capitulo [7] proporciona férmulas para el subdiferencial de funciones de probabilidad
bajo distribuciones Gaussianas. En este trabajo la variables de decision esta tomada en un
espacio infinito dimensional. Estas féormulas se basan en la descomposicion esférico-radial de
vectores aleatorios Gaussianos.
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The research of this thesis is given in six chapters, from Chapter [2] to Chapter [7]

Chapter [2| provides a direct proof of a recent characterization of convexity given in the
setting of Banach spaces in [J. Saint Raymond, J. Nonlinear Convex Anal., 14 (2013), pp.
253-262]. Our results also extend this characterization to locally convex spaces under weaker
conditions and is based in the definition of an epi-pointed function.

Chapter [3] gives an extension of the Brgndsted-Rockafellar Theorem, and some of its
important consequences, to proper convex lower-semicontinuous epi-pointed functions defined
in locally convex spaces. We use a new approach based on a simple variational principle,
which also allows recovering the classical results in a natural way.

Chapter [4] continues the study the subdifferential of nonconvex epi-pointed functions,
under a general definition of the subdifferential. This work provides a generalization of Za-
grodny’s Mean Value Theorem, and gives several applications to problems related to integra-
tion of the subdifferential and the characterization of convexity in terms of the monotonicity
of the subdifferential.

Chapter [p| provides a general formula for the e-subdifferential of a convex integral func-
tional in terms of the e-subdifferential of the data functions. Under classical qualification
conditions, we recover classical results in the literature. Also, this work investigates exact
rules to characterize the subdifferential of the integral functional at a given point = in terms
of measurable selections in the subdifferential of the data, which converge to the point z.
These formulas generalize some results of [A. D. Toffe, J. Convex Anal., 13(3-4) (2006, pp
759-772] and |O. Lopez and L. Thibault, J. Nonlinear Convex Anal., 9(2) (2008),pp 295-308].

Chapter [0] gives sequential formulae for the bornological subdifferential of a non-convex
integral functional and also exact formulae for the Limiting/Mordukovich subdifferential, the
G-subdifferential of Ioffe and the generalized Clarke-Rockafellar subdifferential.

Chapter [7] provides subdifferential formulae of probabilistic functionals in the case of Gaus-
sian distributions for possibly infinite-dimensional decision variables and nonsmooth (locally
Lipschitzian) input data. On the other hand these formulae are based on the spheric-radial
decomposition of Gaussian random vectors and on the other hand on a cone of directions
of moderate growth. By successively adding additional hypotheses, conditions are satisfied
under which the probability function is locally Lipschitzian or even differentiable.
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Introduction

The aim of this manuscript is to present the results of the research carried out during my
PhD work, and relying on the subdifferential theory and variational analysis.

In this initial part of the manuscript I am going to summarize each of the six works that
make up this thesis, given in six chapters, from chapters 2 through 7.

For easy of reading I have preferred to keep in this introduction the numbering of the
theorems, corollaries, examples,..., as they appear in each chapter.

On the Klee-Saint Raymond’s Characterization of Convex-
ity

The Chapter [2| which corresponds to my first work, concerns a characterization of convexity
using variational properties. It is common in learning the classic optimization theory to
observe that if f is a nonconvex continuous function on the real line R, which satisfies the
coercivity property
x
w f@

then one can find an affine function A such that f(z) > h(x) for all x € R, and the set
of points where the function f — h vanishes is a nonconvex set (see Figure . Therefore,
a natural question to ask is whether this fact could characterize convex functions on an
infinite-dimensional Banach space X.

The first author to consider this observation was J. Saint Raymond in [108], in answer to
the question proposed by B. Ricceri in private communications about characterizing convex
functions defined on a reflexive Banach space. The question was the following: If X is a
reflexive Banach space and f : X — R is a weakly lower semicontinuous function such that
for all continuous linear functional x* € X*, the function f — x* attains its global minimum
at a single point, then, must f be convex? He also inquired: If f : X — R is a C! function

satisfying | lﬁm ’ﬂ(ﬁf = 400, then must the function be convex?
T||—0o0




Figure 1: argmin of the function f — h.

The answers can be seen in [108, Theorem 3.3 and Corollary 3.4]. See also Ricceri’s
answer [97, Corollary 14]. Both hypotheses on the growth of the function presented in these
works, the coercivity of f and the non-emptiness of the argmin of f — z* for all x* € X*,
appear to be different, but Saint Raymond also proved that both assumptions are equivalent
in reflexive Banach spaces (see [108, Theorem 2.3.]). Later, the same author gave the following
generalization of his result, which can be found in [107, Theorem 10].

Theorem A Let X be a Banach space and let f : X — R be an weakly lsc proper function
such that for every x* € X*, f—a* attains its minimum. If the set where the function f— x*
attains its minimum is convex for all x* in a convex dense set, then necessarily f is convexr.

Although the mathematical statement emerges as an interesting result of convex analysis,
the author used deep tools of functional analysis on Banach spaces, like James’ Theorem and
Brouwer’s Fixed-Point Theorem for multifunctions, among many others. Also Ricceri’s proof
involves techniques of operator theory, all of which are far away, or not directly related to
convex analysis.

Making a scrutiny of the hypotheses of the above result in terms of convex analysis one
can notice that the assumption f — x* attains its minimum for x* € X*, implies that the
conjugate of f is finite on X*. Moreover in [108, Theorem 2.4] the author present a result
being the functional counterpart of James Theorem (see e.g. [46]), and this result prove that
the above assumption also implies the inf-compactness of f — z* for all *, which in terms of
convex analysis, corresponds the continuity of f* on X* with respect to the Mackey topology
7(X*, X), which corresponds to the class of Epi-pointed functions (see Definition [L.7).

The aim of Chapter [2]is to use techniques of convex analysis to give a direct proof of a gen-
eralization of Theorem [A] for functions defined on locally convex spaces. This generalization,
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given in Corollary 2.8 is an immediate consequence of the main result of this work which
provides an explicit expression of the closed convex hull of a function; see Theorem [2.5] Our
hypotheses are weaker than those used in Theorem [A], and rely on a property of compactness
of functions, which have been called, by many authors, epi-pointedness property.

This chapter together with include the Saint Raymond’s characterization of convexity in
the theory of convex analysis, also introduce us the class of epi-pointed functions, which
motives the study of chapters [ and also [4]

The main result of this chapter is the following theorem.

Theorem If f: X = R is a weakly lsc epi-pointed function such that
argmin{ f — z*} is convex for all x* € D,
where D is a convex dense subset of dom f*. Then we have that
[ = 0dom ~0f. (1)

Here [J denotes the inf-convolution between functions.

The above equation gives us the convexity of f under the additional assumption that
dom f* is dense, which in particular occurs under the hypotheses of Saint Raymond’s Theo-
rem.

To give a geometrical regard to this result in terms of epigraphs. Let us recall that when
the inf-convolution is exact, then its epigraph is the sum of the epigraphs of the two functions.
Since convolution in the equality is exact, we see that Theorem corresponds to the
set equality

co(epi f) = epi f + epi Gdom s+ (2)

Another interesting formulation can be given when we consider the asymptotic cone of epi f
defined by (see for example |40])

(epi f)oo := ﬂ]O,g] epi f,

which is the epigraph of the asymptotic function f°°, and using the equality ¢o(f*°) = oqom s+
when f is Isc and epi-pointed (see |28, Theorem 7]), we can rewrite (1)) as

f = faeo(f),

and as
co(epi f) = co((epi f)) + epi f.

It is worth noting that this characterization does not involve dual objects.
In the final part of this chapter and keeping in mind a possible application to finite-

dimensional spaces, we consider the relative interior of the domain of the conjugate of f (see
Definition [1.1]), and we obtain:



Theorem Let f : X = R be a function with a proper conjugate, and denote F :=
aff(dom f*). We suppose that the following conditions hold:

(a) The restriction of f* to F, f*p, is continuous on ri(dom f).
(b) There exists x € ri(dom f*) such that f — xj is weakly lsc and weakly inf-compact.

(c) There exists a conver set D C ri(dom f*), with ri(dom f*) C D, such that for all
z* € D, argmin{f — x*} is conver.

Then we have
Udomf*Df = f**~
Moreover, if D = F, then
Odom p+Lf = [ = [r,
where fp(r) = inf{f(w):w ez + (F —x3)*}.

Also in this chapter we give three interesting examples: The first one shows that equality
(1) cannot be improved by the equality f = f** with the assumption of Theorem (see
Example [2.6). The second one shows the necessity of the convexity assumption of D in
Corollary (see Example . The final example shows that it is not possible to get the

equality f = f** instead of fr_,» = f** in Theorem (see Remark [2.13)).

On Brondsted-Rockafellar’s Theorem for convex lower semi

continuous epi-pointed functions in locally convex spaces

The previous chapter opens our minds to the class of epi-ponted functions, which appear to
be promising for developing variational analysis outside of Banach spaces.

It is known that Brgndsted-Rockafellar Theorem is not valid outside Banach spaces for
all Isc proper convex functions (see [19]), more precisely Brgndsted and Rockafellar found an
Isc proper convex function defined on a locally convex topological vector space with empty
subdifferential everywhere, showing that many classical statements of convex analysis are not
valid outside the framework of Banach spaces, for instance Brgonsted-Rockafellar Theorem,
Maximal monotonicity of the subdifferential and Fuzzy calculus rules. This observation
motivates the work to provide a suitable family of lsc proper convex functions defined on a
locally convex space, which satisfies these theorems.

The main features of Chapter [3| are:

(1) To show that epi-pointed lsc convex functions, defined on any locally convex space X,
satisfy the Brgndsted-Rockafellar theorem.

Theorem Let f : X — RU{+o0} be a converz, lsc and epi-pointed function.
Consider ¢ > 0, B € [0,00), a continuous seminorm p, X > 0 and vo € X. If
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xy € O:-f(zo) Nint(dom f*), then there are x. € X, y* € B,(0,1)° and X\, € [—1,1]
such that:

(a) p(zo — x2) + Bl{x5, w0 — 22)| < A,
(b) %= x5+ 5 (Y2 + BAag) € Of (xe),
(c) [(aZ, w0 —ao)| S e+ 3,

(d) |f(wo) = flz)| S e+ 5

(¢) % € D f(x0)-

Corollary Let f: X = RU{+400} be a convex lsc epi-pointed function. Then for
every x € dom [ there exist nets {(xa), (%)}aca such that x¥ € 0f(x.), To — x and

f(za) = f(z).

To provide a different proof of Brgndsted-Rockafellar’s Theorem for this class of epi-
pointed functions, in the sense that it is based on a very simple variational principle
(Lemma, which is valid in any locally convex space X, without requiring such tools
as Ekeland’s or Bishop-Phelps’ variational principles.

Lemma Let xg € X and let f: X — RU{+o00} and p: X — [0,00) be two convex
Isc functions such that p(0) = 0 and the function f(-) + p(- — zo) is epi-pointed. For
any € > 0, zg € X and zf € 0.f(xo) with xf € int(dom(f + p(- — x¢))*), there exists
x. € X such that:

((l) P(Io - xa) S g,
(b) 5 € O(f + p(- — o)) (ze),
(c) |f(wo) — f(ze)| < [ x5, w0 — )| + €.

Since every convex function in Banach spaces can be adequately perturbed to obtain
an epi-pointed function, we can recover in the Banach setting the usual Brgndsted-
Rockafellar theorem (see Section |3.3)).

We also obtain other important results in the same spirit, Theorem for the Maxi-
mal monotonicity of the subdifferential, Theorems and for the subdifferential
limiting calculus rules for functions defined in locally convex spaces.

Theorem Let f: X — RU{+o00} be a convex Isc function. If either f or f* is
epi-pointed, then Of and Of* are mazximal monotone operators.

Theorem Let X, Z be two lcs, A€ L(X,Z), g € T'o(Z) be an epi-pointed func-
tion, f := go A and x € dom f. Then x* € Of(x) if and only if there exists a net
(21,28 )ier € Z X Z* such that zF € 0g(z), zi = y = Az, g(z) — g(y), (z1 —2,2) = 0
and A*(z}) Yy 2t



Theorem Let fi, fo € I'o(X) be two epi-ponted functions and x € dom(f; + fa).
Then z* € O(f1 + f2) (z) if and only if there exist two nets (y;, ¥y ;)ier C X x X~
such that zj,; € Ofi(zks) k= 1,2, 2p; = o, felzrs) = fu(x), (g — x,x;i) — 0, for

k=1,2, and (27; + 2% ;) Yy 2t

Extensions of Zagrodny’s Mean Value Theorem, integra-
tion theorems and characterization the of convexity for a
generalized subdifferential of functions defined in locally
convex spaces

After finishing the previous work we face the nonconvex case and investigate the behavior of
epi-pointed functions under some notions of generalized differentiation.

As a result of the discovery of variational principles in Banach spaces and examples which
show the vacuity of the subdifferential of an Isc convex function, the theory of subdifferen-
tial has centred its attention on the setting of Banach spaces with appropriate smoothness
properties for each subdifferential. The main purpose of our work in this chapter was to ex-
plore subdifferential-techniques outside the framework of Banach spaces. We are forewarned
that this task is impossible for all Isc functions, therefore our efforts are concentrated in two
frameworks: First in the class of epi-pointed functions in arbitrary locally convex spaces, and
second for the class of Isc functions defined in a special class of locally convex spaces.

With this purpose we begin by recalling some definitions of subdifferentials available in
the literature, that we classify into two groups. A subdifferential which is defined at a given
point and it does not take into account variational properties of a function in its neighbor-
hood. Usually, such subdifferentials come from some classical notions of differentiability; for
example: Fréchet, Gdteaux, Dini, Hadamard, etc. The other group incorporates differential
properties of a function near a given point. Usually, these subdifferentials can be represented
as (some kinds of) limits of simple previous ones. Examples of these subdifferentials are the
famous generalized gradient of Clarke-Rockafellar, the Limiting/Mordukhovich subdifferential,
the approrimate subdifferential and the G-Subdifferential of loffe.

Among the mentioned nonconvex subdifferentials, two ideas motivated the notion of sub-
differential adopted in Chapter {4 (see Definition . The first corresponds to the idea of
using the concept of the e-enlargements of the Fréchet subdifferential (see also |62 for the
e-enlargement of the Dini-Hadamard subdifferential). This notion allowed Mordukhovich to
define his subdifferential in arbitrary Banach spaces and establish many suitable calculus
rules, see for example the book [84, Chapter I|. Following the mentioned book we recall
the Limiting/Mordukhovich and the singular Limiting/Mordukhovich subdifferentials for a
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function f at a point x € dom f as the sets:

O f(z) := limsup 0% f(z,),
Lo

O f(x) = lim i?lp A O f (), (3)

xnix

An,end0
respectively, where the limits correspond to the sequential Painlevé-Kuratowski upper limits
taken with respect to the norm in X and the weak* topology in X*. Here 0% f denotes the
e-enlargements of the Fréchet subdifferential, which is defined as:

fle+h) — f(z) = (=", h)

0% f(x) = {«" | h%n_}glf Al > —c}. (4)

The second idea, which motivates our definition (see Definition [4.1)), was the ideas given
by loffe, with his construction of the approximate subdifferential and G-subdifferential (see
for example [65]). In [61] the author considers an extension to every locally convex space,
using the family F of all finite dimensional subspaces of X. Then Ioffe introduced the A-
subdifferential and the singular A-subdifferential of f at x as the sets

04 f(x) = ) limsupdp fosr (o),

LeFr i,

oY f(x) == () limsup A, Op faorir(2'), (5)
LeFr piy
A0

respectively. Here f,/;; denotes the function f 4+ 0., and 0, means the Dini-Hadamard
subdifferential, given by

9~ fof(z) ={z"| (z*,h) <d” f(x;h), for all h € X},
where d~ f(x; h) is the (lower) Dini-directional derivative of f at «

d” f(x;h) := liminf Jlattu) = f(:):)

t—0+ t
u—h

The Limiting/Mordukhovich and the Approximate subdifferentials motivate us to start
considering a family of subdifferentials instead of only one. Then we introduce Definition
1] as our starting point. In this definition we consider a family of set-valued operators
Ori + X = X* with (L,i) € £ x I, where £ is a family of linear subspaces which covers
X and (I, <) is a directed set. The family O; is allowed to satisfy a certain approximate
Fermat rule.

The reader can notice that our motivation to consider the family £ comes from , where
the subdifferential is indexed by the family of finite dimensional subspaces. In [61,(62] the
author proved that this family can be changed by a smaller one with certain nice properties
for the subdifferential. Our motivation to consider the order set (I, <) comes from the
Limiting/Mordukhovich subdifferential and its e-enlargements (see and (4))).
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With the previous definition in mind we propose to prove an extension of Zagrodny’s Mean
Value Theorem. Given that one of the most important (among many others of course) and
more general tools in nonconvex subdifferential theory is Zagrodny’s Mean Value Theorem
(see [130] and see |114] for an extension to a more general class of subdifferentials) we extend
this result using Definition [£.1} Our result establishes the following.

Theorem Consider a family of subdifferentials {éLL ciel, L e L} for a given proper
Isc function f. Assume that one of the following conditions holds:

(a) The topology on X is generated by a family of seminorms (pr)rec, where for every
Le L, (L,pr) is a Banach space, and py; < pr, for all M C L.

(b) f is a w-lsc and epi-pointed function.

Then, for every a,b € X with a € dom f and a # b, r € R with r < f(b) and every
continuous seminorm p such that p(a—>b) # 0, there exist ¢ € [a,b] and (T4, T5)aeca € X X X*
such that {(in, Lo)}a ea is cofinal in T X L, (24)aea ER c, ¥ € éimLa f(zy) with x4 € Ly,
and

(i) v — f(a) < liminf, (b — a,z%), (iti) 25= (r — f(a)) < liminfo (b — za,23),
(i¢) 0 < liminfo(c = o, 23), (iv) Z3(f(e) - f(a)) < (r = f(a)).

Moreover, if ¢ # a, then one has lim, (b — a,x}) =r — f(a).

It is important to discuss the two cases explored in the above result. The epi-pointed case
comes from the interest of the authors in exploring the variational properties of nonconvex
epi-pointed functions. The second case is not only motivated by the ideas of Ioffe and the
consideration of £ as the family of all finite-dimensional subspaces; this case also comes from
the observation that many spaces for applications, which are not Banach spaces, can be
obtained by union of a countable family of Banach spaces, or they have a countable family
of Banach spaces which their union is dense in the space; for example:

i) The space of k-times continuously differentiable functions from an open set 2 to R with
compact support CF(€, R) with the topology generated by the uniform convergence of
all its derivatives over compact sets. This space is generated by the spaces CF(K,R)
with K being a compact set included in €2.

ii) The space of all locally p-integrable (also called p-locally integrable) functions. This
space has a dense subspace generated by all the integrable functions which vanish
outside of a compact set.

We hope that our result could bring new ideas from variational analysis in Banach spaces
to applications in locally convex spaces.

Using Theorem [.9 we were able to extend other important results, such as the density of
the domain of subdifferentials, known also as Like-Brgndsted-Rockafellar Theorems:



Corollary In the setting of Theorem if v € dom f, then there exists (v, 7})seu
gph dp,, [ such that zg & andlim inf(z—wg,25) > 0. In particular, dom f C limsupdom dp; f.

L

Also we obtain results concerning the integration of subdifferentials. The most general
result is

Theorem In the setting of Theorem consider a function g € I'(X) and a contin-
uous seminorm p. Suppose there exist € > 0 and a net (&;)ics | € and an open convezr set U
with U Ndom f # () such that

I f(x) Cg(x) +eB,(0,1)° + LY, YoeC, Viel,VL € L.
Then C Ndom f = C'Ndomg and for all x € C, y € CNdom f one has

9(w) = g(y) —eplz —y) < f(z) — fly) < g(x) — g(y) +ep(z —y). (6)

The reader can notice that (6)) implies the equality f(z) — f(y) = g(z) — g(y) when e = 0.
More precisely, the following corollary holds.

Corollary In the setting of Theorem[4.13, assume that e =0 and C = X. Then there
exists ¢ € R such that f = g + c.

Theorem also allows to prove two recent results about integration of subdifferentials.
The first one is due to Thibault |81, Theorem 1.2] (see Corollary for our result) and the
second one is a particular case of a more general result due to Correa-Hantoute-Salas |32
Theorem 4.8| (see Corollary for our result).

The final goal of this Chapter was to establish a characterization of the convexity by means
of the monotonicity of the subdifferential. This result is due to Correa-Jofre-Thibault [35]
Theorem 2.2 and 2.4] for an Isc function defined in a Banach space X. We extend this result
for weakly Isc epi-pointed functions defined in an arbitrary locally convex space.

Theorem In the setting of Theorem@ assume that O is a subdifferential and consider

the following statements:
(i) f is convex.
(ii) O f is monotone.
(iii) & f(x) C O f(z), for allz € X.
Then (ii) and (iii) are equivalent and each one implies (1). In addition, if O f coincides with

the Moreau-Rockafellar subdifferential for every convex function f, then the three statements
are equivalent.



A complete characterization of the subdifferential of con-
vex integral functions

Several problems in applied mathematics such calculus of variation, control theory and
stochastic programming among others concern the study of integral functionals. By this
is meant an expression of the form

/ maxc{ £(t, 2(t)), 0}dp(t) / min{f(t,2(t)),0}du(t), =()€X,  (7)

where (T, A, ) is a complete o-finite measure space and X is some linear space of A-
measurable functions with values on X. The function f : T x R®™ — R is the associated
integrand (see Definition [L.5| and [L.20] for more details).

The aim of this Chapter is to bring formulas for the subdifferential of the convex integral
functional I When the space of measurable functions is the constant functions, that is to
say, v € X — Iy(z fT f(t,x)du(t); for this reason we give to this functional the special

notation Iy instead of I ; this partlcular case is also known as a continuous sum.

A well-known formula, given by loffe-Levin |66], shows that under certain assumptions of
continuity of the integral the following formula holds for the subdifferential of I

OIs(x /8f (t,z)du(t) + Naom, (), for all 2 € R", (8)

where the set fT O f(t,z)du(t) is understood in the sense of the Aumman integral, that is to
say, as the set of points of the form fT t)du(t) where x is an integrable function such that

z(t) € 9 f(t,-)(x) for almost all ¢ € T (see Definition [1.23). One can compare (§) with its
discrete counterpart, which states that for every two convex Isc functions fi, fo such that f; is
continuous at some point of the domain of f; one gets I(f1+ f2)(x) = 9 fi(x)+ 0 fo(x) for all
x € R™. Thus, a reasonable idea is give similar formulas as the given by Hiriart-Urruty and
Phelps without qualification conditions (see Proposition [I.2)). Consequently it feels natural
to think in a generalization of (§)) as

0lf(x) = cl{/(‘? f(t,2)du(t) + Naom, (v )} for all x € R™. 9)

n

Unfortunately, such a mathematical expression does not hold without any qualification
conditions; indeed, one can even show counterexamples where the set [, 0. f(¢, z)du(t) is
empty and the integrand f,(-) is smooth at the point of interest.

Example Consider the function f(z) := Sx + b+ 0—py @ b,n > 0, then we have
0. f(0) = —|—b5+ } Indeed,
a €0 f(0) & a-z< flz)— f(0)+e Vo e [-n,1]

b
<:>a~x§aa:+b—b—|—5 Vo € [—n, 1]

b
@(a—a)-xgé Vo € [—n,n].
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Then, it is clear that the last inequality holds if and only if o € [—— + 9 5 + g] . Using the

previous function one constructs a normal integrand f :]0,1] x R — [0, —|—oo] by f(t,x) ==
%m + b(t) + Li—n@)me), with b(t) = \/% +1, a(t) = 0(t) = t. Hence we compute

1

1 ; _
I(x) = /(l—l—%)dt if x =0,

0
+00 if ¢ # 0.
That implies 0 I;(0) = R, but [, 0. f(t,0) =0 for e < 1.

The above example motivates us to use larger sets than [0, f(t,z)du(t) to generalize
. The main result of Chapter |5/is Theorem , which solves the emptiness of the integral
of the set-valued map adding the indicator of the domain of the function I.

Theorem _Let f:T x X — R be such that for every finite dimensional space F of X,
Jir 1T X F — R a1s convex normal integrand. Then for every € > 0 and x € X we have the

formulas

O: Iy(x) = ﬂ U /af(t)(ft+5aff{LﬂdomIf})(33)dU(t) NgomlfﬂL(x) (10)
LeF(x)e= €1+€2 T
61,82 >0
LeZ(eq)

=N U / Aoy (St + drndom 1, ) (z)dp(t) o (11)

LeF(z)eez(e) T

where F(x) := {V C X V is finite dimensional linear space and x € V'} and Z(n) :={l €
LYT,R,) : [, £(t)du(t) < n}.

Using Theorem above we established simplifications under some additional assumptions,
in particular a generalization of Formula is provided for the case of the e-subdifferential.

Corollary In the setting of Theorem assume that one of the following conditions
holds.

(a) (T, A) = (N, P(N)).
(b) X, X* are Suslin spaces and f convexr normal integrand.
In addition, assume that Iy and (f(t,-))ter are continuous at some xo. Then for every

re X
0.10) = U {(w) = [0u hehauto) + Ny )}

e=e1+e2
€1,622>0

fEI(é‘l)
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In Example[5.25[it is shown the necessity of considering the weak integral of a multifunction
instead of the strong integral.

From the fact that the measure space (T, A, u) could be any complete o-finite measure,
Theorem [5.9 also provides us important corollaries about the subdifferential of finite sums
of convex functions and also series of convex functions. In the case of finite sums of convex
functions Corollary shows that when some qualification condition holds for a particular
function, for instance the continuity at some point of its domain, then the formulas provided
by Hiriart-Urruty and Phelps (see Proposition can be simplified using the exact subdif-
ferential for the function which satisfies the qualification condition. The exact statement is
the following.

Corollary Let {g:} 1, {gi}1 1 € To(X) such that
ﬂ Iaff(dom ¢;) (dOm g;) N ﬂ domg; # 0

i<k j>k+1

and for every j <k, g; is continuous on Tiag(domg)(dom gi). Then for all v € X

a(i gi> (@)= cl{z 0gi(r) + > 0, gi(x)}.

i=1 £i>0,i>k i<k i>k

S ei=e¢

The reader can understand the above formulation as an intermediate result between
Hiriart-Urruty and Phelps and Rockafellar formulas for the sum of convex functions.

In the case of series of convex functions the results found in this chapter correspond to
a generalization of the formulas presented in [121,131]. Also the following example gives an
answer to the question proposed in [121, Question 2.12].

Example Consider (T, A) = (N,P(N)) and X = (', and let (e,), be the canon-
ical basis of (', and p be the finite measure given by u({n}) = 1. Define the integrand
fiNx =R as f(n,z) = |(en )"/, so that I;(x) = Y |(e,, 2)|'TY™ < +oo. Since
each f, is a Fréchet-differentiable convex function such that ¥V f,(z) = (14 1)|(z, e,)["/"e,,
according to C’orollary I; is Gateaua-differentiable on (', with Gateaua-differential equal
to Y. Viu(z) = [ Vu()du(n) = 3 (14 L)z, e,) | e, (by Corollary@ . Thus, if Iy
would be Fréchet-differentiable at x = 0, then we would have

Ir(n”len) = I5(0) == (VIf(0),en) 4 1

_1 _1
nn n=n"n—1,

n—1

which s a contradiction.

From the fact that our formulas involve the use of the Normal cones, we also provide
characterizations of this object in terms of the data f; (see for example Corollary

Lemma and Theorem [5.37)).

In [64] Ioffe proved that the subdifferential of the convex integral functional I; can be
characterized as the limits of measurable functions 2*(¢) € 0 f(t, z(t)) with certain properties.
More precisely, he stated the following result, which can be found in [64, Theorem 1 and 2.
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Theorem B Let X be a separable Banach space and let f : T x R* — R be a convex normal
integrand satisfying the following lower bound condition: There exist a* € Lfm(T, X*) and
o € LYT,R) such that

ft,z) > (a*(t),z) + a(t), foralteT, ze X. (12)

Then one has x* € 0 1;(x) if and only if there exist nets of integrable functions x, € LY(T, X)
and ¥, € LL.(T, X*) such that:

(a) z3(t) € 0 f(t,,(t)) ae, (c) lim / Ft, x, (1) du(t) = Ip(x),

(b) w*-lim/xid,u(t) =",
7 (d) lim /(a:;(t), 2 — 2 ())du(t) = 0.

In addition, if X is reflexive, the preceding nets can be replaced by sequences and the

w*-convergence of | xidu(t) can be taken in the norm topology.

T

Also in the same paper the author made the statement that the measurable selection x,, can
be taken in LY, (T, X*) for all p € [1,400), but he could not prove the case p = +00. Recently,
Lopez and Thibault [80] generalized the last result for any p € [1, +oc]. They understood the
integral functional I; as the composition of the operator I ¢ defined on L?(7', X') and the linear
functional X 5 & — z1p € LP(T, X). Then, they applied the well-known fuzzy composition
rule (see e.g. [116, Theorem 1]) to provide a generalization of the above result. Section
also responds partially to the question made by loffe in a different way, in the sense that the
approximate measurable selections can also converge uniformly almost everywhere in various

forms, see Theorems and for more details.

It is important to mention that this Chapter gives an upper-estimate for the Clarke’s
subdifferential of an integral functional in an arbitrary locally convex space, the reader can see
[23, Theorem 2.7.2| for comparing the classical result with Proposition [5.29] Also our upper-
estimate can be compared with a recent result due to Murdokhovich-Sagara in an arbitrary
Asplund space [86]. Finally, Proposition [5.29] gives us Corollary [5.30, which guarantees the

closedness of the integral of measurable multifunction with convex closed values.

Sequential and exact formulae for the subdifferential of
nonconvex integral functionals

The aim of Chapter [6]is the study of Hadammard, Fréchet, Proximal, Mordukhovich, G- and
Clarke subdifferentials of the integral functional

Iy(x) = / o
13



when the normal integrand f is not necessarily convex with respect to x.

The first step was to find some sequential approximation as in the result of Ioffe [64] and
Lopez-Thibault [80]. For this reason in section , inspired by the work of Lopez-Thibault
in the convex case, we treated the integral functional I; as the composition between the
operator I; defined on LP(T, X) and the linear functional z — z1; € LP(T, X). In this
section we apply a recent results on the calculus of the Fréchet subdifferential of the functional
ff on LP(T, X) with p € (1,+00) under the assumption that the measure space (7', A, i) is
non-atomic (see [90, Theorem 12 and Theorem 22|), then using theses theorems we apply the
fuzzy chain rule for the Fréchet subdifferential (see e.g. |14, Theorem 3.5.2]) to establish a
sequential formula for the Fréchet subdifferential of I; in the spirit of the result of Ioffe and
Lopez-Thibault mentioned previously (see Theorem for our result).

Unfortunately, in this part of the chapter we also showed that we cannot study the
functional I; as a simple matter of a composition between I ¢ and the linear functional
r — 2l € LY(T, X) (see Example . Also the lack of formulas for the case of non-atomic
measures and for other subdifferentials impedes us to continue the study of the functional /;
using these ideas. Facing this inconvenience in Section [6.1.2] we adapt a notion of robusted
local minimum for this class of functionals (see Definition [6.3). This definition opens a gate
to apply Borwein-Preiss’s variational principle (see e.g. |14, Theorem 2.4.1 and Theorem
2.5.2]) as in the case of discrete sums. Posteriorly, in Section we established approx-
imate formulae for bornological subdifferentials and for the proximal subdifferential of the
integral function Iy by means of measurable selections in the subdifferential of the functions
f(t,-). Our results establish the following (see Theorems |6.10} |6.11] and [6.12] for another
versions of this statement).

Theorem Let f : T x X — [0,400] be a normal integrand and assume that X is
separable, or (T, A) = (N,P(N)). Consider 3 a bornology on X and p,q € [1,+o0] with
1/p+1/q=1. Consider x* € 0l¢(x). If O and X satisfy one of the following conditions:

(i) 0= 05, X is a B-smooth space, or (11) d = 0p, X is a Hilbert space.

Then for every w*-continuous seminorm p in X*, there exist sequences x, € LP(T, X),
xt € LI.(T, X*) such that

(a) x3(t) € Of (t,xa(1)) ae. (d) | (@:(t), zat) — 2)du(t) — 0.

n
T

() ol [ ai0autt) - ) 0.

(0) Iz = yull = 0,llz = 2n()ll, — 0.

(c) / e Ollnt) — galldu(t) = 0.
) / (2 (t)) — £t 2)]dpt) — 0.

A straightforward application of the techniques of separable reduction gives us the follow-
ing corollary.
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Corollary The statement of Theorem holds with O = O if we assume that X is
a non-separable Asplund space and (T, A) = (N, P(N)).

Theorem gives us Corollary which characterizes the subdifferential of a convex
integral functional. Also an appropriate comment was written about the non-necessity of the
smoothness assumption in this result when the measure is (T, 4) = (N, P(N)) (see Remark
6.17).

Corollary In the setting of Theorem[6.19 assume that f is a convex normal integrand
(i.e. f; is convex for allt € T). Then one has x* € 01;(z) if and only if there are nets
x, € L=(T, X) and z} € Ll(T X*) such that z3(t) € 0 f(t,x,(t)) ae, ||z — 2,(-)||ec = O,
Jra(t)dpu(t 5 Sl —z)dp(t) — 0 and [, [f(t,2.(t) — f(t 2)|du(t) — 0.
If the space X 18 reﬂexwe we can take sequences instead of nets and the w*-convergence of
Jp @ (t)du(t) is in norm topology.

It is worth comparing our approach to the work due to loffe and Lopez-Thibault. First
the lower bound condition can always be carried to our setting considering the function
h(t,z) = f(t,x) — (a*(t),z) — a(t) (see also Theorem and for other lower bound
assumptions). Second our theorem improves the approximation found by Ioffe. Third, our se-
quential approximation does not involve the use of singular elements in the dual of L*°(T, X)
to characterize the subgradients as in the Theorem due to Lopez-Thibault. Finally, we bypass
the convexity assumption in the results of Ioffe and Lopez-Thibault.

Finally, in Section we encountered with calculus of the Limiting/Mordukhovich sub-
differential, the G-subdifferential and the Clarke’s subdifferential. Due to the multiple sub-
differentials involved in the following results we adopt the following notation: If X is an
F-smooth space & = 95, 0, = yy, 0F = 95, otherwise d = g, O = gy, OF° = O .

Since the interchange between the limits and the sign of integral is not for free, we had
to impose an additional assumption. We use a condition, which generalizes the classical
condition about the Lipschitz continuity of the integral functional (see e.g. |23, Theorem
2.7.2]). In the classical Lipschitz condition it is required that for a point of interest Z there
exist a neighborhood of the point U and an integrable function K such that

lf(t,y) — f(t,2)| < K(t)||ly — ||, forall y,z€ U and allt € T (13)
Instead of the above condition we impose a subdifferential inclusion which is
df(t,y) C K(t)B(0,1) + C(t), forally,ze U and all t € T,

where K is an integrable function and the multifunction C(t) is a set-valued mapping satis-
fying the Integrable compact sole property (see Definition [6.20]), which in the particular case
when (' is a constant convex closed cone, is equivalent to assuming that the polar set

Co={xeX:(z"2)<0, forall z* € C},

has a non-empty interior (see Lemma for a more detailed equivalence of this definition).
Also the reader can notice that when C' is reduced to the zero cone, then our definition

reduces to )
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With this assumption the we obtain an upper-estimate for the Mordukhovich suddifferen-
tial, the G-suddifferential and the Clarke-Rockafellar subdifferential of the integral functional
Iy (see Theorem and Corollary [6.27). One of the most important characteristics of this
condition is that it gives us an upper-estimate for the subdifferential of integral functionals
even when the function Iy is not Lipschitz continuous. As far as we know this is the first
formula for nonconvex and non Lipschitz integral functionals. Now we present the main
result of Section [6.2]

Theorem Let X be a separable Banach space and let x € dom Iy. Suppose there exist
0 > 0, a measurable multifunction C' : T = X* satisfying the integrable compact sole property,
and an integrable function K(-) > 0 such that

A

8f(t,x') C K(t)B(0,1) + C’(t),V:U’ € B(z,0), Vt €T,
Then

o 15(a) € (\{ [ on feopante) + vricy+ w,

o 1y(a) < (V{ [ o ftt.opaute) + vrcC)
T
where the intersection is over all finite dimensional subspaces W of X and
UI(C) :={¢ € X :0c(y(&)" e LYT,R)}.

Consequently,

dc I;(x) C w*” {/GL f(t,x)dﬂ+/Taz° ft, 2)du(t) +UI(C)}.

Now let we illustrate the above result with a simple example.

Example Consider the integrand f :]0,1] x R — [0, +00) given by

g if x>0,

fltz) = { 0 if not.

It is easy to check that f is continuously differentiable with respect to x and

[ Vx if x>0,
If(x)_{ 0 if x<0.

Then one gets easily Op I£(0) = 03 1£(0) = [0, +00),

Spl/2p=1Fe L 32 In(t)t—1 " if x>0,

aFf(t’x):{ 2 0 if IKSO,

and Oy f(t,z) = {0}. Then we can consider C(t) = [0,+00), applying our result we get

91p(0) = | Oum fi0)du(t) + UI(C)~ = {0} + [0, +00)
Jo.1]
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and 037 17(0) = [0, +00). The same example can be modified as

2?21 if 2 >0,
f<t’x)_{ 0 if x<0.

Then one has

x if x>0,
[f<x>_{o if x<o.

Therefore, the integral functional Iy is Lipschitz continuous, but it is not true that Oy I5(0) =
[0, 1] is included in f]0,1] O f(t,0)du(t) = {0} as in classical results (see [85, Lemma 6.18]
and also [86] for an extension of this result). However, our results guarantee the non-trivial
inclusion 9 1;(0) C [, 11 O0ar f(t,0)du(t) + [0, +00).

As a final comment we recall that in finite dimensional setting two lsc functions fi, fo
satisfy the sum rule inclusion Oy (f1 + f2)(x) € Our fi(x) + On f(x) at a point = provided
that the asymptotic qualification condition 9%; fi(z) N 9% fa(xz) = {0} holds. However,
the reader can notice that in the above example the integrand is continuously differentiable
and then the singular subdifferential 0% f;(0) = {0} for all ¢ € T. The last shows that
it is not possible to recover similar criteria, as in the finite sums, in terms of the singular
subdifferentials, to get an inclusion of the form 9 I;(x) C [ O fi(a)dpu(t).

Subdifferential characterization of probability functions un-
der Gaussian distribution

For a probability function it is understood an assignment of the form

r — p(r) :==P(g(x,§) <0), (14)

where g : X x R™ — R?® is a mapping defining a system of random inequalities and £ is an m-
dimensional random vector defined in some probability space (€2, A4, P). The reader also can
notice that from the theoretical viewpoint of the problem one can assume s = 1 passing to
the maximum over the component max g;. Typical applications for this class of functions can
be found in water management, telecommunications, electricity network expansion, mineral
blending, chemical engineering, etc, where the problem can be model as:

min ¢(z)
st Plg(z, ) < 0) > p (15)
xeC.

Here ¢ represents a cost function, C a non-empty set, typically a set of the form {z |
hi(z) <0,hj(z) =0, foralli=1,..,N; j=1,..., M} with smooth functions h;, h;, and the
inequality P(g(x,&) < 0) > p expresses that a decision vector x is feasible if and only if the
random inequality g(z,&) < 0 is satisfied with probability at least p.

When one solves probabilistic constrained problems via numerical nonlinear optimization
methods, almost any algorithms needs not only to calculate the values of the functional ¢; one
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also needs to have an access to gradients of ¢, or subgradients when the optimization problems
is nonsmooth. It has been proved that particular cases, for example when the probability
function has the form ¢(z) = P(D(z){ < c¢(x)) under Gaussian distribution and with a
possible singular matrix D(x), the computation of the values of ¢ and also the gradient of the
probability function can be analytically reduced to the computation of Gaussian distribution
functions (see e.g. [55/122,/124126]). However, when the models on the variable involving
¢ are nonlinear, a reduction to distribution cannot be applied. In this setting, another
approach, the so-called spherical radial decomposition of Gaussian random vectors (see for
example [49]) appears to be promising for calculating both functions values and gradients of
¢. Basically for a m-dimensional Gaussian vector distributed according to & ~ N(0, A) for
some correlation matrix A; the spherical radial decomposition decomposes the vector £ into
the product of two random vectors n and ¢ in the form & = nL(, where A = L x LT is the
Cholesky decomposition of the matrix A, n has a y-distribution with m-degrees of freedom,
and ¢ has a uniform over the Euclidean unit sphere of R™, S™~1 := {z € R™ | > 22 = 1}.
This decomposition allows us to write the probability distribution as an nonconvex integrand
functional, as studied in Chapter [6] More precisely,

o(z) = /Sm_1 e(v, z)dpc(v),

where
e(v,z) = p,({r > 0: g(z,rLv) < 0}). (16)

Here p, is the one-dimensional Chi-distribution with m degrees of freedom, and . refers to
the uniform distribution on S™~1.

The last formulation resulted crucial and appropriate for solving this problem using the
results obtained in Chapter @ Nevertheless, the variational behavior of the function e(v, -)
involves nonsmoothness, even when function ¢ is continuously differentiable in both variables.
The following example given in [123| shows that it is not enough considering the function ¢
to be smooth to obtain the differentiability of the function ¢

Example Let € have a one-dimensional standard Gaussian distribution, and define

g(x1, 29, 13,8) = (§ — x1,§ — 19, —€ — x3).

t
Then, with ®(t) := \/%7 1l e~ /2dr being the one-dimensional standard Gaussian distribution

function, one has that
o(x1, 9, x3) = max{ min{®(xy), P(z2)} — ®(x3),0}.
Clearly, ¢ fails to be differentiable at z := (0,0, —1).

Even when it is considered only one single continuously differentiable inequality the non-
smoothness of the function ¢ could be appear.

Example Define the function g : R x R? — R by
g (x, 21, 29) = afx)eh*) 4 25 — 1,
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where

a(z) =

2 x>0
0 x<0,

h(t) = —1—4log(1—d(t)); @(t):= \/LQ_W / /247,

Moreover, let & have a bivariate standard normal distribution, i.e.,

§=<51,£2>~N<<o,0>,(é (1)))

Then ¢ fails to be differentiable at x = 0, see Figure [ for a graphical inspection and see
Section [7.4] for details.

Figure 2: Probability function ¢ of Example [7.15]

Above examples show that it is not sufficient to study the differentiability of the function ¢.
To the best knowledge of the author, Henrion and Van Ackooij in [123] where the first authors
in to study the Clarke’s subdifferential of the probability function. They provided criteria
for the differentiability and Lipschitz continuity of the function ¢ together with formulae for
the gradient and subgradients of the function ¢ at a point of interest z under the assumption
that each component g; is continuously differentiable and convex with respect to the second
argument. To avoid pathological situations the authors impose a growth condition over the
gradient V,g(z, z) in a neighborhood of the point Z. They assumed that the components g;
satisfy the exponential growth condition, which is

>0 ||Vagi(z, 2)|| <l Vo e B(z,1/1), |2 >1, i=1,...,p. (17)
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The aim of this work is to extend the previous results to infinite-dimensional setting on X,
using a weaker growth condition and assuming only local Lipschitz continuity of g. Our main
assumptions of this chapter are:

1. X is a reflexive and separable Banach space.
2. Function g is locally Lipschitzian as a function of both arguments
(H) simultaneously, and convex as a function of the second argument.
3. The random vector £ is Gaussian of type & ~ N (0, A), where A
is a correlation matrix.

Before presenting our results let me introduce some notations. To understand the function
e(v, x) we associate the finite and infinite directions defined respectively as

F(z) ={veS™!|3r>0:g(x,rLv) =0},
I(z) :={vesS™!|Vr>0:g(z,rLv) <0}

It is easily observed that F(x) N I(z) = 0 and that F(z) U I(x) = S™ ! by continuity of g.
Moreover, the number r > 0 satisfying g(x,rLv) = 0 in the case of v € F(x) is uniquely
defined, due to the convexity of g in the second argument. We use the auxiliary function
p:S™ 1 x X — [0, 400] called radius function defined as:

| rsuch that g(z,rLv) =0 ifv e F(x),
pv,x) = { +00 if v e I(x). (18)
This definition allows us to rewrite the radial probability function e from in the form
e(v,2) = 4, ([0,p (v, 2)]) = F, (p (v, 7)) (19)

whenever g(z,0) < 0. Here, F), refers to the Chi-distribution with m degrees of freedom, so

that F}(t) = x(t), where x is the corresponding density:
21-% 2
X (t) = =—t™ e /2 vt > 0.
I'(g)
The second equation in follows from F,(0) = 0. We formally put F,(co) := 1 which

translates the limiting property F,(¢) "25%° 1 of cumulative distribution functions.

Roughly speaking, our weaker growth condition was motivated by the results given in
Chapter [l These results allow us to give an upper estimate of the subdifferential of the
function ¢, even when it could be non-Lipschitz, considering the [-cone of nice directions at
x defined as:

2
2]
2||L|”

With this cone one can obtain the following inclusion (see Theorem [7.10))
ore(v,y) CB(0,7)(0) — C; (z) VyeU veS"

Ci(x) :={h e R" | g°(, 2)(y; h) < L|[=] ™" exp(

)R]l Yy € Byp (2), ||zl = 1}

where U is a neighborhood of x and r is some constant. Then the above inclusion fit perfectly
with the formulas found in Chapter [6]and then applying our result to this problem we obtain
the following upper estimate.
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Theorem Let xy € X be such that g(xo,0) < 0. Assume that the cone Ci(xqg) has a
non-empty interior for some | > 0. Then,

(i) Ourip(ao) C oI / Orre(v, 20)djie(v) — G (o)

(ii) Provided that X is finite-dimensional,

Omp(zo) / onre(v, zo)dpe (v) — Cf (o).

Sm—1

(ili) 0%p(xo) € —C; (z0).

() Ooplan) S0 8 [ Bure(v.a)dpe(v) — € ()

m—1

The above result obviously yields simplifications under additional assumptions, see Propo-
sition and obviously one can conclude the continuously differentiability of the probability
function ¢, see Proposition

The final goal of this chapter was an application to a finite system of smooth inequalities.
The probability function under study is given by

o(z) =P(gi(x,€) <0,i=1,...,p), z € X, (20)

where each g; is a continuously differentiable function convex in the second argument. Clearly,
as we said previously, this can be recast in the form of upon defining
g ‘= max g;.
i=1,...,p
Then the function ¢ satisfies our assumptions. To continue we may associate with each
component its radius function p; as in ((18) and the corresponding radius function p associated
to g. Then applying Theorem [7.12f we obtain:

Theorem Fix g € X with g (z0,0) <0, and assume that for some 1 > 0 it holds, for
i=1,...,p,

z||2

=0=
IVagi(z, 2)| < T[] 2t Vo € B (z0,1/1), [|2]] 2 1. (21)

Then the probability function 18 locally Lipschitz near xo and there exists a nonnegative
number R < sup{||z*|| | * € Ope(zo,v) and v € I(xg)} such that

X (p (o, v)) Vagi (zo, p (0, v) LV)
Cc —
doplan) € [ o | XIS T S0 (o)

veF (z0) €T (v)
+ue(I(x0))B (0, R) .
Here, T(v) :={ie€{1,...,p} | pi (z,v) = p(v,2)}.
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This result intermediately entails the following corollary about the differentiability of the
probability function (20)) .

Corollary If in the setting of Theorem one has that p:(I(xg)) = 0, or the constant
R in Theorem is zero, then

) Vagi (o, p (20, v) L)
8Cx§—/co X (p (o, v ’ ’ dpe(v).
o) U St stz |40
veSm—1 €T (v
If, in addition, for pc-a.e.v € S™ 1 we have that #T(v) =1 (say: T(v) = {i*(v)}), then the
probability function (7.28)) is strictly differentiable with gradient

/ X (p (20,v)) Vagirw) (x0, p (o, v) Lv)
<Vzgl*(v) (ZE07 P (:E07 U) LU) ) LU>

Vip(ao) = — djig(v).

veSm—1

Consequently, if X is finite-dimensional and #1(v) = 1 holds true in some neighborhood of
x, then ¢ s even continuously differentiable at x.

It is worth mentioning that under the strengthened exponential growth condition (com-
pared with (21))) the constant R in Theorem and Corollary above is zero (see
also [123, Theorem 3.6 and Theorem 4.1]).

Finally, in this Chapter we provide two examples: The first one is Example which
on the one hand, serves as an illustration of our main result Theorem and, on the other
hand, shows that even for a continuously differentiable inequality g (x,&) < 0, satisfying a
basic constraint qualification, the associated probability function ¢ may fail to be differen-
tiable, actually even to be locally Lipschitzian (though it is continuous due to the constraint
qualification; see Theorem [7.5)). The second one shows a probability function which does not
satisfy the exponential growth condition (17)). Nevertheless, using our results one can prove
that the probability function is continuously differentiable. Indeed, the following example
together with Example [7.15] will be discussed with more details in the final part of Chapter

@

Example Define the function g : R x R? = R by

exp(z3y/2
g(x, 21, 29) == a(x) zp1(+1{l ) -1,
where
a(z) = 22 x>0
10 z<0.

Moreover, let & have a bivariate standard normal distribution, i.e.,

f=<51,52>~/v<(0,0>,(é ?))

Then the following properties are shown in Appendix (see Figure @
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D

. g 18 continuously differentiable.

. g is convex in (21, 22).

. ¢(0,0,0) <0.

. C1(0) =R.

. g does not satisfy the exponential growth condition at oy = 0.

. @ 1s continuously differentiable at 0.

Figure 3: Probability function ¢ of Example [7.16]
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Chapter 1

Notation and preliminary results

1.1 Topological and convex tools

In the following, X and X* will be two (separated) locally convex spaces (lcs) in duality
by the bilinear symmetric form (-,-) : X* x X — R, (z*,z) = (z,2*) = 2*(x). When
the spaces X and X* will be abstract lcs they will endowed with compatible topologies
7x and 7x«. For a point © € X (resp. z* € X*) Ny(7x) (resp. N«(7x+)) represent the
neighborhood system of = (resp. x*) with respect to the topology 7x (resp. 7x+) and we
omit the symbol 7x (resp. 7x+) when there is no confusion. Examples of 7x« are the weak*
topology denoted by w(X*, X) (w*, for short) which is the smallest topology compatible
with the dual pair (X, 7.), (X*, 7x+), the Mackey topology denoted by 7(X*, X) , which
is the largest topology compatible with the dual pair (X,7,), (X*, 7x+), and the strong
topology denoted by 5(X*, X), which is the topology generated by the uniform convergence
over bounded sets on X. We will write R := R U {—00, 00} and adopt the conventions that
0-c0=0=0-(—0) and 00 4+ (—00) = (—0) + 0o = co. The notation N, Z and Q will
be reserved for the set of natural numbers, the integer numbers and the rational numbers.
For any set A, the symbol P(A) denotes the set of all subsets of A and #A denotes the
cardinal of a set A. Consider a preordered set (R,=) (i.e., < is a reflexive, antisymmetric,
and transitive binary relation on R) a subset & of R is said to be cofinal if for every r € R
there exists s € & such that » < s.

A function p : X — [0,400) is called a seminorm if for every z,y € X and A\ € R,
p(Ax) = |A|p(x) and p(x +y) < p(x) + p(y). For a seminorm p, xz € X, and r > 0 we denote
B,(z,r) == {y € X : p(x — 2) < r} the closed ball with radius r around = with respect
to the seminorm p. When X will be a Banach space the norm on X and X* are simply
denoted by || - || and the closed balls in these spaces are denoted B(x,r) and B(z*,r) for
points x € X and x* € X*, for our convenience in this cases is useful to introduce the bidual
space of X defined and denoted by X** := (X*,|| - ||)*. When there is a risk of confusion
about the space, the balls will be denoted with a sub-index referring to the space, that is to
say, Bx(z,r) according to the respective space X. For a seminorm p, a set C' and =z € X,
we define the distance from z to C' with respect to p as df(x) := inf,ec p(x — 2). For two
functions h, g : X — R the notation g < h means g(x) < h(z) for all z € X
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For a given function f : X — R, the (effective) domain of f is dom f := {x € X | f(z) <
+oo}. We say that f is proper if dom f # () and f > —oo. The function f is said to be
lower semicontinuous (lsc) if for every A € R the sublevel set lev, f := {z € X | f(z) < A}
is closed, it is said to be inf-compact if for every A € R the sublevel set lev, f is compact;
the function f is said to be sequentially T-inf-compact if for every A € R and every sequence
z, € [f <N :={x € X | f(z) < A} there exists a subsequence z,, — = € [f < )\]. We
denote by I'g(X) the class of proper Isc convex functions on X. The conjugate of f is the
function f* : X* — R defined by

f(@?) = sup{(z*, x) — f(2)},

zeX
and the biconjugate of f is f* = (f*)*: X — R.

The directional derivative of a convex lIsc function f at x € dom f in the direction w is
given by

f(z;u) == inf flo+su) — f(x)

s>0 S

It is well-known that the directional derivative f'(z;-) is a positively homogeneous convex

function and 0 f(z) = 0 f'(x;-)(0).

For a subspace F' of X, the restriction of the function f to F'is denoted by f|.. The
notation cop f : F' — R is the function such that epi(cop f) = co(epi f N (F x R)). Then,
the closed convexr hull of f is denoted and defined by ¢o f :=coy f.

The indicator and the support functions of a set A (C X, X*) are, respectively,

0 reA 5
da(x) = {—i—oo rd A o4 =0}

The inf-convolution of f,qg: X — R is the function fOg := in}f{{f(z) + g(- — 2)}; it is said
zE
to be exact at x if there exists z such that fOg(z) = f(2) + g(z — 2).

For a pair of points we denote the interval between a, b as [a, b] := {(1—=X)a+Ab: X € [0,1]}
and [a, b[= [a, b]\{b}, ]a,b] = [a,b]\{a} and ]a,b]= [a,b]\{a,b}. For aset A C X (or C X*),

int(A), A (or cl A), co(A), @5(A), lin(A) and aff(A), the interior, the closure, the convez hull,

the closed conver hull, the linear subspace and the affine subspace generated by A.
Definition 1.1 The relative interior of A with respect to an affine subspace F, denoted by
rip(A), is the interior of A with respect to F'. By the symbol 1i(A), we denote riaga)(A) if
aff (A) is closed, and the empty set otherwise.

The polar and the negative polar cone of A are the set

A :={z" e X" | (2", x) <1,Vx € A},
A7 ={z" e X" | (z",x) <0,Vx € A},
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respectively, and the recession cone of A (when A is convex and close) is the set

A ={r € X | Ax+y e Aforsome yin A and all A > 0}.

For two les spaces (Y, 7y) and (Z, 7,) the set L(Y, v, Z, 7.) (L(Y, Z) for short) is defined
as the set of all linear continuous functions from Y to Z.

For a net zy, a point  and a function f (or a set C') the notation xy RN (respectively
o S x) means (z, f(zr)) = (z, f(x)) (respectively zy € C and x; — z).

Given a set A and a topological space Z, a multifunction (or a set-valued mapping) M from
A to Z is a function form A to the power set of Z (i.e the set of all subsets of Z) and it will be
denoted as M : A = Z. The domain, the range (or image) and the graph of the multifunction
M are defined and denoted as dom M := {a € A : M(a) # 0}, rge M := {J,c4 M(a) and
gph M :={(a,b) € AXZ :b e M(a)}, respectively. Moreover, M will be called closed (open,
compact, convex, etc, respectively) valued if for every a € A the set M(a) is closed (open,
compact, convex, etc, respectively).

1.2 Subdifferential theory

For ¢ > 0 and a function f : X — R the e-subdifferential of f at a point x € X where it is
finite is the set

aef(m> = {‘T*EX* | <$*,y—l’>§f(y)—f(l‘)+6, VQEX};

if f(x) is not finite, we set . f(x) := (). The special case ¢ = 0 is the conver Subdifferential
and it is denoted by 0f(x).

The e-normal set of A at x is N (x) := 0.04(x). The case £ = 0 is the well-known normal
cone and it is simply denoted by Ny(z).

We proceed in this section by presenting formulas for the calculus of the composition and
the sum of convex functions with and without qualification conditions. The proofs can be
found in [56, Theorems 3.1 and 3.2] and [132].

Proposition 1.2 (132, Corollary 2.6.7] Let f,g € T'o(X). Then for every x € X we have

0.(f +9) (@)= | (0af(2) +Ogla) for allc >0,

€1,6220
e1+eo=¢

and

*

O(f+9)(x) = ) (0,(x) + Dyg())”

n>0

1 Also called for some authors the Fenchel subdifferential or the Moreau-Rockafellar subdifferential.
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Proposition 1.3 (132, Corollary 2.6.5] Let Y, Z be two les, f € T'o(Z) and A € L(Y, Z).
Then for every y € Y we have

0. (f o A) (y) = A* Dyse f(Ay))" for all e > 0.

Proposition 1.4 (132, Theorem 2.8.8] Let Y, Z be two Ics, f € T'o(Z) and A € L(Y, Z).
Assume that f is finite and continuous at some point. Then, for every y € Y we have that

O-(foA)(y) = A" (0-f(Ay)) for alle > 0.

Now consider a Banach space X. A bornology S on X is a collection of closed bounded
and symmetric subsets of X which covers X and satisfies the following properties: For any
two elements of A, B € 3 there exists an element C' € § such that AUB C C and aU €
whenever U € [ and a > 0. The 8* topology on X* is the topology generated by the basis of
neighborhoods of zero, {U° : U € S}, where U° := {z* € X* | (z*,z) < 1,Vx € U} denotes
the polar cone of the set U. Two of the most useful bornologies considered in the literature
are the Fréchet bornology F' consisting of all closed bounded sets and the Hadamard bornology
H of all norm-compact sets. A function ¢ : X — R is said to be §-differentiable at x € X if
there exists x* € X such that for every U € 8

o sup |22 5H) = 6(a)

s—=0% pet S

— (2", h)| =0.

We denote Vgo(z) = x*. A function ¢ : U — R from an open set U is said to be -smooth
if it is S-differentiable at every x € U and the derivative Vg is a continuous function from
(U, || - ) to (X*, 5*). Furthermore, ¢ is a bump function if supp¢ = { = € X : ¢(z) # 0}
is non-empty and bounded. A Banach space X is said to be S-smooth if there is a Lipschitz
continuous, bump [-smooth function from X to R. Each separable Banach space admits
an H-smooth renorm, if the dual is also separable, then the space admits an F-smooth
renorm (see for example [41,94]). Therefore, these spaces are H-smooth and F-smooth
respectively. A function ¢ is said to be C? on U if it is F-smooth on U and if the mapping
Ve : U — X* is continuous differentiable, that is to say, there exists a continuous function
V2¢: U — L(X, X*), which satisfies }lllir(l) | Vro(x+ h) — é(x) — V2(x)(h)||/||h] = 0 for all
reU.

Now let f be a function on X finite at x. Then

fla+h) = flz) — (=", h)

Opf(z) :={z" € X* | ligl_}iglf Al > 0},

1112

are called the Fréchet subdifferential and the Proximal subdifferential of f at x, respectively.
For k£ > 0 we set

there is a neighborhood U of x and a [-smooth function
gy f(x) = {x* e X" ¢ : U — R with Lipschitz constant k& such that },
Vsp(x) = 2* and f — ¢ attains a local minimum at
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and the (viscosity) B-subdifferential is defined by 05 f(z) = ;-0 954 f(2) (see for example
[11] and the reference therein). It is important to mention that when the space X has a
Fréchet smooth renorm, then 95 and 0 coincide (see |13, Remark 1.4]).

Let S C X and x € S, then z* € X* is G-normal to S at z if there exists A > 0 such
that for any e > 0 and any finite dimensional subspace F' C X there are y € B(z;¢) and
y* € X* such that

(y* — 2", h) < el and (y*,h) < dg(x,h), Vh € F,

where dg(y) := iﬂg |s — y|| and d(z,h) := liminf, o+ r~*(ds(z + rh) — ds(x)). The set
s€

of all G-normals is denoted by Ng(S,z) (see e.g. [62,/63] and the reference therein). The
Clarke-normal set to S at z is denoted by N¢ (S, z) := c0” Ng(S,z) (see |63]). Then for
a function f and z € dom f the G-subdifferential, the singular G-subdifferential , and the
Clarke subdifferentialf| , are defined by

Jc f(z) :={z" € X" : (2". — 1) € Ng(epi f, (z, f(2)))},
g fla) ={z" € X" : (a7, 0) € Ne(epi f, (z, f(2)))},
dc f(z) :={a* € X*: (z". — 1) € Ne(epi f, (z, f(2)))},

respectively.

For locally Lipschitzian functions f at z, the following classical definition of Clarke’s
subdifferential applies:

Ocf (Z)={z" € X* | (z*,h) < f°(z;h),Vh € X}, (1.1)
where

f°(z;h) :=limsup [z +th) - f(z)

T—T t
tl0

denotes Clarke’s directional derivative of f at T in the direction h.

When the space X is an Asplund space (recall that X is Asplund if and only if every
separable subspace of X has separable dual), the limiting/Mordukhovich subdifferential and
the singular limiting/Mordukhovich subdifferential can be defined as (see e.g. [84]85])

Ou f(z) :={w*-limz) : z) € Op f(z,), and z, EN x},
Oy f(x) ={w*-lim\,z} : x} € Op f(x,), ©n Iy 2 and A, — 0},
respectively. If | f(z)| = 400, we set Of (z) := 0 for any of the previous subdifferentials.

A similar sequential representation for G-subdifferential and the Clarke-Rockafellar sub-
differential is given by the following result.

2Some authors call Clarke subdifferential, the original definition of Clarke given only for locally Lipschitz
functions and they give the name Clarke-Rockafellar subdifferential to the extension presented in this Thesis.
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Proposition 1.5 (69, Theorem 1.6 and Theorem 1.8] Assume that either (i) X is f-smooth,
or (it) X is an Asplund space and f = F. Let f : X — RU {400} be Isc and € dom f.
Then

Oc f(z) = U v {w*—limxz t @y, € 05y f(2n), and z, A },

k>0

oy f(x) = U cl”” {w*—lim An Ty, xy, € Ogy fxn), and x, Iy a A= 0" },

k>0
00 (a) =eo” { D (o) + 5 0 .
where

daf(x) = U {w* —limz;, : x5, € 05y, f(zn), and z, EAgS },

k>0

Og (z) := U {w* —lim A, -2, 1 2, € 05 f(2n), and z, EN z, Ay — 07 }

k>0

It is important to recall when f is convex, proper and Isc all of these subdifferentials
coincide with the convex subdifferential.

1.3 Epi-pointed functions

Before presenting the definition of an epi-pointed function, which plays a key role in our
analysis, let us introduce the history about this family and some properties in finite-dimension
which motivate our definition.

The class of epi-pointed functions was introduced in finite dimension by Hiriart-Urruty
and Benoist [6] in the nineties, but the original definition goes back to the Nobel laureate
mathematical economist Gérard Debreu in the fifties [39).

To introduce this class of functions, the authors used the notion of asymptotic function
(also in [106, Chapter 3, Definition 3.17| called the horizon function) >, for a proper function
f:R® = R, defined by

fo(x) ;= liminf tf (¢t 1y).
t—0t

Yy—x

So, f is said to be epi-pointed if the epigraph of its asymptotic function (which is clearly
a cone) is pointed, that is,

forall &,....,¢, €epifTand &+ ...+ =0 = =0foralli=1,...,p.

However, the original definition given in [39]| was only for sets: roughly speaking, if S C R"
is a closed set, the asymptotic cone of S is defined as

S .= {x € R" : there exist ¢, — 07, z,, € S such that t,z, — x}. (1.2)
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Then, S is termed pointed if the asymptotic cone S* contains no straight line.

The following proposition allows us to appreciate better the definition of an epi-pointed
function.

Proposition 1.6 Consider f : R® — R Isc and proper. Then the following statements are
equivalent:

(a) f is epi-pointed.
(b) There exist u € R", a >0 and r € R such that:

f(z) > (u,z) + of|z|| +r Vz e R"
(c) There exists u € R"™ such that f* is bounded from above on a neighborhood of u.

Proor. First we will prove that

lminf L) = e o). (1.3)

lel—oo [lz]|  flall=1
Indeed, consider sequences (), tx, yx and points wy, wy such that:

o |xi| = +o0, lllnHllnf]ﬂ—H = lim

— Woy.

IImkll

ot = 0%, yp = wy and inf f(z) = f(w) = lmt,f(¥) (f> is Isc).

[|z]|=1
Then
o) _ o ) _ o Sl
1||193H—>o£ ||| = lim 2] = lim HiEkH > [*(wo) = [ (w1)
e ()
= limt, f(==) = lim ||y | Iy Hf( ) > ||:c||—>£l£ el

Now we will prove the proposition:

. =1 (b)| Suppose that f is epi-pointed. Then H11|r|1f fe(x) =: v > —oo (if this does

not happen, {0} x R C epi f*). Now we will show that there exists u € R™ such that
for every ||z|| = 1, f*(z) > (u,x). In fact, consider the set K := ¢o{(z,a) € epi f* :
|z|| = 1}. We have (0,0) ¢ K, because if this is not true, then there would exist
(Tp, an) = Yo AM(al, BI") (n is fixed, by Carathéodory’s Theorem) with (af', 3/") €
K, X' > 0and > A" = 1 with (z,,a,) — (0,0). By taking a subsequence we
can suppose that for every i, ' — x; and A" — )\;; moreover, because 3" > v, we
conclude that A" — fG; (taking another subsequence). From the fact that f is
Isc and positively homogeneous, we get (\zi, ;) € epi f*°, that is to say, there are
(wi, ;) € epi f° (not all identically zero) such that (wq, ag) + ... + (wp, @) = 0, which
contradicts the epi-pointed assumption.
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Now we apply the Hahn-Banach Theorem (if K = () the result is trivial) to conclude the
existence of w € R", d € R and 7 such that da + (w,z) > n > 0 for every (z,a) € K,
then necessarily d > 0. So, taking 4 = —d~!w if d > 0 or 4 = by if d = 0, we get

| 1|r|1f1(f —u)®(z) = H11|r|1f f(x) — (u,x) > 0. Now using Equation ﬁ we conclude

lim inf —f(x) — (4, 7)

> 0.
lzll—o0 ]|

Then there are a > 0 and M > 0 such that f(z) > (u,z) + «||z|| for every ||z| > M.
So, taking r := min {f(w) — (u,w) — a|lwl||,0} (because f is lsc and proper) we

weB(0,M)
conclude @

e [(0)]={(a)|Suppose there exists {(z;, a;)}_y C epi f* (not all identically zero) such that
(20, 0) + ... + (xp, ;) = 0. Then, taking h(z) = f(x) — (4, x) we have

lim inf M > 0,
le—oo [|]]

and so we get

h*(z) = inf f*(x)— (u,x) > 0.

[lz]|=1 flzf|=1

From the fact Z{foo(:cl) (u,z;)} < Zal Z(ﬂ,xi> = 0, there exists some x; # 0

1 0
such that foo(xl) (u,z;) <0, and then h°°( ‘) < 0, which is a contradiction.

(B
e [(0)] =] ()] Take an arbitrary w € B(0, «). Then for every z € R", (w,z) — allz|| —r >
(u+w,x) — f(z). Therefore, f*(u+ w) < —r for every w € B(0, «).

o [(c)|=[(0)| Let M > 0 and a > 0 such that f*(z+ w) < M for all w € B(0, ). Then
(4w, z) — f(x) < M for every w € B(0, ) and every z € R™. Then taking w := 04”%H
we conclude @

[]

This equivalence shows that the property of epi-pointedness is characterized by the con-
tinuity of f* at some point @ and it justifies the definition for functions defined on a locally
convex space X, that we will adopt in this thesis.

Definition 1.7 Let X, X* be two lcs in duality. A function f : X — R is said to be epi-
pointed if f* is proper and 7(X*, X)-continuous at some point of its domain.

Next, we give typical examples that illustrate the amplitude of this class of functions.
Example 1.8 Let f : R — R be a function such that f(0) = 0 and the closed convex

envelope of f is positive; that is to say, co f(x) > 0 for all z € R\{0}. Then f is an
epi-pointed function.
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Example 1.9 Let f: R" — RU {+00} be a 1-coercive function; that is, ||z| ' f(z) — +oc
as ||xz]] = +oo. Then, f is epi-pointed.

Example 1.10 Let f : R" — R U {+o0} be a proper Isc convex function. Then, for every
a > 0, the function z — f(z) + «||z||? is epi-pointed.

Example 1.11 Let f : R" — R U {+oo} proper and prox-bounded function; that is, f >
—u||z||* for some p > 0. Then for every € > 0 the function f + (u + ¢)|| - ||* is epi-pointed.

Example 1.12 For every function f : R” — RU{+oc} and every bounded set C' C X such
that CNdom f # () and f is minorized on C by a continuous affine form; the function f + ¢
is epi-pointed.

Example 1.13 If f : R® — R is minorized by a continuous affine form and is bounded from
above in a neighborhood of some point, then f*: X* — R is epi-pointed.

Epi-pointed functions are expected to share many useful properties with convex functions.
This class of functions has been successfully utilized recently (among other articles we refer
to 5], [25], [26], [27], [28], [31], [33], [92]) with the purpose of extending results, which were
known exclusively for Banach spaces or convex functions, to arbitrary locally convex spaces
or for nonconvex functions respectively. In this scenario we can underline two important
topics. The first concerns the extension of Fenchel’s duality. In this respect, we recall the
following result, which relies on the relationship between the convex subdifferential of f and
its conjugate f*, more precisely, one has

" € f(x) if and only if x € 0 f*(z¥).

The result below extends in a fashionable way the Fenchel’s well-known Theorem. The
following result was established in a series of paper by the authors ( [25-28]) under different
stages of generality.

Proposition 1.14 |26, Corollary 6] Let f : X — R U {400} be a weakly Isc epi-pointed
function. Then for every x* € X* we have that

0f*(x*) =" [(0f)™"(@")] + Naom s ().

The second one corresponds to problems related to recovering a function from its subdif-
ferential; in the literature these topics are called problems of integration of subdifferentials.
Determining a function from its first-order variations is a fundamental principle in nonlinear
analysis. It is a very elemental fact in the first course of calculus that given two continuously
differentiable functions h,g : R" — R such that Vh(z) = Vg(z) for all z € R”, then the
functions are equal up to a constant. This question becomes more involved when the nom-
inal function fails to be differentiable. The problem involving convex functions was started
and solved by Moreau in Hilbert spaces [87]. Posteriorly, Rockafellar [98,/100] in the sixties
took the problem and asserted that every two proper lsc convex functions f,g such that
Jf(x) C dg(x),Yr € R™ must be equal up to a constant. With the passing of the years
many authors have studied these problems with varying degrees of abstraction passing even
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to the nonconvex case, among other works we refer to [5,25],33,34,|118,[119] where variants
of the following result have been proved.

Proposition 1.15 Let f : X — R be a weakly lsc epi-pointed function and let g : X — R be
any function such that

0 f(x) Cog(z), Vo € X.
Then there exists ¢ € R such that ¢o f = ¢o gUogom ¢+ + c.
The following lemma is a compilation of classical results in convex analysis that we will

use in Chapter , and 4. They can be found in the pioneer reference of convex analysis [88|
and also in |77, chapter 6].

Lemma 1.16 (a) Given two lsc proper convex functions g,h : X — R such that g* is
continuous at some point of dom h*, then for all x € X there exist x1,x9 € X such that
r1+ 29 =2 and

0g(z1) N Oh(xa) = O(g0h)(z1 + 22)

(b) Given two functions g,h : X — R, we have for all 1,z € X

0g(x1) N Oh(z2) C A(gOh)(z1 + x2).

(c) Given two functions g,h : X — R, we have (g00h)* = g* + h*.

(d) Let g,h: X* — R be proper conver functions such that h is continuous at some point
i domg. Then
(9 +n)"(z) = (¢"0R")(z) Vo € X,

and the inf-convolution is exact.
(e) Given a function g : X — R, if dg(x) # 0, then g(z) = g™ (x).

(f) A Isc proper convex function g : X* — R is 7(X*, X)-continuous at x* € dom g if and
only if g* — x* is w(X, X*)-inf-compact. Consequently a w-lsc epi-pointed function f
satisfies that f — x* is w-infcompact for every z* € int(dom f*).

1.4 Measure theory

Through this thesis (T, A, 1) will be a complete (non-negative) o-finite measure space. One
special case considered in this thesis is (7, A) = (N,P(N)), which will be crucial to give
formulae for the case of finite or infinite sums. The notation B(X,7) (B(X) if there is no
confusion about the topology 7) will be reserved for the o-algebra generated by the topology
7. For a subset M C R we denote by L'(T, M) the set of all integrable function from 7 to
M. Given a function f: T — R, we denote

D; = {g € L'Y(T,R) : f(t) < g(t) p-almost everywhere},
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and define the upper integral of f by

/ FOdu(t) = inf [ g)ut) (1.4)

gEDf
T

whenever Dy # (. If Dy = (0, we set /f(t)du(t) = 400.
T

Definition 1.17 (Poilsh space) A topological space P is said to be a Polish space if it is
complete, metrizable and separable.

Definition 1.18 (Suslin space [15,[22,/109]) A Hausdorff topological space S is said to be a
Suslin space if there exist a Polish space P and a continuous surjection from P to S.

A function f : T — U, with U being a topological space, is called simple if there are k € N,
a partition 7} € A and elements x; € X,i =0, ..., k, such that f = Z?:o xi1l1 here, 17, denotes
the characteristic function (or the indicator function in the sense of measure theory) of Tj,
equaling to 1 in 7} and 0 outside. A function f is called strongly measurable (measurable, for
short) if there exists a countable family f,, of simple functions such that f(¢) = 7}1_)1210 fu(t) for

almost every (ae, for short) ¢ € T'. A strongly measurable function f : T — X is said to be
strongly integrable, and we write f € L(T, X), if [ o5(f(t))du(t) < oo for every bounded
balanced subset B C X*. Observe that in the Banach spaces setting £(T, X) is the set of
Bochner integrable functions (see, e.g., [42, Chapter II]).

A function f : T — X is called (weakly or scalarly integrable) weakly or scalarly mea-
surable if for every z* € X* t — (x*, f(t)) is (integrable, resp.,) measurable. We denote
L.(T,X) the space of all weakly integrable functions f such that [, op(f(t))du(t) < oo
for every bounded balanced subset B C X*. Similarly, for functions taking values in X*,
f:T — X* if for every x € X, the mapping t — (z, f(t)) is (integrable, resp.,) measurable,
then we say that f is (w*-integrable, resp.) w*-measurable. Also, we denote L. (T, X*) the
space of all w*-integrable functions f such that [,op(f(t))du(t) < oo for every bounded
balanced subset B C X.

It is clear that every strongly integrable function is weakly integrable. However, the weak
measurability of a function f does not necessarily imply the measurability of the function
op(f(+)), and so the corresponding integral of this last function must be understood in
the sense of (see [68, Chapter VI| where the integral of the norm of a function f is
understood in this sense). Also, observe that if in addition X is a Suslin space, then every
(A, B(X))-measurable function f: T — X (that is, f~1(B) € A for all B € B(X)) is weakly
measurable, where B(X) is the Borel o-Algebra of the open (equivalently, weak open) set of
X (see, e.g., |22, Theorem II1.36 |).

The quotient spaces L'(7, X) and L. (T, X) of £(T, X) and L. (T, X), respectively, are

those given with respect to the equivalence relations f = g ae, and (f,z*) = (g,z*) ae for
all z* € X*, respectively (see, for example, [68]). In a similar way one defines the spaces

LY T, X*) and L..(T, X*) .

It is worth observing that when X is a separable Banach space, both notions of (strong and
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weak) measurability coincide; hence, if, in addition, (X*, || -||) is separable, then £!(T, X*) =
L. (T, X*) (see |42, Chapter 1T, Theorem 2|). It will be more clarifying recalling that when
the space X is separable, but the its dual X* is not || - ||-separable £'(T, X*) and L..(T, X*)
may not coincide (see [42, Chapter II Example 6]). For every w*-integrable function f :
T — X* and every E € A, the function x% defined on X as a:ﬁE(x) = [(f,z)dp is a linear
mapping (not necessary continuous), which we call the weak integral of f over F, and we
write [ fdu = xﬁE (see |16,[17]). Moreover, if f is strongly integrable, this element [, fdu
also refers to the strong integral of f over E. Observe that, in general, | » fdu may not be
in X*. However, when the space X is Banach, and function f : T — X* is w*-integrable,
[ fdu € X* and is called the Gelfand integral of f over E (see [42, Chapter II, Lemma 3.1]
and details therein).

The space L>(T, X) (Lo (T, X)) respectively) is the set of all (equivalence classes) measur-
able functions (w*-measurable functions, respectively) f : T'x X such that f(7') is essentially
bounded . When X is Banach, L>(T', X) is the classical normed space and its norm is given
by [|z||eo := esssup{||z(t)|| : t € T} < oo. A functional \* € L>(T, X)* is called singular if
there exists a sequence of measurable sets T, such that T, 1 C T, u(T,) — 0 as n — oo
and \*(glre) = 0 for every g € L(T, X). We will denote L*¢(T, X) the set of all singular
functionals. It is well-known that each functional \* € L*(T, X)* can be uniquely written
as the sum A*(-) = [ (A{(¢), )du(t) + A3(-), where A} € L,.(T,X*) and X3 € L¥"(T, X))
(see, for example, [22,|79]). In a similar way the space Loy (T, X*) is defined as the set of all
weakly* measurable essentially bounded function from 7" to X*.

When (X, 7) is a lcs, we say that a net of weakly measurable functions (g)ie; C X7
converges uniformly 7-ae (or T-essentially uniformly, also essentially uniformly) if, for every
T-continuous seminorm p on X it holds || p(gi — )|/ — 0.

A family of functions (¢;)ier € L*(7,R) is said to be uniformly integrable if

lim sup / ex(®)ldp(t) = .

a—00 iel

{lei(t)|za}

When the space X will be a Banach space we will also need the following L” spaces. For
p € [1,00) we denote by LP(T, X) and L. (T, X*) the sets of all (equivalence classes by the
relation f = ¢ ae) measurable and w*-measurable functions f such that || f(-)||? is integrable,
as usual the norm in these spaces is || f||, := ([, [[f(£)][Pdp(t))"/?.

The next definition corresponds to the notion of an integral functional.

Definition 1.19 For a vector space L of function x : T — X, where X is endowed with a
les topology T, by an integral functional on L we mean an extended-real-valued functional I¢
of the form

() € L= IpH(a() = /f(t,fv(t))du(t); (1.5)

where f:T'xX — R is any function and the integral is considered in the sense of . The
notation ]}"p will be reserved for the integral functional, when it is defined over LP(T, X).
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When there is not an ambiguity we simply write ff.

The next definition corresponds to the classical notion of normal integrands and convex
normal integrands.

Definition 1.20 A function f : T x X — R is called a T-normal integrand (or, simply,
normal integral when no confusion occurs), if f is A® B(X, T)-measurable and the functions
f(t,-) are lsc for ae t € T. In addition, if f(t,-) € I'o(X) for aet € T, then f is called
convex normal integrand. For simplicity, we denote f; := f(t,-).

When L is the linear space of constant functions, we also consider the integral function /¢
defined on X as

reX — Iz /ftxdu

A multifunction G : T'= X is called A-B(X)-measurable (measurable, for simplicity) if
its graph, gph G := {(t,z) € T x X : x € G(t)}, is an element of A ® B(X). We say that G
is weakly measurable if for every * € X*, t = o¢u)(2*) is a measurable function.

When the space X is a Suslin space the literature provides many powerful results. Among
these one finds the theorems concerning measurable selections (see for example [22]). How-
ever, the theory outside of separable spaces has not prospered as much as the theory in
Suslin spaces. A new result concerning weakly*-measurable selections in nonseparable As-
plund spaces was proved in [20]. The next two theorems deal with measurable selections in
both Suslin spaces and non-separable Banach spaces.

Proposition 1.21 (22, Theorem I11.22] Let S be a Suslin space and G : T = S be a mea-
surable multifunction with non-empty values. Then there exists a sequence (g,) of (A, B(S))-
measurable selections of G(t) such that {g,(t)}n>1 is dense in G(t) for everyt € T.

Proposition 1.22 20, Corrolary 3.11] Assume that (T, A, ) is finite (complete measure),
and assume that X is Asplund. Then every w*-measurable multifunction C : T = X* with
nonempty and weak*-compact values admits a w*-measurable selection.

Definition 1.23 For a (non-necessarily measurable) multifunction G : T = X* the strong
and the weak integrals of M are defined by

/G )dp(t) {/m )du(t) € X* :m is strong integrable and m(t) € G(t) a },

(w)—/G( )dp(t) {/m Ydu(t) € X* :m is w*-integrable and m(t) € G(t) a }

T

In Chapter[f] and Chapter|7 the integral of mutifunctions will be understood as

/G(t)d,u(t) ::{ /m(t)du(t) € X*:meLL.(T,X*) and m(t) € G(t) ae}. (1.6)

T
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It is important recalling that the original definition of integral of set-valued mappings is
due to R. J. Aumann and it was given for multifunction defined on a closed interval [0, 77 in
R; see for example [3|. For this reason many authors give the name of Aumann Integral to

(1.6)-
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Chapter 2

On the Klee-Saint Raymond’s
Characterization of Convexity

2.1 Introduction

J. Saint Raymond observes [107] that for a given nonconvex continuous function f: R — R,

which satisfies lim Z& —
|z|—+o0 |]

that f — h vanishes on a nonconvex set. This fact characterizes the convexity of a function.
More generally, in [107, Theorem 10| the author stipulated:

+00, there exists an affine function A that minorizes f, such

Theorem 2.1 Let X be a Banach space and let f : X — R U {400} be a weakly lower
semicontinuous proper function such that f —x* is weakly inf-compact for all x* € X*. If the
argmin set of the function f — x* is convex for all x* in a convex dense subset of X*, then f
18 Convex.

Observe that in the original statement of [107, Theorem 10| the hypothesis of weak inf-
compactness used above is replaced by the equivalent fact that the function f — z* attains
its minimum, for every z* € X*. This equivalence, being a functional counterpart of James
Theorem ( [46, Theorem 3.130]), has been established in [108, Theorem 2.4]. We call this work
Klee-Saint Raymond characterization of convexity because in the framework of Hilbert spaces,
Theorem is equivalent to the famous characterization given by Klee |75] for the convexity
of weakly closed sets. See [9] for a recent review of this problem related to Chebychev sets.

To prove Theorem the author uses classical deep tools of Banach space theory, like
James’ theorem and Brouwer’s fixed-point theorem for multifunctions, among others. More
recently, another proof has been given in [97], under the assumption that X is a reflexive
Banach space, by using techniques of operator theory.

In this work we use techniques of convex analysis to give a direct proof for a generalization
of Theorem for functions defined on locally convex spaces. This generalization, given in
Corollary [2.8] is an immediate consequence of the main result of this work that provides an
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explicit expression of the closed convex hull of a function; see Theorem [2.5] Our hypotheses
are weaker than those used in Theorem [2.1] and rely on the epi-pointedness property that has
been successfully utilized recently for many authors with the purpose of extending results,
which were known exclusively for Banach spaces or convex functions, to locally convex spaces
and nonconvex functions.

2.2 The characterization of convexity

First we start proving the following lemma, which is a slight extension of |2, Theorem 2.40]
to the case of nets of functions. For completeness we give a proof.

Lemma 2.2 Let X be a topological space and let (fo)acp be a net of lsc proper functions
defined on X such that

a17a2€D7 a1§a2:>fa1 Sfaz' (21)

For ¢, —>D 0%, let (z4)aep be a relatively compact net such that x, € ,-argmin f, for each
ac
«. Then

inf « = .fa>
S up Jale) = sup ol Sl

and every accumulation point of (x4) is a minimizer of the function sup f,.
aeD

Proor. It is easy to see that every subnet of (f,) has a subnet that preserves property (2.1);
so, without loss of generality, we may assume that x, — = € X. We start by showing that
for every V € N3, the neighborhood system of Z, we have

inf < inf : 2.2
0 o Jele) = S B Jal) 22

Given § > 0 and V € N, we choose oy € D such that z, € V and e, < 4, for all a > ay.
Then for any n € D we get

inf f,(v) < sup fo(zs) < sup {12)&_ folz) + ea} < sup in)f( folz) + 4.

veV a>ag a>ag a€D T€

This yields (2.2) by taking the supremum on n € D and the limit as 6 — 0.

Now, (2.2) leads us to

inf sup f,(z) < sup f,(Z) = sup sup inf f,(v) = sup sup inf f,(v) < sup inf f,(x),
zeXaegf( ) aegf( ) aeg\/e/\l/)'ivevf( ) vEﬁiaeEvevf (v) aengXf( )

which yields

inf sup fu(z) < sup f,(Z) < sup inf f,(r) < inf sup f,(x),
xexaegf( ) aegf( ) aegmexf< ) xexaegf( )

and, so, the proof is completed. O
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We continue with a comparison between the subdifferentials of an epi-pointed function
and its biconjungate.

Proposition 2.3 Let f: X — R be a weakly Isc epi-pointed function and denote
My = {z" € X" : argmin{ f — 2™} is convex}.
Then for every x € X we have that

int(dom f*) N M;NOf™(x) C Of(x).

Proor. We choose z* € int(dom f*) N M; N df**(z) and z € X. Since (9 f) *(z*) =
argmin{ f — z*} is convex and weakly closed (f is weakly lsc), according to Proposition
[L.14] we have that

Of*(z*) = (0f) " (a7).
Hence, since z* € 9f**(x) we have that z € 9 f*(z*) = (0 f)*(z*), which is equivalent to
z* €0 f(x). O

We give now a first relation between an epi-pointed function and its biconjugate.

Proposition 2.4 Let f : X — R be a weakly lsc epi-pointed function and My as in proposi-
tion above. Then, for all nonempty, convex and compact set C' C int(dom f*) N My, we have
that

Ocl:]f** = O'c[jf.

Proor. We fix x € X. By Lemma [1.16(a), applied with g := o¢ and h := f**, since h* = f*
is continuous at any point of dom ¢g* = C, there are x1, x5 € X such that x = x; + x5 and

Joc(x1) NOf™(x2) = I(ocOf*)(x). (2.3)
Since doc(x1) € C C int(dom f*) N My, Proposition [2.3| gives us the relation
doc(x1) NOf™(x2) C doc(z1) NOf(z2).

So, invoking Lemma [1.16(b)} from ([2.3)) we infer that
I(ocOf*)(x) C I(ocOf)(x). (2.4)

On the one hand, by Lemma we have (ocOf)" = f* + d¢ and so, invoking Lemma

L.I6(d)} we get
(aCDf)** = O'Cmf**. (25)

On the other hand, since

(0cBf)™ (x) = (6¢ + f*)"(x) = sup {(z", z) = f*(«")},

z*eC

the continuity of f* and the compactness of C yield the existence of some T* € C' such that
(0cOf)™ () = (@, 2) — [*(T) = @, 2) = (f" +c)(T) = (&, 2) — (0cOf)" (7).
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In other words, in view of and , respectively,
7" € 0(oc0f)" (z) = 0(ocOf™) (x) C ocOf)(x)
and, so, d(ocOf)(x) # 0. Due to Lemma[L.16(e)| and using again, this implies that
ocOf(z) = (0cOf)" () = ocOf " (2).

This finishes the proof, since x was arbitrarily chosen. O

We are now able to prove the main result of this work, which has as a consequence the
required characterization of convexity.

Theorem 2.5 Let f: X — R be a weakly lsc epi-pointed function such that
argmin{ f — z*} is convex for all z* € D,
where D is a convexr dense subset of dom f*. Then we have that

f** = Udomf*ljf'

Proor. Since int(dom f*) # (), without loss of generality, we assume that D C int(dom f*).
Define € := {co(F’) : F is a finite subset of D}. Clearly (€, D) is a directed set.

It is easy to check, using Proposition [2.4] that

sup UCDf = sup O-C'Df** < Udomf*ljf** < Udomf*ljf'
Cece cece

Now we will prove that

sup ocOf = Tgom +0f, (2.6)
cece

and the conclusion will follow from Lemma [1.16(d), that shows that
O'dornf*|:|f>l<>k = (Idomf* + f*)* = f**
We fix € X and for any C' € € define go(y) = f(y) + oc(x — y) and g(y) = f(y) +
Tdom f+(x — y). Clearly, go and ¢ are weakly lsc functions and go * ¢ pointwise.
If there exists C' € € such that go = 400, (2.6) is trivially verified.

Assume that for every C € €, go # +00. From lemma applied to f* at z* € C(C
int(dom f*)) we conclude that f** — 2* is weakly inf-compact and from the fact that

we see that go is weakly inf-compact.

Now, for every C' € € we take ¢ € argmin{gc} and fix some Cy € €. Then for every
K € € such that Cy C K we have xx € I':={y € X : g¢,(y) < sup{ocOf(x)}}.
cee
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Finally, on the one hand, if sup{ocOf(z)} = 400, equality {D is trivial. On the other
cee

hand, if sup{ocOf(z)} < 400, then I' is compact and we apply Lemma to the family
cee
go, x¢ indexed by the directed set {C' € €: Cy C C}, to obtain equality (2.6]). ]

The following example illustrates the necessity of considering the support function of
dom f* in the formula for the biconjugate given in Theorem [2.5

Example 2.6 Let f: R — R be the lsc nonconvex function defined by

|z if zel-1,1
flz) = { 2| el if oz e R\[-1,1].

Then it is easy to prove that [* = I_y 1], which shows that f is epi-pointed, and

{0} if ae(-1,1)
argmin{f —a}=<¢ [0,1] if a=1
~1,0] if a=—1.

Hence, the hypothesis of Theorem[2.9 holds, but not the equality f** = f. However, we easily
check that

[ =11= 0doms-0f

The following remark gives a geometrical interpretation of the conclusion of Theorem
in terms of the epigraph of involved functions.

Remark 2.7 It is well known that when the inf-convolution is exact, then its epigraph is
the sum of the epigraphs of the two functions. Since it can be shown that convolution in the
equality of Theorem [2.5] is exact, we see that Theorem [2.5] corresponds to the set equality

co(epi f) = epi f + epi Gdom f+- (2.7)

On the other hand, if we consider the asymptotic cone of epi f given by (see, e.g., [40])

(epi f)oo := {10, €] epi f,

e>0

which is the epigraph of the asymptotic function f, since ¢0(fx) = 0dom s+ When f is weakly
Isc and epi-pointed (see |28, Theorem 7]), we can rewrite Theorem [2.5] as

S = 10e0(fs),

and the equation (2.7)) as
co(epi f) = co((epi f)oo) + epi f.

It is worth noting that this characterization does not involve dual objects.

The next corollary corresponds to the announced result of this work: The extension of
Theorem 2.1] to the setting of locally convex spaces.
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Corollary 2.8 Let f : X — R be a weakly Isc epi-pointed function such that dom f* = X*.
If there exists a convex dense set D C X* such that argmin{ f —x*} is convex for all x* € D,
then f is convew.

The next remark compares the hypotheses of Theorem [107, Theorem 10| and Corollary
2.8

Remark 2.9 It is worth observing that in |[107, Theorem 10| the density assumption on D is
with respect to the norm topology in X*. This is clearly stronger than the condition used in
Corollary asking that D is dense only with respect to the Mackey topology. On the other
hand, according to Lemma we see that the hypothesis of weakly infcompactness of
f —a* is equivalent to the continuity of f* over all X* with respect to the Mackey topology.

The following example shows the necessity of the convexity assumption of D in Corollary

2.8

Example 2.10 Let h be a proper lsc convex function defined on a reflexive Banach space Z
such that dom h* = Z*; hence, h is epi-pointed (with respect to the norm-topology in Z*).
Choose any nonconvex positive and weakly Isc function g such that the function f == h+ g
1s not convex. Then f defines a weakly lsc epi-pointed function, due to the relation h* > f*
which implies that dom f* = Z* and f* is norm-continuous on Z*. Since f* is Fréchet-
differentiable in a (Gs)-dense subset of Z* (see, e.g., [94)]), D C Z*, by |25, Proposition 6]
we deduce that, for all x* € D,

argmin{f — "} = (0f) " (z") = {Vf"(2")}.

The next corollary shows that the epi-pointedness assumption in Corollary [2.8] can be
replaced by the assumption of convexity of e- argmin{ f —z*} when ¢ is sufficiently small and
the density of D in the norm topology.

Corollary 2.11 Suppose that X is a normed space, and let f : X — R be a weakly lsc
function such that dom f* = X*. Assume that there exist a convex (norm-)dense set D C X*
such that for all x* € D there is some 6 > 0 such that

e-argmin{ f — z*} is convez, for all ¢ € (0,9).

Then f is convexz.

Proor. We consider the duality pair ((X**,w"), (X", |- ||.)) together with the function Tw ;
X** — R given by

Tw* (™) := liminf f(z,).
Ta L x**
ra€X

It is clear that f is weakly lsc and epi-pointed. Moreover, since for every z* € D we have

argmin{?w* -z} = ﬂ e-argmin{ f — x*}w*,

e>0
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we deduce that argmin{?w* — x*} is convex. Hence, by applying Corollary we conclude
that f is convex, and so is the function f. m

In the final part, keeping in mind a possible application to the finite-dimensional case, we
consider the relative interior within the definition of epi-pointed functions. More generally,
we have:

Theorem 2.12 Let f : X — R be a function with a proper conjugate, and denote F :=
aff(dom f*). We suppose that the following conditions hold:

(a) The restriction of f* to F', f*p, is continuous on ri(dom f*).
(b) There exists xjy € ri(dom f*) such that f — xf is weakly lsc and weakly inf-compact.

(c) There exists a convex set D C ri(dom f*), with ri(dom f*) C D, such that argmin{ f —
x*} is convex for all x* € D.

Then we have
Odom p:Lf = [
Moreover, if D = F, then
Odom <L f = [ = [F,
where fr(x) = inf{f(w):w ez + (F —x)*}.

Proor. We may suppose without loss of generality that zf = 0 so that the function fr defined
above is written as

fr(z) = inf{f(w):w €z + F*}.

We also denote by Z := X/F+ ‘the quotient space of X by the orthogonal space of F', and
introduce the function h : Z — R defined as

h([z]) = fr(2).

Let us consider the dual pair (Z,0(Z, F), F, 7(X*, X)) endowed with the bilinear form (z*, [z]) =
(x*,z). Then, from the relation

{z€Z :h(z) <A} =l{r e X : f(z) <a}), VAER,

where IT : X — X/F* is the canonical projection, i.e., II(z) = [z], it follows that h is
weakly Isc. Also, since f is weakly inf-compact, the relation above together with the fact
that h* = f*, also imply that

int(dom ~*) = ri(dom f*),
and h is epi-pointed.
Next, because f is weakly inf-compact, we get
argmin{h — z*} = I(argmin{ f — x*}),
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which shows that argmin{h — 2*} is convex.

Now, we are able to apply Theorem to get, for every x € X,

Odomp*h = sup {(-, ") — h*(z™)} .

z*eF

Moreover, using the fact that h* = f* and ogom (7 — Yy — 2) = Odom s~ (z — y), for every
2z € '+, we see that for all z € X

Udomh*Dhqx]) = Odom f* Df('r>7
and

sup {(z,z7) — h"(2")} = f*(2).

z*elF
Finally, if F C dom f*, then z —y ¢ F*, and so

Tdom f+(x —y) = op(x — y) = +00.

Therefore, o4om p~Lf = fr. O]

Remark 2.13 With the hypothesis of Theorem [2.12] it is not possible to get the equality
J = f*" instead of fp_,: = f**. Indeed, consider the function f : R? — R given by

1
flz,y) = 5° + I (lyl +1).
Then the conjugate is given by

2

< it n=0

f*(a’n):{joo if n#,0

so that dom f* = R x {0} and for every (a,0),

argmin{f — (a,0)} = {(a,0)};

that is, argmin{ f — (,0)} is convex, while f is not convex.
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Chapter 3

On Brgndsted-Rockafellar’s Theorem for
convex lower semicontinuous epi-pointed
functions in locally convex spaces

3.1 Introduction

The first chapter opens our minds to the class of epi-ponted functions, which appear to be
promising for develop variation analysis outside of Banach spaces. Before presenting the
definition of an epi-pointed function that we adopted in infinite dimension locally convex
spaces, let us introduce the history about this family and some properties in finite-dimension
which motivate our definition.

To better understand the research done in this thesis we must explain the terminology
variational analysis and recall some results in the theory of variational and convex analysis.
One of the most simple and intuitive introductions to the concept of variational analysis
is given in the acclaimed book by Jonathan M. Borwein and Qiji J. Zhu [14]. Variational
techniques refer to proofs by way of establishing that an appropriate auxiliary function attains
a minimum. This can be viewed as a mathematical form of the principle of least action in
physics. Since so many important results in mathematics, in particular, in analysis have
their origins in the physical sciences, it is entirely natural that they can be related in one
way or another to variational techniques. The use of variational arguments in mathematical
proofs has a long history. This can be traced back to Johann Bernoulli’s problem of the
Brachistochrone and its solutions leading to the development of the calculus of variations.
Since then the method has found numerous applications in various branches of mathematics.
A simple illustration of the variational argument is the following example.

Example 3.1 (Surjectivity of Derivatives) Suppose that f : R — R is differentiable every-
where and suppose that lim f(x)/|z| = +oo. Then {f'(z) : z € R} = R.
_>

|z| =00

Proor. Let r be an arbitrary real number. Define g(x) = f(x) — rz. We easily check that
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g(r) — 400 as || — +oo and therefore attains a (global) minimum at some z. Then
0=4g(x)=f'(z)—r. O

Two conditions are essential in this variational argument. The first is compactness (to
ensure the existence of the minimum) and the second is differentiability of the auziliary
function (so that the differential characterization of the results is possible). Two important
discoveries in the 1970’s led to significant useful relaxation on both conditions. First, the dis-
covery of general variational principles led to the relaxation of the compactness assumptions.
Such principles typically assert that any lower semicontinuous (lsc) function, bounded from
below, may be perturbed slightly to ensure the existence of the minimum. Second, the devel-
opment of the nonsmooth analysis made possible the use of nonsmooth auziliary functions.

To the best of my knowledge this paragraph represents a brief, but concrete introduction
to the techniques necessary to develop variational analysis. Summarizing the ideas one needs
the existence of minima, or at least the existence of minima to perturbed problems and also
some form of generalized differentiation is required.

In mathematical analysis, Ekeland’s variational principle, discovered by Ivar Ekeland in
1979 is a theorem that asserts that there exists nearly optimal solutions to some perturbed
optimization problems.

Theorem 3.2 |45, I. Ekeland, Theorem 1] Let (X,d) be a complete metric space and let
f: X — R be an Isc proper function, let e, A > 0 and u € X such that:

F(u) <inf f +e.
Then there exists u. € X such that:

(a) d(u,uc) <A,

(b) flue) +e/Ad(u,ue) < f(u),

(c) flue) < fy) +e/Ad(y, uc), Vy € X\{uc}.

The above result has been utilized to prove, or to give alternative proofs to some of the
most important theorems in nonsmooth analysis, in particular convex analysis. One can
find many examples of the tremendous and influential power of this theorem by reading [14],
for instance: Equivalence of the Ekeland’s variational principle with the completeness of
the space, a proof of the Banach fixed point theorem based in this variational principle,
Borwein-Preiss variational principle, the theory of convex analysis from variational principles,
nonconvex generalized differentiability, among many other topics.

Convex analysis has been one of the most important topics in optimization theory, in par-
ticular the subdifferential theory has granted diverse tools to resolve theoretical and applied
problems.

One of the results which can be proved using Ekeland’s variational principle is the well-
known Brgndsted-Rockafellar Theorem. This fundamental proposition basically gives us the
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non-vacuity of the convex subdifferential in many points, since it is a powerful result in convex
analyis, it has been redacted in many different forms. One of the form is:

Theorem 3.3 (Brgndsted, A. and Rockafellar, R. T. |[19]) Let X be a Banach space and
let f: X — R be a convex proper Isc function. Consider ¢ > 0 and x} € O. f(xo). Then
there exists x* € 0 f(x.) such that ||x. — x| < Ve and ||zF — x| < Ve. In particular,
dom f C dom 0 f and dom f* C rged f.

Another important result is the mazimal monotonicity of the subdifferential. It is clear
that for every function f the convex subdifferential 0 f is a monotone multifunction in the
sense that

(x* —y*,x—y) >0, for all (x,2"),(y,y") € gphJ f.

Moreover, one can also get easily that 0 f is cyclically monotone; that is for all n € N and
all (x;,xf) € gph0 f, withi=1,...,n one has

0> (xg— Tp,xp) + oo + (@0 — 21, 27]) + (X1 — T0, X)) (3.1)

Rockafellar said in [98]: The cyclic monotonicity condition can be viewed heuristically as a
discrete substitute for two classical conditions: that a smooth convex function has a positive
semi-definite second differential, and that all circuit integrals of an integrable vector field must
vanish. Also in the same paper he proved that every multifunction M : R® = R" satisfying
the cyclically monotone relation (3.1]) must be contained in the subdifferential of some proper
convex function f, that is to say, M(z) C 0 f(z) for all z € R". Besides, Rockafellar proved
that for every lsc convex function f the subdifferential mapping 9 f : R” = R” cannot be
extended to strictly larger mapping (in the sense of inclusion of theirs graphs), that is to say,
it is a maximal monotone operator. The precise statement is the following:

Theorem 3.4 (Rockafellar, R. T. [100]) Let X be a Banach space and let f be an lsc proper
convex function on X. Then O f is a maximal monotone operator.

This kind of assertion goes back to 83|, where Minty proves it for a continuous convex
function defined on a Hilbert space. Later, Moreau in [87] also gave a proof in Hilbert spaces
without the continuity assumption, using duality and the Moreau-Yosida envelope. It is
important to recall that the theorem above have gotten the attention of many authors who
have made different proofs of this result, even when this result was proved by Rockafellar in
any arbitrary Banach space, among others we refer to Borwein [§], Ivanov and Zlateva |70,
Marques Alves and Svaiter [82], Simons [111], Taylor [112], Thibault [116], Zalinescu [133].

Now consider a linear operator A : R™ — R" and convex proper lsc functions g, h : R" —
R. One important question from the nineties in the spirit of Brgndsted-Rockafellar Theorem
was: Could it be possible for any point z* € 0 ¢ o A(x) to find sequences y: € 9 g(y,) such
that y,, = A(z) and A*(y}) — 2*? And in the same way for the sum of functions: Could it be
possible for any point 2* € d(g + h)(z) to find sequences y% € J¢g(y,) and z* € 0 g(z,) such
that y,, 2, = = and y; + 2% — 2*7 Both questions have been positively answered for many
authors (see e.g. [48], [71], [89], [113], [115], [116]). This kind of formulas are commonly called
limiting calculus rules for the convex subdifferential or Fuzzy calculus rules for the convex
subdifferential. One of the classical statement, is given by:
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Theorem 3.5 (89, Theorem 2.2] Let X and Y be two Banach spaces and let A: X —'Y be
a linear operator and g :' Y — R be a convex proper lsc function. Then for any x € X with
A(z) € domg one has z* € 0go A(x) if and only if there exist nets y, € Y*, y, € Y such

that v € 9 9(y), yo — A(x), g(y,) = 9(A(z)) and A*(y,)* > 2*.

Theorem 3.6 (115, Theorem 8] Let X be a Banach space and let g,h : X — R be two
proper lsc functions. Then for every x € dom gNdom h one has x* € d(g+ h)(z) if and only
if there exist nets y', 25 € X*, y,,2, € X such that y; € 0g(y,), 25 € Oh(2,), Yy, 2, — x,

9(un) = 9(x), h(z) = h(x) and y; + 25 = 2*.

It is known that the Brgndsted-Rockafellar’s Theorem is not valid outside Banach spaces
for all Isc proper convex functions (see, e.g., [19]), more precisely Brondsted and Rockafellar
found an lsc proper convex function defined on a locally convex topological vector space
with empty subdifferential everywhere, and consequently all of the above statements are also
not valid. This observation motivates the work to provide a suitable family of Isc proper
convex functions defined on locally convex spaces, which satisfies the Brgonsted-Rockafellar
Theorem.

The main features of this work are:

(1) Show that epi-pointed lsc convex functions, defined on any locally convex space, satisfy

the Brgndsted-Rockafellar’s Theorem (see Theorem and Corollary [3.9).

(2) Provide a different proof of Brgndsted-Rockafellar’s Theorem for this class of epi-
pointed functions, in the sense that it is based on a very simple variational principle,
which is valid in locally convex spaces, without requiring such tools as Ekeland’s or
Bishop-Phelps’ variational principles (see Lemma.

(3) Since every convex function in Banach spaces can be adequately perturbed to obtain an
epi-pointed function, we recover in the Banach setting the usual Brgndsted-Rockafellar’s

theorem (see Section [3.3).

(4) We also obtain other important results in the same spirit, as all the above Theorems,
Theorems for the Maximal monotonicity of the subdifferential and Theorems |3.12
and for the subdifferential limiting calculus rules for convex functions.

3.2 Brgndsted-Rockafellar’s Theorem and consequences
First we give in Lemma [3.7] a simple variational principle, for convex functions defined on
les, that is the key tool in the proof of our main results.

Lemma 3.7 Let zp € X and let f : X — RU {400} and p: X — [0,00) be two convez lsc

functions such that p(0) = 0 and the function f(-) + p(- — xo) is epi-pointed. For any e > 0,
o € X and x} € 0. f(xo) with z§ € int(dom(f + p(- — x¢))*), there exists x. € X such that:
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(a) plwo — ) <e,
(b) x5 € O(f + p(- — o)) (x2),
(¢) [f(xo) = fxe)| < [{5, 20 — 2)| + &
Proor. Define g := f + p(- — x9) — z. By Proposition [1.16(f)| we see that the (proper lsc

convex) function ¢ is inf-compact, and there exists x. € argming (the minima of g), such
that

f(xe) + plre — wo) — wp(e) < flwo) — w(w0) < fwe) — p(:) + €.

Hence, p(z. — x¢) < e. Now, since 0 € dg(z.), by Proposition we have
v € ) + pl- — 7)),

Finauy7 <$S, To— l’5> < f(xO) - (f(xa) + P(% - Io)) < f(‘TO) - f(xa) < <ZL’6, To— IL'5> +¢, giVGS
us the last statement. O

The following result gives the counterpart of Brgndsted-Rockafellar-Borwein Theorem
(e.g., [8]) for convex lsc epi-pointed functions defined in locally convex spaces.

Theorem 3.8 Let f: X — RU{+o0} be a convez, lsc and epi-pointed function. Consider
>0, €0,00), a continuous seminormp, A > 0 and zg € X. Ifzf € 0 f(xo)Nint(dom f*),
then there are . € X, y: € B,(0,1)° and \. € [—1,1] such that:

(a) plao — ) + Bl{ag, @0 — 22)| < A,
(b) w2 = ay+ 5 (4 + BAeas) € O (1),
(¢) l(a2 a0 — )] e+ 2,

(@) |f(xo) — fla)| < e+ 3

() % € Doof(a0).

With the convention % = +00.

Proor. Define p(z) = § (p(x) + B|(x5, x)|). We apply Lemma[3.7)to f and p to conclude the
existence of . € X such that p(xg—x.) <e, xf € O(f +p(- — o)) (x.) and |f(xg) — f(xe)] <
(x5, 20 — x)| + . So, z. verifies [(a)] and [(d)}] Now we use Proposition to obtain
0 € df(ze)—25+5B,(0,1)°+58-[—1, 1]-2, from which we find y € B,(0,1)° and A\, € [-1,1]
such that x} := xf + £ (y + BA.25) € Of (2.). Then

‘(y; + B)‘EQ:S? o — xz—:)’
(I(y2, wo — e)| + BI(ag, 10 — <))
(p(xo — we) + Bl(x5, w0 — xe)|) <,

(22 = @5, w0 — )]

IAINIA
> o3 |m > m
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and |(c)|follows (using|(a))) |(z%, xo — z.)| <|{xf —x§, xo — xo)|+|(xh, xo — )| < e+ % Finally,
since x§ € 0. f(xo) and xf € 0f (z.) we get, for every z € X,

*

(X0 —xo) = (xf, 0 — x) + (2} — ), . — x0) + (2], e — T0)
f(x)_f(xa)+5+f<xe)_f(x0)+€
f(z) = f(xo) + 2¢;

IN

that is, x¥ € O f(20). O

This Theorem allows us to obtain the counterpart of the classical statement of Brgndsted-
Rockafellar’s Theorem for Isc convex epi-pointed functions in locally convex spaces.

Corollary 3.9 Let f: X — RU{+o0} be a convez lsc epi-pointed function. Then for every
x € dom f there ezist nets {(Tq, %) taca such that x¥ € Of (x4), xo — x and f(z,) — f(2).

Proor. Consider a filtered family of seminorms A (ordered by p; < po if and only if p;(x)
p2(x) for all x € X), which defines the topology on X. We also define the index set A :
N % (0,1) associated with the partial order

|IVAN

a; = (p1,61) < ag = (pa, €2) if and only if p; < py and 1 > €.

It is easy to see that for every ¢ € (0,1), 0.f(x) N int(dom f*) # (. Therefore, for every
e € (0,1) and for every continuous seminorm p € N we can apply Theorem to f with
B =1and A = \/e. We get that there exists (z.,, 2% ,) in the graph of the subdifferential
of f such that p(z — x.,) < /e and |f(z) — f(zcp)| < € + /. To prove the convergence
of this net, take a neighborhood V of zero and § > 0 and let py € N and ¢y € (0,1) such
that B,,(0,/c0) € V and gy + /g9 < d. Therefore, for every (p,e) > (po,€9) we have that
po(r —x.p) < plx —z.,) < e <0 and |f(zx) — fzep)| < e+ Ve < eo+ /Eo < I, which
implies that z., € x +V and |f(z) — f(zcp)| <. O

Now, we apply Theorem to obtain the maximal monotonicity of the subdifferential
operator of proper lsc convex epi-pointed functions in locally convex spaces.ﬂ For proper
Isc convex functions defined in Banach spaces, this corresponds to the famous theorem by
Rockafellar, [100, Theorem A].

Theorem 3.10 Let f : X — R U {400} be a convex Isc function. If either f or f* is
epi-pointed, then Of and Of* are mazximal monotone operators.

Proor. Without lost of generality we consider that f is an epi-pointed function, that f(0) = 0
and that 0 ¢ 0f(0). We pick an = € X such that f(2z) < f(z) < 0 (such an element
exists, since by supposing the contrary, one deduces that f(z) > f(5) for any = such that
f(r) <0, and we get f(z) > f(5) for any n € N, which leads us to the contradiction
flz) > 171Lgligf(2%) > f(0)). Ifa:= f(z) — f(2z) and § € (0, f5), we choose an z* €

!The arguments used in the proof of this result (Theorem [3.10)) follows the suggestion made by one of the
referees.
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Os2 f(z) N int(dom f*) (this choice is possible since f(x) = f*(z) = sup{(y*,z) — f*(y*) :
y* € int(dom f*)}). Then

(x*,2) = (2", 20 —2) < f(22) — f(z) +6* < 6% —a < 0.

Define p(z) = |[(x*, )| a continuous seminorm so that B,(0,1) = {z € X : [{(z*, x)| < 1} and
(B,(0,1))° = [—1,1] - z*. Then Theorem (with € = 6%, A = § and 8 = 0) ensures the
existence of xp € X and z; € df(x¢) such that x —z € 0B,(0,1) and z* — zf € §(B,(0, 1))°.
Thus, [{(x* — zf, x — x¢)| < 6%, [{* —x}, )| < d|{x*, z)| = §(a — %) and [{z*,z — x0)| < 4. In
conclusion, we get

(xg, ko) =(a*,x) + (" — x5, & — x0) + (X[ — 2", x) + (2", 29 — )
< —a+6+6(a—0°)+5<—a+da+3)<0.

]

We finish this section by applying Theorem [3.8] to get limiting calculus rules for the
subdifferential mapping of the composition with a linear mapping and the sum of convex
functions. Our proof is an adaptation of [113, Theorem 3| that uses the following lemma.

Lemma 3.11 Let X, Z be two lcs, f € T'o(Z) be an epi-pointed function and A € L(X, Z)
(linear and continuous mapping). Then for every x € dom(f o A)

0 (f o A) (x) = () A" [0,/ (Ax) N int(dom /)] .

n>0

Proor. By Proposition we only need to prove that for every n > 0

*

A* (8, f(Azx)) C [A* (8, f(Az) N int(dom f*))]" .

Indeed, if z € dom f, then
f(z) =sup{(z", z) — f(z") : 2" € int(dom f*)}

and 0, f(z) Nint(dom f*) # 0 for every n > 0. Because int(dom f*) is open and dense in
dom f* we have that 0, f(z) Nint(dom f*) = 0,f(z) = 0,f(2). Hence, since A* is w* to w*
continuous we conclude the lemma. O

Theorem 3.12 Let X, Z be two Ics, A € L(X,Z), g € Ty(Z) be an epi-pointed function,
f:=goAandx € dom f. Then x* € df(x) if and only if there exists a net (z, 2 )icr € ZX Z*

such that z € 0g(z), zi — y = Ax, g(z1) — g(y), (zi — 2, 2") — 0 and A*(z) N

Proor. Take z; € df(x). Consider a filtered family of seminorms N; (ordered by p;, < p% if
and only if p(2) < p%(z) for all z € Z), which defines the topology on Z and a filtered family
of seminorms N3 (ordered in a similar way as Nj: pk. < p%. if and only if pl. (z*) < p3. (2*)
for all z* € X*), which defines the weak* topology on X*. We also define the index set
I:= Ny x Ny x (0,1) ordered by iy = (py, pk+, 1) < 1ia = (p%, pk+,e2) if and only if p}, < p%,
pk. < p%. and g1 > g5. Now, we take i = (pz, px+,€) € [ and set U := {z € Z : pz(2) < 1}.
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-1
Choose an n > 0 such that \/n+n < 5 and 2,/n < ¢ (r%%xpx*(A*(y*)) +px-(xf) +1) .
Then by Lemma we take z5 € 0,9(z) Nint(dom ¢g*) such that px-(A*z5 — xf) < .
By Theorem [3.8| (with 3 =1, A = /1) there exists 2z € dg(z;) such that pz(z — 2) < /7,
7= 25/ (uf + Ayzg) € Og(2), uyy € U, (2, 2—2)| < n+y/mand [g(2) —g(2)] < n+ /1.
Therefore, pz(z — z) < e, |[(zf, 2 — z)| < e and |g(2) — g(2)| < e. Finally,
px- (A2 —ap) < px+(ATz5 — ap) + px- (AT — A'%)
€ X ok Xk * k
< 5 VI (x (A7) + px (A2 — ) + px- (7))

€ * ok *
< 9 + /N (px+(A™uf) + 1+ px-(x5))

g
< S+ Vi (maxpx- (A°(y")) + px- () +1) < <.

To prove the necessity part, let (v;, v )ic; C gphdg a net such that (y;) — vy = Ax, g(y;) —

9(v), (g — y,y7) = 0 and A*(y7) % 2*. Then (y — i, 47) < g(y) — g(y:) for every i € I and
y € X. It follows that

(z =2, A0+ —wu) = (Az —uul) < f(2) —g(y) Viel vVzeX.
Taking the limits gives (z — z,2*) < f(z) — f(x), for all z € X, and so z* € df(z). O

Remark 3.13 We give a simple example which shows that the above subdifferential calculus
rule is not valid without the epi-pointedness assumption. Let g : X — R be a convex Isc and
proper function with empty subdifferential everywhere (see [19]). Then take a continuous
linear function A : R — X such that dom g N A(R) # (). We easily check that the function
f = go Ais proper, convex, and Isc in R. This implies that there exists a point x5 € R such
that 0f(zo) # (0 and Theorem does not hold.

From the last theorem we deduce the subdifferential limiting calculus rule for the sum of
convex epi-pointed functions.

Theorem 3.14 Let fi, fo € ['o(X) be two epi-ponted functions and x € dom(f; + f2). Then
¥ € 0(fi+ f2) (x) if and only if there exist two nets (wy;,2%;)ier C X x X* such that
rhy € Ofe(zrg) kb = 1,2, mps — o, felzrg) — fe(z), (xr; —2,2%;) — 0, for k = 1,2, and

(f{,i + le) w_; x*.

Proor. We apply Theorem with Z = X x X, A: X — Z defined by Ax = (z,x) and
g(x1,29) = fi(x1) + fo(xa). We have f:= f1 + fo = go A. The sufficiency part is immediate,
taking y = (v,z) = Az, y; = (214, 72;) and y = (27, 25;), for i € I. For the necessity part,
we take x* € 0f(z). By Theorem there exists (yi, ¥ )ier C Z x Z* such that yi € dg(y;),
v =y = Az, g(y) = 9(y), (4 —y.4) — 0 and A*(yf) = 2*. Taking y; = (21, 22) and
yi = (27, 25;), by the formula dg(x1,22) = 0f1(x1) x dfa(x2), we get Th; € Ofr(vk;) and
zy; — x for k = 1,2. Suppose that limsup fi(z1;) — fi(x) >0 > 0. Then J :={i € I :
fi(z15) — fi(x) > 8} is a co-final set in I. It follows that g(y;) — g(y) > d + fo(za;) — fo(2)
for every i € J. Then taking the lower limits we get 0 > ¢ and, hence, fi(zg;) — fi(z), for
k =1,2. Finally, using the following inequalities

filers) = filzr) <@g — 2, 27;) < (w1 — 2,27 5) + (225 — 2, 25;) + fo(w) — falwa,) Vi€ 1,
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and taking the limits, we infer that (z,; — z,27;) — 0. O

3.3 Banach spaces

In this last section, we show how to recover from our previous results the classical Brgndsted-
Rockafellar Theorem in the context of Banach spaces, for any proper Isc convex functions
which are not necessarily epi-pointed. In the case of reflexive spaces, it is an easy exercise, us-
ing adequate perturbations of the convex function in order to obtain an epi-pointed function,

in the line of Examples and [1.12]

Proposition 3.15 Let X be a reflexive Banach space and f € T'g(X). Consider xo € dom f,
e > 0 and xf € 0-f(xg). Then there exist (x.,xt) € X x X* such that z¥ € 0f(x.),

€

|z — x0]| < Ve and ||t — z}|| < /e. In particular, dom f C domdf and dom f* C rgedf.

Proor. Consider xj € 0.f(xo). We define the function g(w) = f(w) + g0, (w), where
M > ||zo|| + € + /€. It is easy to see that g is epi-pointed, dom(g*) = X* and xj € 0.g(xy),
hence we apply Theorem with A\ = /¢, and 8 = 0, to get the existence of (z., %) €
X x X* such that 2 € dg(x.)), |[|[xo — || < /€ and ||aF — x§]| < v/e. From the fact that
z. € int B(0, M), we conclude that 2} € 0f(x.). O

Proposition 3.16 Let X be a reflexive Banach space and f € T'o(X). Then Of is a mazimal
monotone operator.

Proor. Let f € ['o(X) such that for every (z,z*) € gphdf we have (z*;z) > 0. We take
the function g(w) := f(w) + 3||z||>. Clearly, g is epi-pointed, and so by Theorem dg
is a maximal monotone operator. Morcover, for every z € X, dg(x) = 0f (z) + 05| - [P (2),
where 03| - ||*(z) = {2* € X* : (z*,z) = ||z]|* = ||z*||*}. Then, for every w* € dg(z),
(w*,z) > 0 and by the maximality we get 0 € dg(0). Finally, because 0f(0) = dg(0) we
obtain 0 € 9f(0). O

Proposition 3.17 Let X be an lcs, Z be a reflexive Banach space, A € L(X,7Z), g € T'o(Z) ,
f:=goA andx € dom f. Thenx* € Of(x) if and only if there exists a net (y;, y )ie; C ZXZ*

such that yi € 0g(y1), vi = y = Az, g(yi) = 9(v), (vi — y,y7) — 0 and A*(y}) = z*.

Proor. Consider the functions g := g + dg(a(x),1) and f:=goA. We apply Theorem to
f and obtain the existence of a net (y;, ¥ )ier € Z x Z* such that yf € 04(v:), yi — y = Az,

9(y) — 9), (i —y,y") — 0 and A*(y) Ys 2*. Because yi — y = Ax we can suppose
that y; € int B(A(x), 1), so we have g(y;) = g(y;) and by Proposition [1.16(a)| we have y €
9(y1). O

Finally we show that Brgndsted-Rockafellar’s Theorem can also be obtained from Lemma

B.7
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Theorem 3.18 Let X be a Banach space and h : X — R a convex Isc function. If z}, €
O2h(x), then for every n > 0 there exist x. € X and xt € X* such that ||zg — x| < e+,
|zy — x%|| < e+n and 2t € Oh(x.).

Proor. Take a sequence of positive numbers {n,},>1, such that > >° 7, < n and 7y =
e. We claim that if 2} € 9,2h(z,), then there exists (z,41,25,,) € X x X* such that
|20 — o |l <y 27, — 25|l < moand 24 € anﬁ+1h(xn+1)~ Take f:=h* and p :==n,| - |
and consider the duality pair (X*,w*, X, [|-||). Since z,, € 0,2 f(x})Nint dom(f + p(- —z};))*
(dom(f + p(- — z2))* D domh + 7,Bx(0,1)), we apply Lemma and we conclude that
there exists «},, € X* such that ||z}, —2}| < 7, and =, € O(f + p(- — 27))(z} ;). By
applying Proposition in X**, x, € 0f*(x; ) +nnBx++, and so there exists z** € X**
such that =, € df*(«*) and ||z, — ™| < n,. Finally, we apply Proposition to h
and g (3, ,,) With the duality pair (X, || - ||, X*, w*) to get M*Oos (2,,.0,) = (B + 0By (z.m0)) -
Next, we apply Proposition to h* and OB (z,m,) = OByes (zn.ma) With the duality pair
(X - e X w0") to0 got

epl(h’*;‘< + 5BX** (l?nmn)) = epl(h + 6BX($n777n)>** = epl (h’ + 5B(xna”7n))'

Therefore, there exist a net (i, as)ier € epi(h + gz, n,)) € X X R such that ; Ye 2 and

a; — h*(z*™), which implies the existence of an element iy € I such that z;, € B(zn,n,),
2 2

DL () > iy > h(w,) and B 4 (2f L @) > (2, 2") and set z,41 = 23,. Then

we get

2 2
* (% *% [ k% * (% M *% % M * *
h‘(anrl) + h (anrl) S h (LIZ' ) + h (anrl) + 2+1 S <LIZ’ 7xn+1> + 2+1 S <xn+17 xn+1> + n72L+17

so the construction of the sequences x,, and z7 is done. From the facts that ||z, —z, 11| < 70,
|zt — x| < mooand D50 i < +oo, it follows that (z,, ) is a Cauchy sequence. By the

n

*

completeness of X and X*, we conclude that (z,,x}) i (x-,x}), and so ||zg — z|| < e+,
|z — z%|| < e+ n. Hence, 2 € Oh(z.). O
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Chapter 4

Extensions of Zagrodny’s Mean Value
Theorem, integration theorems and
characterization of convexity for a
generalized subdifferential of functions
defined in locally convex spaces

4.1 Subdifferential on locally convex spaces

Now we begin with an extension of the definition (and also a more general definition in
Banach spaces) of quasi presubdifferential. This definition has been adapted from [114] and
motivated by the definition of the approximate subdifferential given by Ioffe [61], where the
author considers a reduction to finite dimensional spaces and also a reduction to subspaces
with nice properties for the Dini-Hadammard subdifferential (called by the author weak
trustworthy spaces) using the e-enlargement of the Dini-Hadammard subdifferential. Also
the e-enlargement can be find in the extension of the Limiting/Mordukhovich subdifferential
in any arbitrary Banach space (see for example |84, Chapter IJ).

We will simply call this object subdifferential instead of quasi presubdifferential as in [114].

Definition 4.1 (Family of subdifferential) Consider a directed (by inclusion) family of spaces
L of X which cover X and a directed set (I,=<). A net of operators {0 : i€ I,L € L}
(ordered by (i1, L1) < (g, Lo) iff i1 = iy and Ly C Ls) is a family of subdifferentials for a

function f € R* if,
1. 0y fx) CX* forallze X, icland L € L.
2. élLf(x) =0 forallz ¢ domf,i€land L € L.

3. For every L € L and every g : X — R convexr and Lipschitz, if xy is a local minimum
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of f+ g relative to L with f(xg) € R, there exist nets (xq, ) )aen € X X X* and a

subnet (0i,.r)acn of (Dip)ier such that x € L, x € O p f(%a), Ta EN To, TF N Ty
with 3 € — 9 g(xo) + L+ and liminf(z}, 29 — x,) > 0.

When {3} = {éL,i} is a singleton we simply say O is a subdiferential for the function f.

Property [3| is a kind of fuzzy controlled sum rule (see [72] and the reference therein
for more details and discussions about these properties). It is not difficult to see that all
the subdifferentials mentioned in the introduction satisfies Definition [4.1] when the function
is defined in a Banach space with appropriate smooth properties, for example: The G-
subdifferential of Ioffe and the Clarke-Rockafellar subdifferential in all Banach spaces, the
Fréchet subdifferential and the Limiting/Mordukovich subdifferential in Asplund spaces, the
Dini-Hadammard subdifferential in Banach spaces with Gateaux differentiable renorm, the
proximal subdifferential in Hilbert spaces, etc.

Example 4.2 (Examples of subdifferentials on locally convex spaces) The convex subd-
ifferential and the e-subdifferential form a family of subdifferentials for proper convex lsc
functions. The generalized Clarke-Rockafellar subdifferential, given by

o f(x) = {o* € X*: (z*,h) < fN(z;u), Vh € X},

where fT(z;u) is the generalized Clarke-Rockafellar directional derivative or the lower sub-
derivative of f at x with respect to u (see e.g. [104]), given by

fT(x;v) = limsup inf fa@' +tot) = f(2)

)
v'—=v t

N

t—07T

is also a subdifferential for every proper lsc function.

The approximate subdifferential, introduced by Ioffe (see, e.g. [60-62]), is given (for a
point z € dom f) by

O f(x) = () limsupd~ fuyr(u),

LeF uim

where f,.p = f+ I, r, F denotes the collection of all finite dimensional subspaces of X, 9~
is the Dini subdifferential and the lim sup is considered with respect to the weak™ topology in
X*. So the families 04 and {07 }rer (0 f(x) := 0" fryr(x)) are families of subdifferentials
for Isc functions. Also for any admissible family £ of weak trustworthy spaces of X (see
e.g. [59,61]), the family {0_, : ¢ > 0; L € F} given by 0_; f(z) := 0. foyr(x), where 9_ is
the e-Dini subdifferential.

Given a subdifferential J in the sense of |65, Definition 2.1.] and a family of subspaces £
of X such that 0 is trusted on £ (see |65, Definition 2.12.]) and £ covers X (for example
L = F), then the family 0y, f(x) := 0 fy1r(x) with L € F is a family of subdifferentials.

The next result is a Theorem on iterated limits, also it can be understood as a diagonal
argument for generalized sequences. The proof is very simple but the statement is not widely
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known, for this reason we prefer to present this result and make a small remark about
applications to lower and upper limits of nets. This result will be crucial in our investigation,
in the sense that it allows us to generalize the argument utilized in the proof of the classical
result, which considers sequences in the definition of subdifferential instead of nets as in our
setting.

Proposition 4.3 |75, Chapter 2 - Theorem 4, p. 69] Let D be a directed set, let E, be
a directed set for each n € D, let F be the product D x I, epE,, and for (m, f) in F let
R(m, f) = (m, f(m)). If Squn is a member of a topological space for each m € D and each
n € L, then S o R converges to ligln li7rln S(m,n) whenever this iterated limit exists.

Remark 4.4 It is important to recall that the previous Proposition is also valid to upper
and lower limits in the sense that if S, ) are real numbers such that for every n € D,
liminf S(, ) > Sy, then liminf S o R > liminf S,,. It can be easily proved using the lower
topology on R U {+00} generated by the base of sets of the form A, := {r : r > a} with
a € [—o00,+00), so with this topology it is easy to prove that a net s, — s if and only if
liminfs, > s (see e.g. [73, Chapter 3, Exercise F|).

Lemma 4.5 Consider C' C X convex and closed and p : X — R a continuous seminorm,
define df, : X — [0,400) by d%(x) = ingp(x — 2). Then we have that de is Lipschitz
FAS]

and conver, in addition, if there exists z € C' such that df,(z) = p(x — z), then 0.d%(x) C
O.p(xr —Z) N Ne(Z) € B,(0,1)° N Ne(2).

Proor. First it is clear that d¢ is Lipschitz and convex, now given z* € dd¢o(z), y € X and
z € C such that d%.(z) = p(z — 2)

(% y—(r=2)) = (@"y+2—2) <d¢(y+ 2) —do(z) < ply) —p(z - 2),
which means, z* € dp(x — z) C B,(0,1)°. Now consider y € C, then

(ty—2) = (=" y—2) + (2" 2 - 2) <d¢(y) —de(z) + (2", 2 — 2)
=0—ple—2)+ (5,2 —2) <0.

]

Two important tools are needed to develop subdifferential theory, one of them is the
definition of subdifferential and the second is the existence of variational principles. In the
setting of a Banach space these techniques have been well studied in the last fifty years for
Isc functions, such as Ekeland’s variational principle, Borwein-Preiss’s variational principle,
Godefroy’s variational principles and smooth variational principles in Asplund spaces among
many others ( [14,145,84,189]). Outside of Banach space it is impossible to generalize these
tools for all Isc functions, for this reason the family of w-lsc epi-pointed functions appears to
be promising to develop techniques of variation analysis in lcs spaces (see [30] for an extension
of classical results of convex analysis in Banach spaces to epi-pointed functions in lcs spaces).
The next lemma is a kind of variational principle for this class of functions in a general locally
convex space.
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Lemma 4.6 An Isc proper convex function g : X* — R is 7(Y, X)-continuous at * € dom g
if and only if g* — x* is w(X,Y)-infcompact. Consequently a w-lsc epi-pointed function f
satisfies that f — x* is w-infcompact for every z* € int(dom f*).

Proor. The first part is a classical result in convex analysis (see e.g. [88] and also |77}, chapter
6]). The second part is an easy application of the previous result, taking into account that
[ —a* is w(X,Y)-infcompact for every z* € int(dom f*) and f** < f, then {f —2* < A} C
{f*—a* <AL O

Lemma 4.7 Consider f a w-Isc and epi-pointed function, a,b € X, xf € X*. Then there
exists a continuous seminorm py such that for all seminorm p > pg and M > 1 the function
H(z) := f(z) — (z§,x) + Mdfa y(@) is w-infcompact. Consequently if ¢ is an e2-minimun
of the function H. Then for every positive lsc convex function g there exists c. such that
g(cc —c¢) < e and c. is a minimum of the function H(-) +eg(- — ¢).

Proor. Take yj € int(dom f*), consider po(x) := |[(ys — x§, )|, so for all ¢ € X

f(@) = (x5, 2) + Mpo(x — ) = f(x) — (25, 2) + (25 — Y5, ¢ — ¢)
— f() — (i) — (i — i)

Therefore f(x)— (z§, ) + Mpo(x — ¢) is w-infcompact, hence for all seminorm p > po, f(x)—
(5, ) + Mp(x —c) is w-infcompact. Now we show that H(z) := f(z)— (x5, z) + Mdf, ;)(z) is
w-infcompact. Indeed consider o € R and a net (x,)nep C {z € X : H(z) < a}, since |[a, b]
is compact for all n € D there exists u, € |a,b] such that d'[oa,b](a:n) = p(x, — u,). Moreover
(taking a subnet) we can assume u,, — u € [a,b]. Now take n € D such that for all n > ny,
p(u, —u) <1, then for alln > ng, z, €T :={x € X : f(x)— (z},z) + Mp(x—v) < S+ M}.
Finally because I' is compact, there exists a subnet (z;) — 2 of (y;) (therefore a subnet of
(x5,)). The second part follows from the fact that the function H(-) + eg(- — ¢) is also w-Isc
and infcompact, so H(-) + eg(- — ¢) attains its minimum, thus g(c. — ¢) < e. O

In the engineering thesis [92] the following extension of the Zagrodny Mean Value Theorem
for w-lsc and epi-pointed function in arbitrary locally convex spaces was proved.

Proposition 4.8 Let (X, 7) be an arbitrary lcs and consider a subdifferential d for a w-lsc
and epi-pointed function f. Then for every a,b € X with a € dom f and a # b, r € R
with v < f(b) and a continuous seminorm p such that p(a — b) # 0 there exists a net

(Ta, k) pen € X x X* and such that (x4)aea e [a, ], 2% €  f(xa),

(i) r— f(a) < liminf(b — a,z%). (iii) 25=3 (r — f(a)) < liminf(b— 24, 7,).
(i) 0 < liminf(c — zq, 27). (iv) p(b—a)(f(c)—f(a)) < plc—a)(r—f(a)).

This first step gives us the idea to extend this result to more abstract constructions in lcs
spaces. In this paper we present the following generalization of the above result. The proof
of the result is an adaptation of [114], and hence, as stated by the author, an adaptation of
the original work of Zagrodny [130].
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Theorem 4.9 Consider a family of subdifferentials {éLL ciel, L €L} fora given proper
Isc function f. Assume that one of the following conditions holds:

(a) The topology on X is generated by a family of seminorms (pr)rec, where for every
Le L, (L,pr) is a Banach space, and pyr < pr, for all M C L.

(b) f is a w-lsc and epi-pointed function.

Then, for every a,b € X with a € dom f and a # b, r € R with r < f(b) and every

continuous seminorm p such that p(a—>b) # 0, there exist ¢ € [a,b] and (T4, T5)aca € X X X*

such that {(in, Lo)}a ea is cofinal in I X L, (24)aea EN c, x¥ € éia,La f(zy) with x4 € Ly,
and

(i) r— fla) <liminfo(b—a,2y), (i) 223 (r — f(a)) < liminfo(b — . 23),
(ii) 0 < liminfa(c — q,2%), (iv) 2= (f(c) = f(a)) < (r = f(a)).

Moreover, if ¢ # a, then one has lim, (b — a,x}) =r — f(a).
Proor. Take z* € X* such that (b—a,z*) = r — f(a), and consider the function h = f — z*;
hence, h(a) < h(b). Because h is Isc, there exists ¢ € [a,b[ such that h(c) < h(z), for all
z € [a,b]. Take A € [0, 1] such that ¢ = (1 — A)a + Ab. It follows that ¢ —a = A(b — a) and
p(c —a) = Ap(b — a); hence, f(c) — f(a) = h(c) = h(a) + (¢ — a,z7) < A(r — f(a)), and

follows.

Let v < h(c), so that from the lower semicontinuity of h and the compactness of the closed
segment [a, b], we can find (a convex, closed and balanced neighborhood) U, € N such that
v < h(z) for all x € [a,b] + U,

In what follows, we choose py as in Lemma (associated with f, a, b and z*) if f is a
w-1sc and epi-pointed function, and py = 0, otherwise. From the previous paragraph, there
are U, € Ny, n > 1, such that U,1 C U, C B, ,, = {z € X : p(z) + po(z) < 1} (w.lo.g.)
and

1
h(c) — 5 < h(z) ¥n>1and Vz € [a,b] + U,.

We denote p, := oyg (= po) and df, () := df;'; (2), so that

h(e) < h(x) + %y (2) + ., Vo € U= [a,b] + Uy; (4.1)

)
n2

indeed, this inequality trivially holds when x € [a,b] + U,,, while for z € U\ ([a, b] + U,,), we

have that dj, , (z) > 1 and, so,

1
h( >+d[ab]( ) > h(C)—1+1 Zh(c>—ﬁ
Now, we consider the functions H,(z) = h(z) + df, ,(z) + dv(z), n > 1, which satifies

H,(c) < infy H, + -5, thanks to (4.1). To continue, we proceed by analyzing the alternative
of the current theorem:
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1. If we are in case (|(a)), we may assume w.l.o.g. that the p.’s are such that
BPL Q int(Ul), VL € L.

Then, for each n > 1 and L € L, by applying the Ekeland variational principle in the
Banach space (L, pr) we find a minimum u € L of the function H,(-) + n~pr(- — u)
on L such that py(c —u) < 1/n.

2. In the case of (]@, we choose a family of seminorms {p, } < that generates the topology
on X and such that B,, C int(U;), Vj € J, where J is an ordered set satisfying p;, < pj,
whenever j; < ja. Then, by applying Lemma [£.7], for each n > 1, j € J, and L € L, we
find a minimum u € L of the function H,(-)+n"'p;(-—c)+d; such that p;(c—u) < 1/n.

Consequently, in each one of the two cases above there exist an ordered set J, a cofinal
set D C N x J x £ and nets (unj,1)(n,j,0)eds (Un,j,L)n,j,L)en such that

1 . . _
pi(tnjr —c) < e H,(un 1) < Hy(c), upjr is a minimum of H, +n 1pj(~ — UnjiL):

hence,
Up,j,, — C. (4.2)

Moreover, since B,, C int(U;), we obtain that (u,;z) C int(U), and this yields that each
Un,j,r is a local minimum of the function f — o™ +df ; + n'p;(- — vn ) over L. Thus,
by Definition for each w := (n,j,L) € D there exists a net (Taw, 75, )acr, S X x X7,
together with elements

v, € 0df, 4 (un ) and by, ;1 € (By,)°, (4.3)
such that:
D) @i € D f(Tas), 4wty Sl
* * * 17 1 .. %
2) upsp € — (vn 0+ 3bh,n) + L 5) liminfo (%, ,, tnjL — Taw) > 0.

f
3) xazw - un’j7L7

Observe that, due to [4)| and ,

liminf(c — zou, 25 ) > lUminf(u,;; — Taw, s ) + Uminf(c — w, 0, 25 )
ot ’ a ’

a,w
«

> liminf(c — wunjr,75,) = (€ = UnjL, Up ;1) (4.4)

- «

Let ynj € [a,0] be such that dfj ;) (unjr) = pn(UnjL — YnjL); because upjr =L C
and ¢ # b, we may suppose w.l.o.g. that y,;, # b for all (n,j,L) € D, and so we write
Ynjr = (1= Anjr)a+ A jrb for some A, 1, € [0,1] . Moreover, by Lemma [£.5] we have that

adﬁz,b] (un,j,L) g apn(un,j,L - yn,j,L) N N[a,b}(yn,j,L) g B;n N N[a,b](yn,j,L)~ (45>
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Then due to (4.3), vy, ; ; satisfies
A=) —a,v, 1) = (1 =N)a+ A —Ynjr,v,,;) <0 foral \el0,1],
which yields
(b—a,v; ) <0; (4.6)

? n7j7L
moreover, when vy, ; ;, # a, we have A, 1 € ]0,1[ and the last inequality implies that

(b—a,vy, ;) =0. (4.7)
In particular, since ¢ € [a, b] we also have (recall the first inclusion in (4.5]))
(¢ = UnjrsVniz) = (€= YnjrsVnjz) = (UnjL — YnjLsVn i)
S <yn,j,L - un,j,Lav;j7L> S _pn(un,j,L - yn,j,L> S 0. (48>
We may assume that a,b € L for all L € £. Then, on the one hand, using [2)| and (4.6) we
get

* ]' >k
b —ausn) = 0= = (b—avh,) - b-ab,,) (4.9)

» Yn,g, L
. 1
> (b—a,2") = —p;(b—a) =7 — fla) = —p;(b—a),
n n
and so, because lim £p;(b — a) = 0 (w.l.o.g.), we deduce that that
liminf(b —a,uy ;) >r — f(a). (4.10)

n,5,L

On the other hand, by using again [2)|and the fact that a,b, u, ; € L, together with (4.8)),
we get

(€= Unjn,Up ) = (C—UnjL, ") — (€~ UnjL,Vp 1) — E(C — Un,jLy Uy i)
1
> (c—Upjp,T7) — ﬁpj(c — Up ) > (C— Upjp,T*) — pox

which gives us

lim inf (¢ — wn 5.1, Up ;1) > 0. (4.11)
gL o

Also, from the inequality H,(u, ;) < Hy(c), we get f(un ) < f(c) — (¢ — upnjr,x*),
which implies that

fle) < limiglff(uw’L) <limsup f(un;) < f(c),
7, n,j,L

and this together with 1) prove that w, ; r, AP

Finally, we consider the set A = x I, j ryenA(n, j, L) that we order by the relation
(v1,T1) = (9, T3) if and only if vy < vy and T1(q) < Ti(q) for all ¢ € D,

and define the net (z,r, x;’T) as Tqr = Tr(g) and xy = T3, We are going to check

(g, T)eA
that the previous net satisfies the conclusions of the theorem. By taking into account Lemma

[4.3] from the paragraph above the following statements hold true:
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i) z;p € aiT(q),L f(zqr), due to ,

i) x4 i>q7T ¢, thanks to and ,
iii) liminf,7(b —a, 2} ;) > r — f(a), by and {)| (see, also, Remark {4.4)),
iv) liminf, r(c — x4 7,7} 7) > 0, by and (see Remark .

Moreover, since that b — ¢ = (1 — A)(b — a), by using the last statements and
we obtain, for every p > po,

lirélﬂiﬂnf(b — Zqr, $Z,T> = lirél’}nf ((1 — N (b —a, m;T> + (¢ — zyr, xZ,T>)

>(1-2X) lirgiirnﬂb —a,T,7) + lirg%nﬂc — Tq1, Ty )

> (1= - fl@) = 55 =0 = f(a)

The main statement of the theorem is proved. If ¢ # a, then y, ;. # a and by (4.7) we
obtain that (b — a,v;, ; ;) = 0, which by (4.9) gives us
(b—a,up ;) —r—fla).

Then, using again Lemma we also may suppose that lim, (b — a, x;T> =0. O

Remark 4.10 It is easy to see that, when the space X is metrizable and the sets £ and
I have countable cofinal sets, we can take sequences instead of nets. Indeed assume that
there are nets (z,, x}) which satisfy the properties of the theorem above and let (L,,),en and
(in)nen be countable cofinal sets in £ and I respectively. Then for every n € N, there exists
a€Dandaz} € éLa,ia f(zq) such that L,, C Ly, i, < i, d(c,z4) < 1/n, [f(za)—f(c)] < 1/n,
r—fla) < (b—a,z}) +1/n,0 < (c—z4,2%) +1/n, % (r—f(a)) < (b—z4,2%) + 1/n,
which proves the assertion.

The next corollary is the density of the domain of the subdifferential. This class of
theorems are also known as Like-Brgndsted-Rockafellar Theorems. The generalization for
the convex case of an epi-pointed lsc function has been proved in [30].

Corollary 4.11 In the setting of Theorem if v € dom f, then there exists (zp,7})seu ©
gph 3Lﬁ7iﬁ [ such that zg 2 ¢ and lim inf(x — xg,25) > 0. In particular,

dom f C lim sup dom 3L,i f

L,

Proor. Let z € dom f. First assume that x is a local minimum of f, then for every L € L,

x is a local minimum of f relative to L, so there exists a net (z,,z)) € gphdr;, with

a € D(L) and 2} € L such that z, Jy 2z and xk N x5 and liminf(z — z,, 2%) > 0. Then we
define the set U = L x I ¢,D(L) and the nets y,r = rrr) and yp p = x}(L) and applying
Proposition we get the conclusion. Now assume that x is not a local minimum, because
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f is Isc we can find a net (x,),en Iy 2 with f(z,) < f(z). Then Theorem applied to
z,, x and r = f(z) and p,, with a seminorm p, such that p,(z, — ) # 0, yields that for

every v there exists a net (24, 2})acn() such that 2} € Orin [(Za); Za e, € [z,,z[, 0 <
Pl (f(2) = f(w) < liminf(z — 20, 27) and f(e,) < (o) + 2222 (f(2) = f(2)) <

pula—z,) po(@—c,)

f(z) (because % <'1). So limsup f(¢,) < f(x) and by Isc of f and the fact that for

every seminorm p we have p(x — ¢,) < p(z — x,) — 0, we conclude ¢, 1 . Finally taking
the order set U = N x I,eaD(v) and defining w;r = 27y and wi; = 27(;) and using
Proposition [4.3| we get the conclusion. O

The following statement is a classical result about the continuity and directional differ-

entiability of convex functions over the real line (see e.g. [105, Theorems 10.1 and Theorem
24.1]).

Proposition 4.12 Let h € T'o(R) be such that int(dom h) # 0, then the following assertions
hold

i) h is continuous relative to dom h; moreover, h is Lipschitz on every compact interval
included in int(dom h) and for all t € dom h.

1t t—t t'>t t—t
R’ (t) : =lim —f(t ) — (1) = sup —h<t) — ) eR,
/1t t—t ver t—1

and h'_(t) < W, (t).

i) Let t1,ty € domh, t < ty, then W (t1) < W' (ty). Therefore W, and h' are non-
decreasing on dom h and for every t € dom h

/ T AV NRT 1ot / T AR 1ot
R (t) = ltlf?tlh*(t) = %Iolh*(t)’ and h'_(t) = ltlllTItthr(t) = }‘/lélolhf(t).

The following (classical) result is due to Thibault-Zagrodny in the setting of Banach
spaces 117, Theorem 2.1|. More general approaches, which consider a nonconvex function
g can be found in [118, Theorem 3.2]. We adapt the proof of the classical statement ( [117,
Theorem 2.1]) to our framework.

Theorem 4.13 In the setting of Theorem consider a function g € I'(X) and a contin-
uous seminorm p. Suppose there exist € > 0, a net (¢;)ic; | € and an open convex set U with

U Ndom f # 0 such that
A f(x) Cg(x)+eB,(0,1)° + LY, YoeC, Viel,VL € L.
Then CNdom f = CNdomg and for all x € C, y € C'Ndom f one has

9(x) = g(y) —ep(z —y) < f(2) = f(y) < g(z) = 9(y) +ep(z —y). (4.12)
First we prove the following two lemmas.
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Lemma 4.14 Lety € CNdom fNdom g and x € CNdom g. Considery > € and a continuous
seminorm p such that p(x —y) # 0 and p > p. Consider u := ﬁ(fc__z) and h : R — R, given
by h(t) := g(y + tu) and assume that ¢'(y,u) € R. Then h € T'x(R), h is continuous on
domh 2 [0,p(z —y)], M\ (t) = ¢'(y + tu,u) for all t € domh and there exists xo = y + tou

with ty € (0,p(xz —y)) such that

f(xo) — f(y) < g(x0) — g(y) +vp(z0 — ).

Proor. Clearly h € I'(R) and [0, p(x — y)] € dom h, so by Proposition h is continuous
on domh, I, (t) = ¢'(y + tu,u) for all t € dom h and

. / . / N !
lgir(r)lg (y + tu,u) = 1t1¢r(r)1h+(t) = h’(0) = ¢'(y,u),

by our assumption ¢'(y, u) is finite, therefore there exists ty € (0, p(x — y)) such that ¢'(y +

tou, u) < ¢'(y,u) + 5(v — €). Define xg := y + tou €y, [, hence

9y +tow) —g(y) 1 g(wo) —gly) 1
i +5(r—e)= (t0— 1) +50r—e).

We claim that f(xo) — f(y) < g(xo) — g(y) + vp(xo — y). Indeed suppose it does not hold,

which means f(zo) — f(y) > g(zo) — g(y) + vp(zo — y). Choose r € R such that r < f(x)

and r — f(y) > g(xo) — g(y) + vp(zo — y). By Theorem [4.9| there exists z, — 2z € [y, xo[ and

x¥ € O, 1, f(xs) such that x4 € Ly and p(zo — 2)(r — f(y)) < p(xo — y) iminf (2g — 24, 27).

Without loss of generality we may assume that xy € L, for all a. Since p(xg—2x,) — p(xo—2)

we have
—r —f) < lim inf <—_x0 — o ,:cj;> :
plzo —y) plro — o)
Then there exists g such that for all o > «y
< Lo — Lo *> 9(xo) — g(y)
—_ Y > - N
p(zo — Ta) p(zo —y)
Since z, — z € [y, 9|C C, we may assume that z, € C for all @ > . So by our assumption
we can assume that 7, = 2% 4+ & u’, + N5 with 2% € 0 g(z,), u’, € B,(0,1)° and X, € L,* for
all @ > «ag. Hence
9(w0) = 9(Ta) o\ _To T s 9(xo) — 9(y)
p(xo — Ta) p(xo — Ta) p(zo — y)

so taking into account the lower semi-continuity of g we get

g,(x(]?u) <

+7

+7—s&, Vo> ap,

gip(()il?)o_—gz(;) - g(pm((jt)o_—gy()y) +7—¢e 2> g (wo,u) + %(7 — ) > g'(xo, u). (4.13)

Since z € [y, xo[, 2 = y + su for some s € [0,ty[ and using the convexity of h we get the
following inequality

plxg — 2) to—s
which contradicts (4.13]). Therefor, necessarily we have that f(x¢) — f(y) < g(xo) — g(y) +
V(0 — ). 0
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Lemma 4.15 Let y € CNdom f Ndomdg and x € C Ndomg. Consider v > ¢ and a
continuous seminorm p such that p(x —y) # 0 and p > p. Then f(x) — f(y) < g(z) —g(y) +

p(r —y).

Proor. Consider u := m, since 0 g(y) # 0, we have that g(’“&)x y()) > ¢'(y,u) > —oo, which
means ¢'(y,u) € R. Then by Lemma [4.14] there exist zy = y + tou with ¢y € (0, p(z — y))

such that
f(xo) — f(y) < g(x0) — g(y) +vp(z0 — ).

Now define T'= {t € (0, p(x —y)] : f(y+tu)— f(y) < g(y+tu) — g(y) + vt} and consider
t .= supT, because f is Isc and h (the same definition as in Lemma is continuous on
[0, p(z — y)] (see Lemma [4.14)), we obtain t € T. Moreover suppose that ¢ < p(z — y), define
§ = y + tu and noticing that u = ( gg) and y € C'Ndom f Ndom g, besides

Mpte = y) =Ml _ 9@ = 90) » gy = (7 > 1o(0) = ' (y,u) > —oc.

ple—y) -t ple—7y)

Hence ¢'(y,u) € R, again using Lemma there exists xg = ¢ + sou with sq € (0, p(x — 7))
such that

f@+ sou) — f(§) < g(g + sou) — g(y) +vp(x0 — §) = 9(§ + sou) — g(y) + 750,
then adding f(7) — f(y) < 9(7) — g(y) + t7 we get
fly+ (E+s0)u) — f(y) < gy + (E+ s0)u) — g(y) + (£ + 50)7,

which contradicts the choice of . Hence t = p(z — y). O

Proof of Theorem [4.13| First assume that y € C Ndom f Ndomdg, x € C' N dom g and
x # y and choose a seminorm py such that po(z — y) # 0, define p, := p + n~'py, then by
Lemma flz)— fly) < g(x) — g(y) + vpn(x — y) for all v > €, and n > 1, therefore

flz)—fly) <g(x) —g(y) +ep(z —y), Yo € CNdomg, Yy € C Ndom f Ndomadg.
(4.14)

Now, taking x € C'Ndom g and (if there exists) y € C'Ndom f such that x # y, by Corollary

A4.11| there exists (ya,y)) € gph éia,La f such that y, EN y. Because y € C', C is open and
Yo — Y, We can suppose that y, € C' and y, # z for all a; moreover from our assumptions
T € dom f N'dom d g, then by Equation (6.7))

f(@) = f(za) < g(x) — 9(2a) + ep(z — 20).
From the lsc of g we conclude
flx)— fly) < g(x) —g(y) + ep(x —y), Vo € CNdomyg, Vy € C Ndom f. (4.15)

So on one hand, using Equation and the fact that C' N dom f # ), we easily get
CNdomg C CNdom f. On the other hand, take y € dom f N C, then by Corollary
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there exists (ya,y:) C gph éimLa f such that y, EN y, so by our hypothesis there exists
some «aq such that y, € CNdomdg C C'Ndomg. Then if y, = y for all @ > «p, we
get y € C'Ndomg, otherwise we can assume that y, # y for some y,, then implies
y € CNdomg. It proves that dom f N C = dom g N C. Therefore, interchanging the roles of

z and y in (6.8)), we conclude (4.12). O

Corollary 4.16 In the setting of Theorem[{.13, assume that e =0 and C = X. Then there
exists ¢ € R such that f = g+ c.

Proor. By Theorem we have dom g = dom f and f(x) — f(y) = g(z) — g(y) for all x,y.
Therefore fixing = € dom f, we have f(y) = g(y) + f(z) — g(x), for all y € X. O

To show the potential application of Theorem we give a short proof of two results
available in the literature referent to integration theorems. It worth mentioning that the
original proof of the two result does not follow the argument presented in this paper and even
they cannot be covered by the original statement of [117, Theorem 2.1|, therefore Theorem
[.T3]allow us to include three results, which appeared to be independent, in a same framework.

The following corollary is due to Thibault [81, Theorem 1.2] (see also |25, Corollary 10.]
for a nonconvex approach). In this paper the authors use the e-subdifferential of a proper lsc
convex function f to establish conditions to recover a function from its subdifferential in an
arbitrary locally convex space. More precisely we have the following statement.

Corollary 4.17 Let X be an lcs and let f,g : X — RU {400} be two proper lsc convex
functions such that for every x € X there exists §(x) > 0 such that 0. f(x) C 0. g(x) for all
e < 0(x). Then there exists ¢ € R such that f = g+ c.

Proor. Fix € dom f and consider y € dom g different from x, consider L as the sub-
space generated by xz,y and let U be a closed neighborhood of zero such that z,y € int(U)
and B = L NU is compact, then the functions f = f + dp and § = g + dp are w-Isc

and epi-pointed, since for every w € X, 0 f(w) = (.o, 0= f(w) + 0- op(w)  and 9g(w) =
Neso 0= g(w) + O: op(w)  (see e.g. |57, Theorem 2.1]). Therefore for every w € X

0 f(w) = () 0- F(w) + 0: 0m(w)”

e>0

C 0. g(w) + 0. 0p(w)”

=0 g(w).
Then by Corollary we get € dom§ C domg, y € dom f C dom f and f(z) — f(y) =
9(x) = g(y). O

Remark 4.18 It is worth mentioning that one can apply the result above with a nonconvex
function ¢ passing to the closed convex hull or to the biconjugate function. Indeed if one
have some inclusion of the form 0 f(x) € Jg(x) then necessarily 0 f(z) C 0g¢**(x) and
0 f(x) C 0cog(x), because when 0 g(z) is nonempty g(z) = ¢**(z) = cog(z) and dg(z) =
09" (x) = DT 9(x).
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The following corollary is a particular case of a more general result |33, Theorem 4.8]
(see also |25] for another approach). For the sake of simplicity in our statement we avoid the
introduction of more sophisticate notions of convex and non-smooth analysis.

Corollary 4.19 Let f : X — R be a w-Isc and epi-pointed function and let g : X — R be
an arbitrary function such that

Jf(x) Cog(x) Ve € X. (4.16)

Then there exists a constant ¢ € R such that f** = ¢"”*Oogom s+ + .

Proor. Consider z* € 0 f**(x), then x € 0 f*(z*), by Proposition we have that

0 f*(a*) =" (9 f) " (2%) + Naom s+ (2%),

which means there exist y, A € X, and nets y; = Y ;' | afwF such that z = y + A, y = lim y;,
>0, of =1and 2* € 9 f(wf), by the inclusion of subdifferential yields z* € 8 g(wF),
so wi € 0 g*(z*), then using the fact that 0 g*(z*) is convex and closed, we get y € 9 g*(z*),
consequently z* € 9 g*(z*) + Naom s+ (z*) € (9" + dgom7=)(x"), s0 2% € A(g" + dgomp=)" (7).
Therefore by Corollary there exists a constant ¢ € R such that f** = (¢" + dgom=)" + ¢
Finally, taking 2* € int(dom f*) and by Lemma[4.6] there exists Z € X such that z* € 9 f(z).
Then by the inclusion of subdifferential and the Fenchel duality, z € 9 g*(z*), in particular
z* € dom ¢g*, which allow us to apply |31, Lemma 3.d| and conclude f** = ¢**Ooqom f+. U

The following theorem is due to Correa-Jofre-Thibault |35, Theorem 2.2 and 2.4| for an
Isc function definite in a Banach space X. We extend this result for weakly lsc epi-pointed
functions definite in an arbitrary locally convex space.

Theorem 4.20 In the setting of Theorem[{.9, assume that 9 is a subdifferential and consider
the following statement:

(i) f is convex.
(ii) O f is monotone.
(iii) O f(x) C O f(x), for allz € X.

Then (ii) and (iii) are equivalent and each one implies (i). In addition, if O f coincide with the
convex subdifferential for every convex function f, then the three statements are equivalent.

PROOF. = |(ii1)], first, if dom f = ), then f = +o00, so the theorem is true, if dom f # (),
then take a € dom f, x € domd f, a seminorm p such that p(a — z) # 0, * € 0 f(x) and
r € Rwithr < f(z). Then by Theorem [1.9] there exists a net (z4,2},) € gphd f and ¢ € [a, b]
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such that x, — ¢ and

- plz - a) iminf(a}, v — o
- o) < BE= S tmint (et - )
_ ez a)y LTt —x T —x
TR lim inf {(z, : o) + (27, o)}
. p(.’]f CL) : * —z :p(a:—a) r—oc =(r*r—a
(by the monotonicity) < ——= p P liminf(z*, x — z,) —p(x—c)< : ) = (z%, ).

Therefore € dom f and z* € 0 f(x). Now = follows from the monotonicity of the
0 f. Finally = (@) by we get 0 f(x) C 0 f*(x), for all x € X, then by Corollary
4.16| we get f = f**. The final implication is only a matter of using the extra hypothesis. [
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Chapter 5

A complete characterization of the
subdifferential of convex integral
functions

5.1 Introduction

Several problems in applied mathematics such calculus of variation, control theory and
stochastic programing among others concern the study of integral functionals (see Defini-

tion of the form
o) € %= Eyta() i= [ fta(t)dute).

T

Optimization problems which include integral functions and functionals offer rich and chal-
lenging territory for variational analysis. Indeed, it is around such problems that the theory
of normal integrands has traditionally been used, namely, in calculus of variations, where
the underlying spaces X are of Sobolev type. Models which consider integrals with respect
to time are common in the study of dynamical systems and their optimal control. On the
other hand, when the model is represented by random states, for instance density distribu-
tions, the problem is also formulated under the sign of integral. Applications to stochastic
programing, often concern the study of expectation that are obviously defined by integration
over probability spaces.

It is natural in the classical studies of calculus of variations, to consider integrands f (¢, x)
which are continuous in ¢ and z jointly, or indeed differentiable. Later, mathematicians con-
sidered models with integrands that are finite valued on T' x R", and usually satisfying the
Carathéodory condition; that is, f is assumed to be continuous in x € R™ and measurable
with respect to ¢t € T. In all of these cases one can easily notice that for every measurable
function z(-), the function t — f(¢,x(t)) is at least measurable and, hence, (7)) is well defined,
using the convention adopted for the extended-real line. However,due to new mathematical
models, specially the emergence of modern control theory, the integrands are forced to admit
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possibly infinite values, in order to include different important kinds of constraints that can
efficiently be represented by these integrals. Such integrands require a distinctly new theo-
retical approach, where questions of measurability, meaning of the integral and the existence
of measurable selections are prominent and are reflected in the concept of normal integrands.

One could hope that it might be enough simply to replace the continuity of f(¢,z) in z
by lower semicontinuity, while maintaining the measurability of f(¢,z) in t. Nevertheless,
it is not enough to ensure the measurability of t — f(¢,z(t)). Indeed, consider T' = [0, 1]
and A as the Lebesgue measurable sets in [0, 1], and consider a non-measurable set D in
[0,1]. Then define the function f(t,z) = 0if ¢t = x € D and f(t,z) = 1 otherwise. The
measurability and lower semicontinuity of the function f hold trivially in this case. However,
considering x(t) = t, one can verify the lack of measurability of the function t — f(¢, z(t)).
This example shows that although lower semicontinuity in x is certainly right, the assumption
of measurability in ¢ for each fixed x is not adequate.

The way out of this impasse was found by Rockafellar [99] in the concept of normal convex
integrands, which were defined by Rockafellar [99] as (for an equivalent way see Section |1.4]):
We shall call a convex integrand f := f(t,x) normal if f is proper and lower semi-continuous
in x for each t, and if, further, there exists a countable collection U of measurable functions
u from T to R™ having the following properties: (a) for each uw € U, f(t,u(t)) is measurable
int; (b) for each t, Uy Ndom f; is dense in dom f;, where Uy = {u(t) : u € U}.

The notation of convex normal integrands was the link that allowed to connect the theories
of Measurable multifunctions and subdifferentials. The preservation of the measurability of
multifunctions under a broad variety of operations, including countable intersections, count-
able unions, sum of measurable multifunctions, and Painlevé-Kuratowski limits, made this
theory very popular in various problems of applied mathematics during the last four decades.

Among many important properties in the theory of measurable multifunctions, one of the
most useful, at least for the author’s experience from the beginning to the end of this thesis,
is Castaing’s representation of a measurable multifunction. This mathematical result comes
from Castaing’s thesis [21] (see, also, Castaing-Valadier’ book |22| for more details about this
fascinating theory) and basically express the possibility of getting some measurable selection
in every measurable multifunction (see Proposition [I.21)).

Castaing’s representation theorem is intrinsically related to the possibility of extending the
definition of integration of a function to a set-valued mapping, considering their measurable
selections which are also integrable. For our purpose, this corresponds to the possibility of
representing formulas for the subdifferential of integral functionals, in a similar way as the
Leibniz integral rule.

Some of the classical studies about this class of functionals can be found in Castaing-
Valadier [22|, Ioffe-Levin [66], Ioffe-Tikhomirov [67], Levin |79]|, Rockafellar [99,/101}[102].
Other recent works about this class of functionals are Borwein-Yao [12], loffe [64], Lopez-
Thibault [80] among others. A summary of the elementary theory of measurability and
integral functionals in finite dimension can be found in [103}106|, and for infinite dimensional
spaces it can be found in [22,[58}|127}/128).
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The aim of this Chapter is to bring formulas for the e-subdifferential of the convex integral
functional I; this particular case is also known as the continuous sum. A well-known formula,
given by loffe-Levin [66], shows that under certain continuity assumptions, the following
formula holds for the subdifferential of [:

1(x) = /T 0 £(t, 2)du(t) + Naom, (z), for all z € R, (5.1)

where the set [, f(¢, x)du(t) is understood in the sense of (|1.6), that is to say, as the set of
points of the form [, x(t)dsu(t) where z is an integrable function such that (t) € 0 f(t,-)(z)
for almost all ¢t € T (ae for short). One can compare (5.1]) with its discrete counterpart,
which declares that for every two convex lIsc functions fi, fo such that f; is continuous at
some point of the domain of f, one gets J(f1 + f2)(x) = 0 fi(x) + O fo(x) for all x € R™
So, a reasonable idea is to give similar formulas as the ones given in the discrete case by
Hiriart-Urruty and Phelps without qualification conditions (see Proposition . Hence, it
feels natural to think in a generalization of as

01s(z) = ﬂ cl { /Tﬁn f(t,z)dp(t) + Ndomf(x)} for all z € R™. (5.2)

n>0

However, such a mathematical expression does not hold without any qualification conditions;
indeed, one can even find counterexamples where the set [, 0. f(t,z)du(t) is empty and the
integrand f;(-) is smooth at the point of interest (see Example [5.12)).

The above example motivates us to use larger sets than [, 0. f(t,x)du(t) to generalize
(8). With this in mind we provide general formulas for the e-subdifferential of convex integral
functionals defined in an arbitrary locally convex space (see . Later, we derive many
corollaries and simplifications under classical qualification conditions. Finally, in Section
we provide a characterization of the subdifferential of an integral functional by means of
limits of integrable selections of 0 f;.

5.2 Preliminary results

The next definition corresponds to the notion of decomposability in locally convex Suslin
spaces |22, Definition 3, Chapter VII|.

Definition 5.1 (i) Assume that (T, A) = (N, P(N)). A vector space L C X7 is said to be
decomposable if

coo(X) :={(x) : Fko € N such that x), = 0, Vk > ko} C L.

(ii) Assume that (T, A) # (N, P(N)). A vector space L of weakly integrable functions in X7 is
said to be decomposable if for every u € L, every weakly integrable function f € XT such that
f(T) is relatively compact, and every finite-measure set A € A, we have that f1,+ul sc € L.

The specification of the decomposability above to the underlying o-Algebra (T, .A4) makes
sense, since both definitions may not coincide. For instance, if X = R and p is a finite
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measure over (N, P(N)), then the space L = cyo(X) is obviously decomposable in the sense
of Definition (i), but not with respect to Definition (ii). Indeed, the decomposability of
L in the sense of Definition (ii) would imply that ¢ C L. Typical decomposable spaces
in the literature are the spaces LP(T, X).

We shall extensively use the following result, which characterizes the Fenchel conjugate of
I 7. The first part of it, corresponding to the case when (X, X*) is a dual pair of Suslin spaces,
can be found in |22, Theorem VII-7|. In the second part, we obtain a similar representation
of the conjugate of I; when (T, A) = (N, P(N)).

Proposition 5.2 Let L(T, X) and L(T, X*) be two vector spaces of weakly integrable func-
tions from T to X and X*, resp., such that L(T,X) is decomposable and the function
t — {(v(t),u(t)) is integrable for every (u,v) € L(T,X) x L(T,X*). If f : T xX — R
is a normal integrand such that I;(uy) < oo for some uy € L(T, X), and either (X, X*) is a
dual pair of Suslin spaces, or (T, A) = (N, P(N)), then for all v € L(T, X*)

~

Ip-(v) = sup /(<U(t);v(t)>—f(t,U(t))dM(t),

veL(T,X)
T

Proor. First, we may suppose w.l.o.g. that ff(uo) € R; because, for otherwise, ff(uo) = —00
and the conclusion holds trivially. So, the proof in the first case of Suslin spaces follows
from |22, Theorem VII-7|. For the proof in the second case of (T, A) = (N, P(N)), we denote

0(n) :=(uo(n), v(n)) = f(n,uo(n)),

a :=sup /((u(t),v(t)) — flt,u(t))du(t) v e L(T, X)

and consider the sequence (z) € L(N, X) defined for n > k by zx(n) = ug(n), and for n < k
by

zr(n) = wy,
where w, € X is any vector such that (w,,v(n)) — f(n,w,) > max{f*(n,v(n)) — +,0(n)}
when f*(n,v(n)) < +o0, and (w,v(n)) — f(n,w) > max{k, d(n)}, otherwize. Then, for every
k ko € N, with ko < k,

azL/@Mmmm»—fmmammmm+-/<mmmvm»—fmwummmm

n<kg n>ko

> [ Gwuln)om) ~ fonnm)datn) + [ St

n<ko n>kg

Then, taking the limit on k& we get « > [ f*(n,v(n))du(n) + [ d(n)du(n), and the
n<ko n>ko
inequality a > [ f*(n,v(n))du(n) follows as ko goes to +oo. This finishes the proof because
N

the converse inequality o < [ f*(n,v(n))du(n) holds trivially. O
N
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Remark 5.3 t is worth mentioning that in the above result one can always use L(T, X*) =
{0}, then the above result gives an interchange between infimum and the sign of integral.

The second well-known result gives a representation of the Fenchel conjugate of I 7 in
L>°(T, X). This result was first proved in |[102, Theorem 1| for the case X = R", and in [101}
Theorem 4| when X an arbitrary separable reflexive Banach space.

Theorem 5.4 Let X be a separable reflexive Banach space, and f T x X = RU {400}
be a normal convex integrand. Assume that the integral functional I defined on L™=(T, X) is
finite at some point in L(T, X), and that I;- is finite at some point in L*(T, X). Then the
Fenchel conjugate offf on (L°(T, X))* is given by, for every u* = £*+s* with ¢* € L'(T, X*)
and s* € L*™(T, X),

(I @) = [ £ECOWO + 04, ()

A straightforward application of the above theorem gives us a representation of the sub-
differential of integrand functionals. The proof can be found (for e = 0) in [102, Corollary
1B| for the finite-dimesional case, and in |80, Proposition 1.4.1.] for arbitrary separable re-
flexive Banach spaces. The proof of the general case ¢ > 0 is similar, and is given here for
completeness.

Proposition 5.5 With the assumptions of Theorem , Jor every u € L>(T, X) and £ > 0,
one has that u* = (* + s* € 0.1;(u) (with (* € LY(T, X*) and s* € L*" (T, X)) if and only
if there exists an integrable function 1 : T — [0,400) and a constant 3 > 0 such that

C(t) € Osyy f(t,u(t)) ae, s* € N2 - (u), and /51(t)d,u(t) +ey <e.
1

domff

Proor. Take u* = ¢* 4+ s* in agff(u); hence, u© € dom ff. Then by Theorem and the
definition of e-subdifferentials we have

[ o)+ £6.00) = (€0 uON (O + (G, ()~ (57)) <=

Hence, we conclude by setting e1(t) := f(t,u(t)) + f*(t, €5(t)) — (€*(¢),u(t)) (> 0) and &5 :=
Taom, (") = (s7,w) (= 0). O

The next result, also given in [102, Theorem 2|, will be used in the proof of Theorem

Theorem 5.6 Let f : T x R* — R U {400} be a normal convex integrand. Assume that
u € L™(T,R™), and that for some r > 0 the function f(-,u(-) + x) is integrable for every x
such that | x| < r. Then there is some u* in L'(T,R") such that u* € dom I ;.. Moreover, I;
is continuous (in the L=(T,R™)-norm) at u wherever ||u — t|loo < 7.

In the two following lemmas we consider a finite-dimensional Banach space subspace F' of
X, endowed with its dual F* with norms || - || and || - ||+, respectively, together with the
continuous linear projection P : X — F, whose dual is denoted by P*.
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Lemma 5.7 There exists a constant M > 0 and a neighborhood W € Ny (only depending
on P and F')) such that for every integrable function u*(-) : T' — F* the composite function
P* o u*() is integrable and satisfies oy (u*(t) o P) < M|ju*(t)|

F*.

Proor. Since P : X — F'is a continuous linear mapping, there exist M > 0 and neighborhood
W € N such that || P(z)||r < Miowe(x) for all x € X and, hence,

w00 P) = sup(u" (1) P) < My sup {u'(1).) = My o (1)

Fx-

We are done since the function P* o u*(-) inherits the measurabilty from u*. [

Lemma 5.8 Assume that both X and X* are Suslin and let v* : T — X* be a weak™-
measurable function. Then

A= {(t,x*,y*,v*) ET X X*xX X*x F* | $*+y*+P*(U*) _ u*(t)} c A@B(X* < X* XF*)

Consequently, given measurable multifunctions C1,Cy : ' T' = X*, C3 : T = F*, the multi-
function C': T = X* x X* x F* defined as

(x*,y*, 2") € C(t) & (z%,y", 2%) € C1(t) x Cy(t) x Cs(t) and u*(t) = x* + y* + P*(2"),

18 measurable.

Proor. Consider the functions g(¢,z*, y*,v*) = 2* + y* + P*(v*) — u*(t) and h(z*,y*,v*) =
¥ +y*+ P*(v*)), we claim that h is (A® B(X* x X* x F*), B(X))-measurable. First assume
that «* is a simple function, that is, there exist a measurable partition of 7', {7;}i1,, and
elements zF € X such that u*(t) = > xf15(t), then it easy to see that for every open set
Uon X*, ' (U) =U_, T x o' (B+1}) € A® B(X* x X* x F*) so h . Now if u* is
measurable, then by [22, Theorem II1.36 | u* is the limit of a a sequence of simple functions
uy, so considering a countable dense set D on X we can write

6= UN{ta"y.v)eTxX" xX*xF* | [{a"+y"+ P (v*) —up(t),v)| < 1/i},

veEDie>1 jeN k>j

therefore & € A ® B(X* x X* x F*). O

5.3 Characterization via s-subdifferentials

In this section we characterize the sudifferential of the convex function /¢, by means of the
e-subdifferentials of the functions f(¢,-), t € T. As before, X and X* are two lcs paired in
duality, and let f : T x X — R be such that for every finite dimensional space F of X,
Jie 1T X F — R a is convex normal integrand.

We start with the main result of this section.
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Theorem 5.9 For every € > 0 we have the formulas

0: 1(x) = ﬂ U /aé(t)(ft + 5aff{LﬂdomIf})(x)dN(t) Nggmlme( z) (5.3)

LeF(z)e=e1te2 | p
€1€2>0
LeT(er)

- ﬂ U /3£(t)(ft+5Lmdom1f)($)dl~b(t) . (5.4)

LeF(z)eez(e) \ 7

Where F(x) := {V C X V' is finite dimensional linear space and x € V} and Z(n) :=
(e LT, R,) : [, £(t)du(t) < n}.

Proor. First suppose z = 0. Take z* € 0.1;(0) and choose L € F(0) and define F' =
span{LNdom I} = span{e; }I, (where e; € LNdom I is a basis of F). Consider a continuous
projection P : X — F and f T x F — R the restriction of f to F, we have z* €
0-(If + 6r)(0), hence define y* = z* o P and N* = z* — y*. Now y* € 0.(If + dr)(0),
Y, € 0:(17)(0) and N* € F+.

Because dom I; = F'Ndom Iy # 0 and span{dom [; N F'} = span{domI; N L} = F is
a finite dimensional subspace we have that I; j 1s continuous on rip dom] that is to say,
there exist n > 0 and ¢ € dom Iy N L such that z¢ + nco{=e} C dom ;. Hence iftheF
belongs to nco{+te;} we have that f(-,z¢o + h) is integrable, so applylng Theorem |5 - we
have I; 7 is continuous in a neighborhood of zq (in L™(T', F)) and the hypotheses of Theorem

are satisfies. Then we can apply the composition rule to I}, so 9. I;(0) = A*(0. ff(()))
see Proposition , where A : X — LOO(T, F) is given by A(h) = hly and A*(u* +

= [ (u* ) + v(hlg), where u* € L(T, F*) and v* € LSing(T F) Then there are
o 6 L (T, F*) and B* € L¥8(T, F) such that yp,.(h) = = [ (a* du(t) + 5*(hly)
for all h € F.

Moreover by Propositionthere exist €1, > 0 and ¢ € Z(e1) such that a(t ) € Oy f( 0)
p-ae and adomff(ﬁ) < &9, so we define z* € LY(T, X*) and \* € X* by 2*(t) = P*(a*(t)) =
a*(t) o P and \*(z) = B(P(x)1r) respectively.

From Lemma z* € LYT,X*). Now from the fact that a(t) € Oy £:(0) ae and the
definition of 2* we have z*(t) € Oy (fi + dspan{dom 1,n2})(0). Since A(domI;) C dom [; we
conclude that A* € Ngom1;,nz(0). So we get

xt € U /az(t)(ft +5aH{LmdomIf})(0>d:u( ) NmeImL(O)

e=e1+e2
e1,e220 T
VeLs

Finally using the fact that () 0.(I; 4+ d.)(0) = 0. 1;(0), we obtain the first equality of

LeF(z)
equation [5.3| for x = 0.
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In the general case consider g(t,y) = f(t,y + x) is easy to verify epig; = epi f; — (z,0).
Then

oL@ =050 = () U 1 [ 000+ bustzrion 1) O(O) + Nip,00(0)
LeF(0)e=e1te2 | p
€1, 62>0
0eZ(eq)

Then if we suppose that L € F(z), we have 8e(t) (9t+5aff{mdom Ig}) (0) = az(t) (ft+5aff{mdom If}) (x)
and NggmlgﬂL(O) NggmlfﬂL(x)

To prove Formula ((5.4)) consider 2* € 0. I;(z) and L € F(z), then there exists 1,9 > 0
such that ¢ = &, + &, integrable functions ¢ € Z(e2), y(t) € Do) (ft + dasi{zrdom1,3)(7) and
A" € Niom 1,0z such that z* = Jpy®)du(t) + X, so taking A*(t) := c(t)\* and £y(t) = ezc(t),
where ¢(t) > 0 and [, c(t)du(t) = 1 we get:

Y (1) + A () € Oeity 0y (fi + Ot {rdom 1,1) (2)
and [£(t) + lo(t) =€
T

Finally the right side of (5.4) is trivially included in 0. I;(x). O

Remark 5.10 It is worth mentioning that theorem above also holds if instead of the set

F(x) we take some subfamily of finite dimensional £ C F(z) such that () 9.(I;+dz,)(x) =
neN
0. I¢(x), for example if, the space X is separable, or more general if, epi/; is separable, we

can take (z;, a;)i>1 dense in epily, so we define L, := span{z,z;}!" and it is easy to see that

N 0=(Iy +0r,)(x) = 0= ().

neN

Remark 5.11 The reader can notice that in Theorem we can consider the hypotheses
for every finite dimensional subspace F' of X, f, is normal integrand and €or Iy = Ir5, r, We
have the formulas [5.3] and [5.4] change to

O Iix)c (1 U /aé(thm,F(t)(ft+5aff{mdom1f})(x)d/~b() Niomr;n(®) ¢
LeF(z)e=e1te2 | 1
€1,622>0
KGI(é‘l)

Oc Iy ﬂ U /af(t)erz,F(t)(ft+5Lmdom1f)(3?)d,u(t) )

LeF(z)eez(e) \ 7

respectively, where m, r(t) := f(t, ) —Cop f(t,x) is the modulus of convexity over F'. More-
over we notice that if d. Ir(x) # 0, then fmacL t)du(t) < e. Indeed take F' € F(z), o

the one hand for every t € T, f(t,x) > co(f(t )ip)(x) > €0 f(t,z). On the other hand
if 0. I(x) # 0 we have If(x) < @ If(x) + ¢ and by the hypothesis I ¢(x) = T I;(z), so
If(z) < Iss () + ¢, that implies, [ f(t,x) —o(f(¢,-),)(x)du(t) < e. In particular if f is a

T
convex normal integrand we have m,(-) = 0. We do not put this in the principal statement
of Theorem [5.9] because this formulas can be deduced from the Formulas (.3 and (.41
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The next example justifies the use of the normal cone inside the integral sign, even if the
date is smooth and the space is finite dimensional.

Example 5.12 Consider the function f(z) := gx + b+ —ym a,b,n > 0, then we have
0 f(0) = -5+ g, % -+ g . Indeed,

a€d. f(0) e a-z< flx)— f(0)+e Vo e[-—nn

b
@a~x§ax+b—b+a Vo € [—n,1]

b
<:>(oz—a)-x§€ Vo € [—n,n].

Then, it is clear that the last inequality holds if and only if « € [—% + %, % + g} . Using the

previous function one constructs a normal integrand f :]0,1] x R — [0, +o0] by f(t,z) =
O 2+ b(t) + Iy my, With b(t) = % + 1, a(t) = 6(t) = t. Hence we compute

a@®)’
1
/1+ 1 dt if 0,
— it =
\/%
0
+00 if © # 0.
0

That implies 0 1;(0) =R, but [, f(t,0) =0 for e < 1.

Remark 5.13 The only thing one needs to simplify formulas of Theorem is a kind of
Qualification Condition (QC) (see for example [132, Theorem 2.8.3|), that allow us separate
the subdifferential of the sum O, (fi+0ast Ladom1;) (%) = Oz fi(2)+0 bast Ladom 1, (), for instance:

(i) X =R"™ and ri(dom f;) Nri(dom I) # 0.

(ii) Attouch-Brézis X Banach and Ry (dom f; — aff(dom Iy N L)) is a closed subspace for
every L € F(x).

(i) X les and f; continuous at some point of dom /.

(iv) Fenchel-Rockafellar for every L € F(x) and every U € Ny there exist A > 0 and V' € Nj
such that V Nspan { dom f, — aff(dom I; N L)} C {f, <r} N B — aff(dom I; N L).

v) (f+ 5ag(d0m1me))*($*) = min { f*(y*) : " — y* € aff(dom I; N L)°} for every z* € X*
and every L € F(z).

Corollary 5.14 In the setting of Theorem suppose one qualification condition holds (for
example one of the remark above) in a measurable set Toc, then:

0Iy(z)= [ {/ (0 fe(x) + 9 datr(aom 10y (7)) d:u(t)"'/a(ft+5aﬁ"{LﬂdomIf})($)d,u(t)

L
€F(x) Toc chgc

+ Nindom 1, (x)} (5.5)
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Moreover if T is finite we have:

a(;jfi)(x): N af ¥ s+ i) (5.6

Ei>0’i€TCc?C iGTQC
S ei=e

Proor. Equation (5.5)) is direct from Theorem . Now we proof the second formula fix
Ve N07 by (

a(z fi) (z) C Z 9 fi(z) + Nrndom 1, (%) + Z O(fe + dasi{Lndom ;1) (%) + Nradom 1, ()

iETQC IGTCCQC

- Z 9 fi(x) + Nrndom1, () + Z Oz, fi(7) + Nrndom1, () + Niadom 1, (),

iETQC iGTéC
here we have applied Theorem to upper-estimate

O(fi + dai{Lndom 1;1) (¥ ﬂ cl” {55 fi(z) + deomlf(ﬂ?)} )

5>0
then we can take Vi € Ny, i € Téc such that > Vi € V| on the other hand because
i€THe
Nindom1; () + Nradom1; (%) + Niadom 1, () = Nrndom 1, () we conclude that

a(Z fi) @) C 3 0h@) + 3 0 fi@) + Nudoms, (1) + V,

ieT iGTQC IGTC

Moreover if 0 fi(x) # 0 we have Ngom 1,nL = {CI(ZETQC 0 fi(z) + EieTéC Oc, fir(x)+ Li)]
(see [54, Lemma 11]), therefore if L+ C V/

o(Sh)we X os)+ 3 0. i)+ +V,

ieT iGTQC IETC

oo

and consequently

G(Zfi)(a:)g N m[zaﬁ Z@Eift(x)JrVJrV]

€T & >0,i€THo VeNy HeTge €T
>oei=¢
- N AT osw+ ¥ o, a0}
EiZO,iETéC iETQC IETC
Sei=e¢

[]

Example 5.15 The main feature of the finite parametrized case given in Equation ([5.6) is
that the characterization of O/;(z) does not involve the normal cone Ngom 1,z (7). This fact
is specific to this finite case and cannot be true in general, even for smooth data functions
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fe with [Of(t,x)du(t) # 0. For example, consider the Lebesgue measure on |0, 1] and the
integrand f : T x R — R given by f(t,z) = z*/t. Then we obtain that I; = dy and,
so, 0f(t,0) = {0}, while 0I;(0) = R. The same example can be adapted to construct
similar counterexamples to Equation for countable measure over the measurable space
(N, P(N)).

Let us illustrate a possible applications of the Corollary above using the relative interior,
but first we need the following lemma (to avoid the use of the classical sum rule).

Lemma 5.16 Let f € To(X). Assume that f is continuous at x € dom f relative to
aff(dom f), let L be an finite dimensional affine subspace which contains x, then for every

e X*

(f+5L)*( mln{f 407 (2" —y") y*EX*}.

Proor. Because the inequality < always holds, we prove the opposite. First suppose x = 0,
define W = lin(dom f) and Z := lin (dom f— L), it is easy to see that there exists a finite

dimensional subspace L C L such that Z = W & L. From the fact that dom f C W one see
easily that for every z* € W* and every continuous linear extension z* € X* of z*,

) = ()7 (F,) = (fw) (7). (5.7)

Since 0 € dom f N L we have f + ¢y, is proper, then (f+(5L)* = clV {f*06%}. Take 2* € X*,
then the previous equality allows us take nets 7 ;, 25, i € I such that z7; + 25; = w — 2"
and f*(zf;) + 05 (a3) — (f + or)" (x*), since §; = . we can assume that x5; € L.
Now consider || - ||; a norm in L and B the closed unit ball in L respect to this norm, set
M := sup{||w{||; : 1 € I} < 400 and consider Py and P; continuous projections from Z
to W and L respectively, because f is continuous (relative to W) at O there exists a real
number r > sup{ f(0), f*(z1;) : 1 € I} such that {f < r} is a neighborhood of 0 in W, then
U := Py'({f <r}) N P7H(B) is a neighborhood of 0 relative to Z, moreover for every i € I
and every u € U

(21 u) = (=

|
o
St
S
|
=
%“
E/
_l’_
=
%
_|_
=,
e
S

+ <x11+752nPL(“)>
+ (wf, Pz (u)) < 2r + M.

Then by Banach-Alaoglu-Bourbaki’s theorem [46, Theorem 3.37| there exists a subnet
(‘f{ﬁ)\z - xi € Z*,

which implies (25 5), — 73 € Z* and (23, h) = 0 for all h € L. Then using and 07 =0yt

we get

(fi,)"(@7) < liminf(f},)"((255)),) = liminf f*(23 5) <lim (f*(23 ) + 07 (23 5)) = (f +02)"(27).

Then take some extension 77,75 € X* of 2] and x; respectively, define 2* = 27 + 75 and
*

y* = TP 4 o* — TF, so yf + a3 = ¥ and y* is an extension of x}, then using we get
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(@3) = (fi,)" (@}) + 07 (a5) < (f +0.)*(z*). Finally if  is an arbitrary point, take
+ ) and the L — z as the affine subspace, then by the previous

(9+0-2) (2") = min {g"(y") + 0} _, (" —y") 1 y* € X"},

since (g—i—éL,x)*(x*) = (f+(5L) (x*) = (z*, ), ¢g*(v*) = [*(y*) — (y*,x) and O} _ (z* —y*) =
05 (z* — y*) — (a* — y*, x) we conclude the result. O

) +0;
9() = f(

Corollary 5.17 Let {g;}F,, {g1 Vi1 € To(X) such that () Tiagdomg)(dom gi)N () dom g; #
i<k J>k+1

0 and for every j < k, g; is continuous on Tiag(domg,)(dom gi). Then

a(zp:%)( = N cl{zagl —l—Z@aigi(:p)}. (5.8)

i=1 €i>0,i>k i<k i>k
Zai:a

p
Proor. Take v € X and ¢ € () Iagi(domg)(domgi) N () domg; # 0, define g = >" gi, then
i=1

i<k k1 =
we apply Lemma to g; and L := aff(dom(g) N F) with F' € F(x) such that xy € F,
therefore [5.13 (e)|is satisfied, then by Corollary we conclude the formula. O

Remark 5.18 We notice that to prove (5.8) it is only necessary that for every j < k there

exists x; € ri(dom g;) N () dom g; # () such that g; is continuous at x; relative to aff(dom g;).
i#j

Obviously both statement are equivalent when aff (dom ¢;) is closed. It is worth nothing that

when there exist some j such that

[8g] ﬂ 285191 —Ndomgj m NdomZgl( )_{0}7

i#] 7
for example if g; is continuous at some point of dom()_ dg;)), then the formula above is
i#)
simplified to

(]799 —0gm+ d{}jag«@-+§jaamu»}

i=1 &>0,i>k i<k i>k
>oei=¢ i#j

5.4 Suslin spaces or discrete measure space

In this section we give more sharp characterizations of the e-subdifferential of /; under the
cases where either X, X* are Suslin spaces, or (T, A) = (N, P(N)). These settings indeed
permit the use of mesurable selection theorems, which gives us more control on the integration
of the multifunctions 0. fi(x) and Ni, 1, (). We recall that f: T x X — R U {+oo} is
a given normal convex integrand, and (7', A, i) is a complete o-finite measure space. The
function I; : X — RU {400} is defined as

=/fwmmm>
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Then the following corollary makes sharper the characterization given in Theorem by
using only the e-subdifferential of the f;’s.

In the next corollary we apply approximated sum rule (see [56]) to obtain simplifications
of the formulas presented in Theorem [5.9]

Corollary 5.19 We suppose that either X and X* are Suslin spaces or (T,%) = (N, P(N)).
Then for every x € X and ¢ > 0 we have

0-Iy(x) = ) U N d / <3e<t>+n<t>ft(f€)+N§§mzfm($)> du(t) ¢

LeF(x) €1,622>0 neL(T,(0,+c0)) T
e=e1+e2
LeZ(er)

neLY(T,(0,+00))

where the closure is taking in the strong topology 5(X*, X).

2

Proor. We only need to prove the inclusion ” C ” in which we suppose that z = 0. Take
F e F(0),e>0and L:=span{F NdomI;} (= aff{F NdomI;}), say L = span{e;}} with
{e;}] being linearly independent so that co{=e;}!_; is the united closed ball in L with respect
to anorm || - ||z (on L). Let P : X — L be a continuous projection, M > 0, and W € N as
in Lemma [5.7,Given § > 0, we pick an integrable function v : 7" — (0, +00) such that

M [ Az (5.9)
T
and define the measurable multifunctions U, V : T'== L* as
Ut):={a" € X*: [(z",e&)| <H(t), i=1,....,p}, V(t):={a" € L": |(z",e)| <H(t), i=1,...,p}.

Now take z* € 0.17(0) and fix a positive measurable function 7 . By formula |5.3|in Theorem
there exist £1,e9 > 0 with €1 + e9 = €, £ € Z(e;), an integrable selection x*La() of the
multifunction ¢ — Oy (f +0r) (0), and A* € Ng3, 1 1 (0) such that 2™ = S g () du(t)+ A"
Since U(t) € Ny, by the Hiriart-Urruty-Phelps sum rule (see Proposition [1.2]) we have that,
foraet €T,

27 (t) € By (fe +01) (0) C Bury iy 1(0) + L+ U (1)
C ity en(t) [1(0) + Naom 1,02 (0) + P*(V (1))

We define the multifunction G : T = X* x X* x F* as

Y* € Dty f(t,0), w* € Naom1;nr, and v* € V (1),

(y , W 7U )GG(t)ﬁ{ Jvz,e(t):y*—i—w*—i—P*(v*)

If X, X* are Suslin spaces, then by Lemma GG is measurable, and so, by Theorem [1.21
it admits a mesurable selection (y*(-), w*(:),v*(+)). This also obviously holds when (7, %) =
(N,P(N)). Thus, by Lemma [5.7| the function u*(t) := v*(t) o P is integrable and we get

ow (u*(t)) < M max (V*(t), &) < M~(t) for ae t € T.
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Consequently, the function y* +w* = 27 _(-) —u*(-) is strongly integrable and we have (recall

59)
ow(z* / (5 () + W (E)dult) = X) = ow( / / £)du(t))

T

— owl / u* (£)dpu(t))
< / ow (u* (£))dpa(t)

< M [ ~v(t)du < d;
T

that is,
2 / (v (1) + w (£)dult) — X € 5,

and due to the arbitrariness of § we obtain

x* € P X) / (8é(t)+n(t)ft(0) + NdomIme(O)) du(t) + NgomlfﬂL(O)
T

Finally, since N33, ( f Nz 1,n2(0)dp(t) we conclude that

2 € PX) / (B0 (0) + N2 1,0, (0) ) ).

T

]

The next result is a finite-dimensional-like characterization of the subdifferential of /.
Recall that a closed affine subspace A C X is said to have a continuous projection if there
exists a continuous projection from X to A.

Theorem 5.20 Let X, X* and T be as in Theorem u If It is continuous on ri(dom Iy) #
0 and aff(doml;) has a continuous projection, then

oly()= () ov (w)-/(3n(t)ft($)+NdomIf($)) du(t)

nEL (T,(0,400)) g

Proor. Because the inclusion ” D 7 is immediate we only need to prove the other inclusion
” C 7 when r = 0; hence, F := aff(dom/;) is a closed subspace of X. Let z* € 91;(0), n €
LYT,(0,400)),and V := {h* € X* : [(h*,e;)| <1, i=1,...,p} for some {e;}}_; C X. By the
current assumption, we take zo € ri(dom /) and a continuous projection P : X — F'. Define
L = span{e;, P(e;), zo}i_; and W(t) := {h* € X* : max{|(h*,e;)|, |(R*, P(&;))], [(h*, o) |} <
g(t), i = 1,...,p}, where £(-) is any positive integrable function with values on (0,1) and
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Jpedp <1/2. Then L+ + W (t) C W(t) C V. Because L Nri(dom I;) # 0 we have (see, e.g.,
Corollary
Naom 1,n£(0) = 1" (L* 4+ Naom1,(0)). (5.10)
By Theoremthere exists a (strong) integrable selection y*(t) € 0y ) f¢(0)+Naom 1,72 (0) C
Oy f1(0) + Naom1,(0) + W(t), due to (5.10), such that
r* — / ydp e V. (5.11)
T

Also, by the measurability of multifunctions 0,.)f.(0), Naom1,(0), and W (-) (see, e.g., [66]),
there exists a (weakly) measurable selection 2*(-) of 9.y f.(0) + Naom1,(0) such that y*(¢) —
2*(t) € W(t) for ae t (the existence of such a selection is guaranteed for Suslin spaces by
the representation theorem of Castaing, while it is straightforward in the discrete case).
Let us verify that the function z*(-) o P is weakly integrable: Given U € N, such that
zo+ P(U) C ri(dom Iy) (using the the continuity of P) we have, for every y € U,

(2%(t) o Py) = (*(1), Py)
= (2"(t), zo + Py) — (2*(t), xo)
< [t xo+ P(y)) = f(,0) +n(t) = (z7(t), Z0) + ONgoun s, 0 (20 + P(y))
0) +

< fltxo+ Py)) = f(,0) +0(t) + [(7() = y"(t), zo)| + [{y" (t), z0)]
< f{tzo+ P(y)) = f(,0) +0(t) + () + (" (1), o), (5.12)
)

and the weak integrability of z*(-) o P follows, as
[ 10 Paplnt) < [ 1500+ P au) + [ 1£t,20= Pl dute) = 10

+/T(77(t)+5(t) 10, 20 Ddut) < 0.

Moreover, 1D implies that fT 2* o Pdyp is uniformally bounded on a neighborhood of zero,
so that [.z* o Pdp € X*. Finally, we have

2 (t)o P =2"(t)+ 2"(t) o P — 2"(t) € Oy(t) f:(0) + Neom1,(0) + Ft = Oy f1(0) + Naom1,(0),
and (recall (5.11)))
x*—/Z*oPduzx*—/y*du+/(y*—2*)du—/(z*op—z*)due V+V+Ft
T T T T

so that (observing that F+ C f Naom 1, (x)dp(t))

(O fe(@) + Naomr, () dp(t) + V + V + F*

C (w) - / (O fo(®) + Naom 1, (2)) du(t) + V + V.

Hence, by intersecting over V we get

z* e (w)—/ (Onee) fe(2) + Naom1, (x)) du(t) ¢,
T
which gives the desired inclusion due to the arbitrariness of function 7. O
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5.5 Qualification conditions

Now we are going to present simplifications of Formulas[5.3|and 5.4 under classical conditions.
The proof of the following two corollaries is similar, but it differs in the argument to present
the existence of measurable selections.

Corollary 5.21 Let X be Asplund, and assume that for every finite-dimensional subspace
F C X, the function f, : T x F — RU {400} is a convex normal integrand, and assume
that Iy has a continuity point. If v € X 1is such f; is continuous at x for almost every t, then
for every e > 0

oL = |J o <m—/dmmwww FNEL (). (5.13)

g1+e2=ev>0 LeL(e1+7)
€1,62>0

Moreover, if e = 0, then
o) = v [ w) / Of(@) () b | + Naomr, (2). (5.14)

Proor. W.l.o.g. we suppose that x = 0 and u(7") < +00. We divide the proof in tree steps.

Step 1: We show in this step that for every ¢ € I(e1), &1 > 0, t = Oyp) f:(0) is a
w*-measurable multifunction with w*-compact and convex values. Indeed, the continuity

assumption of the f;’s ensures that the non empty set Oy f¢(0) is w*-compact and convex, as
F(t,0+ u)— f(to JR=4]

well as 0, ,, 1,(0)(u) = ;\I;%

is measurable, and so is the multlfunctlon t = Ou) £:(0).

) forallu € X. Hence, the function ¢t — Ty f (1, 0)( u)

Step 2: We have that 0.1;(0) C cI*” U (w) — /8g(t)ft(0)du(t) + Niowm1,q(0)
g
LeL(eq)
for every fixed L € F(0). To prove this we take zo € int(dom I;) N L pick * € 9.1;(0). By
Theorem and the continuity of f(¢,-) there are 1,9 > 0 with € = &1 + &5 and ¢ € Z(ey)

such that
e/&mm@ﬂﬂmM&MHﬂLﬁﬁ()<W&Md®

T

Hence, there exist an integrable function z}(t) € 9y f(¢,0) + span{dom I; N L}+ ae
and A" € Ny 7,n(0) such that 27 = Jp a3 dp 4+ A*. Now, define the multifunction G :
T = X" as G(t) == {y" € O f(1,0) : (y",20) = 0o, f(1.0)(T0)}. By [20, Lemma 4.3] G
is w*-measurable multifunction (with w*-compact convex valued), and so by Proposition
there exists a w*-measurable selection z*(-) of G; moreover, we have that (7 (), zo) <
Oy £(1,0)+span{dom I;AL} - (x0) = T3y £(£,0) (o) = (x*(t), zo). By the continuity of I; we choose
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r > 0 such zg + B(0,r) C int(dom I). Then, for every v € B(0,r)
(1), 0) <Pt +0) — F(4,0) + £(t) — {2°(2), o)
=f(t,zo +v) = f(t,0) + €(t) — 00,4 1(1.0) (o)
<t w0 +v) = f(£,0) + £(t) = (27(1), x0),

and so,

/ @ @O, 0ldn(®) < [ (uax{F(tz0-+ o), St,70 = 0)} = 110,00+ £0) = {5(0).20) dp(t) < +oc:

that is, z*(-) is Gelfand integrable (X is Banach). This last inequality implies that

Cim U J@ = [ O flOAE) + N0 0) | 70

e=€1+€2
€1,622>0

LeT(e1)
Because (z*, xo) = ([, «7 (£)du(t), zo) + (X, xo) < ([ 2* t)+A\*, zg), from the arbitrari-
ness of 2* € 0.1(0) and z; in int(dom If) N L we get
0o.1:(0)(20) < oc(x0) for every xq € int(dom Iy) N L,

which also implies by usual arguments that g, 1,(0)(u) < o¢(u) for all u € X, and the desired
relation holds.

Step 3: We complete the proof of the theorem. We show now that and .
We take z* € 0.1¢(0), so that by Step 2 there are nets of numbers e1,Lv,€2L,v > 0 with
enLy +éeary =€ and {py € Z(e1 ) and vectors a7y, € ( fTafmv yf:(0)dp(t) and
ALy € NjﬁéEmL(O) indexed by (L, V) € F(0) x Ny(w*) such that r* = limay  + A7y We
may assume that e; v — €1 and €51,y — €2, with e; + €2 = €. Now, by the continuity of I,
at xo there exist some r > 0 such that for every v € B(0,r) and for every L 5 z( (w.l.o.g.)

<$2,V7 v) <Ip(wo+v) = I;(0) + ey — <5Uz,v>$o>
<If(zo+v) — I;(0) +e1,v — (2, 20) + (AL, 7o) + 1
<If(xo+v) — I;(0) + & — (z%,x) + 1.

Therefore, we may suppose that (7 ;) w*-converges to some y* € X* and that (A} ) w*-
converges to some v* € X*; hence, v* € N2 I (0). Finally, if € = 0, then the conclusion
follows. Otherwise, if ¢ > O, for every v > 0 we obtain that ¢, € Z(e; 4 ) for a co-final
family of index L,V and so the desired inclusion follows. O]

The next corllary is a generalization of [66], see also [50,51,|78| for other versions. Before
we need to make a remark on the relation between the continuity of I; and the f;’s.
Remark 5.22 Assume that either X is Suslin or (T, X) = (N, P(N)). Due to the relation

int(dom /) C int(dom f;) for ae t € T,

the continuity hypothesis used in Corollary[5.23 is equivalent to the continuity of the functions
Iy and f(t,-),t € T, at some common point. In particular, in the finite-dimensional setting,
the continuity of Iy alone ensures the continuity of the fi’s on the interior of their domains.
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Corollary 5.23 Assume in the setting of Theorem that each one of the functions I;
and f(t,-), t € T, is continuous at some point. Then for every x € X and ¢ > 0.

o.1i@) = U $0) = [ oo f@ddn(®) + N, o)
€=¢€1+eE2 T
€1,62>0
561(81)

Proor. We fix x € X and € > 0, and choose a common continuity point xy of I; and
the f’s (see Remark [5.22)). The right-hand side is straightforwardly included in 9.I;(x),
and so we focus on the opposite inclusion. W.l.o.g. we may assume that x = 0, 0. # 0,
I¢(0) = 0, as well as p(T) = 1. Take x* € 0.14(0), anf fix a sequence of positive functions
(Mn)n C L>(T, R) which converges to zero. By Theorem [5.19] there exists a net of integrable
functions w; ;v (t) € O, 1y (1) 4na(t) f1(0) + Njg;gv,j’;L(o), with n € N, L € F(0), V € N and
lnrv € I(en 1 v1) such that

r* = lier%/ wy, 1y (t)dp(t) and e, v +epLve = €. (5.15)
mEavJT

Next, as in the proof of Theorem [5.19, we find measurable functions zj, ; - and A} ; |, such
that 3, 1 (1) € O+, f(t,0) and A7 [ (t) € Njgrrfl‘;%L(O) for ae, with wnLV(t) =
) v (t) + A oy (t). To simplify the notation, we just write wy,;(-), 25, ;(-), €ni1, Eni2s Api(-)
and e, 1= lpi + My, 1 € I := F(0) x Ny, where NxTI is endowed with the partial order "j‘
given by (ny, L1, V1) < (ng, Lo, Vo) iff ny < mg, L1 C Ly and V} D V5.

The rest of the proof is devided into three steps.

Step 1: W.l.o.g. on n,1i, there exists U € N such that

m:=  sup /(xm( ),v)dp(t) < 400 and m, = sup/] wy (), z)|dp(t) < +oo Vo € X.
veUneN,iel
(5.16)
Indeed, we choose U € Nj such that sup I;(zg 4+ v) < +00. Then for every n € N, i € I and
veV
velU

(27,:(t),v) < f(t,z0 +v) = f(t,0) = (27,:(t), %o) + €ny(t)
= f(t,xo +v) = f(£,0) = {wy,3(t) — AL;(E), o) + €ni(t)
< ft, o +v) — f(t,0) = (wpr (1), To) + Eni2 + Enilt). (5.17)

But, by (5.15) and the definition of €,,; (€, = €ni + 1,), we may suppose that for all n and i,

1
- /<w:,i(t)7x0> + / €N,I(t)dlu(t) +€n,i,2 S —<l'*,l'0> +e+ / nndﬂ+ § <l’*,l’0> +e+ 17
T T
(5.18)
and so (5.17) leads to  sup  [.(x}(t),v)du(t) < +oo, which is the first part of (5.16).
veUneN,iel
Now, we define the sets T, , == {t € T : (a:j“( ), v) =0}, T =t € T: (x,,(t),v) <0},
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n €N,i€ [ and v € U. Then, using (5.17)),

[ Vst odut) = [ o odn0 - [ @0,

n,i,v n,i,v

< [ {Ftmo ) = F(4,0) = (wh(t),70) + g+ ni} dualt)

nlv

/ [F (820 —v) — F(£,0) — (w53(t),20) + Ens + £} dp(t)

nl’u

Tt T

n,,v n,1,v

— (z*,z0) +e+1 (by (5.13))
/\ftxo—i—v]du /|ftx0—v\du() (%, x0) + e+ 1 < 400,

and the second part in (5.16)) follows since U is absorbent.

Step 2: There exist e1,e9,63 > 0 with &1 + e + 3 < g, neighborhood U € Ny, A\ €
Niom1,(0), linear functions Fy : X — LYT,R) and F, : X — L*"¥(T,R), together with
elements ¢ € L'(T,R,) and s € L"8(T,R) such that (w.l.o.g. on n and i):

(1) Af =l [, A (B)dp(h).

(ii) For every z € X, ((z},;(-),z)); C L'(T,R) C L=(T,R)* and (z;, (), z) — Fi(z)+ Fa(x)
wrt to the w*-topology in L>®(T,R)*.

(iii) (g,4()) € LYT,R) € L®(T,R)* and e,;(-) — ¢+ s wrt to the w*-topology in
L(T,R)".

(iv) sup [ Fi(v)du(t) < +o0, sup Fy(v)(1y) < +oo.
veU T velU

(v) e1:= [ L(t)du(t), g3 := s(1y) > 0.

(vi) For every A € A
/A Fu(@)du(t) < /A £t 2)dp(t)— /A F(£,0)du(t)+ /A (B)dpu(t), forall z € X, (5.19)
Fy(z)(1r) < s(1r), for all z € dom I;. (5.20)

Consider U, m and (m;).ex as in the previous step, and denote by B the unit ball in
the dual space of L>°(T,R). From and the definition of x*, we obtain the existence of
Ai € X* such that (w.lo.g.) Af = limy; [, (A5;(¢),-) du(t). Moreover, given an = € dom Iy
we write, since A, ;(t) € Njg;l’QImL(O) and = € L (for L large enough),

(AN, ) = lim/ (Ar(t), @) dp(t) <lime,;o = e,
ni Jop n,i
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and so A} € N33 If(O); hence, follows. Next, by Thychonoff’s theorem the space X :=

[T (m.B,w*((L>(T,R))*,L>°(T,R))) is a compact space with respect to the product topol-
zeX
ogy, and so w.l.o.g. we may assume that the net ((z},(-),7)).cx € X, (n,i) € NxI, converges

to some (F(x))zex, where F': X — (L™(T,R))* is linear function. Using the decomposition
(L>(T,R))* = LY(T,R) @ L*¢(T, R), for every € X we write F(z) = F}(x) + Fy(x), where
F X = LYT,R) and F, : X — L¥"8(T,R) are two linear functions, and follows. Sim-
ilarly, since (g,;(+)) is bounded in L'(T,R) we may assume that it converges to some [ + s,
with [ € LY(T,R) and s € L"¢(T,R), such that for all G € A

[ ot +s16) =tim [ 20s0dno) =tim [ (@t n©)an®) = im [ 600 < oo

ni Ja ni Ja
(5.21)

Fix 2 € X. Since Fy(z), s € L*"(T, R), there exists a sequence of measurable sets 7T}, () such
that u(T\JT,.(x)) =0 and

Fy()(91l7, @) = 0, s(9lz,()) =0 for all n € N and g € L™(T,R).

Thus, by replacing in (5.21)) the set G by Ti(z), k > 1, and T\ Ui<x<,Tk(x), respectively,
and taking the limit on £k, and follow.

Now, for every v € U, G € A, n € N and (n,i) € NxI (recall (5.16))

[t / £t 2)du(t) / F(t,0)du(t) / s ()du(t),

G

[@®.0ant <

G
So, by taking the limit we get
[ F@an(t) + Fow)(1o) < [ sea)autt) - [ fe.0aue)+ [ 10 +s(ta). 622
G G G “
/Fl(v)du(t) + F(v)(1g) < m. (5.23)
G

In particular, for A € A and G,, = ANT,(z) we get

[ P /ft:rdu /ftOdu /l()du(t),

Gn

/ Fy(0)du(t) = / F(0)du(t) + F(v)(1e,) < m

Gn GTL
which as n — oo gives us
/Fl(v)d,u(t) <m, (5.24)
A
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and

/ Fy()du(t) < / £t 2)du(t) / £(t,0)du(t) + / (6)dpu(t).
A

A A A

yielding the first part in (5.19). Now, for G, = T\ |J Ti(z) we have that Fy(z)(1lg,) =
i=1
Fy(z)(17), s(1g,) = s(17), and (for v € U and = € dom I)

[ F@an. [ Ao, [ feaan. [ 160due, 100 .0,
Gn Gn

n n n

and so, (5.22)) and (5.23) yield
Fy(z)(1r) < s(1r),

FQ(U)(]].T) S m, (525)

and we get ((vi)]). Relation ((iv)) follows from ([5.24]) and (5.25)).
Step 3: Let £, s, 1,9, €3, U € Ny, A} € Njgmlf(O), Fi, and F, be as in step 2. We show
the existence of a weakly integrable function y* : T'— X* such that y*(t) € Oy f:(0) ae, and

v = [pydpe Ngémff(0)~

Assume first that (T,.,A) = (N,P(N)). In this case, on the one hand we take y*(t) :=
Fi(-)(t), t € T. Then, for every z € X, by (5.19) we have that for all t € T

(y*(t), ) = Fi(2)(t) = (u(t) ™" /{t} Fi(x)du(t) < ft,z) = f(1,0) + £(2),

which, by taking into account the continuity assumption on f(¢,-), shows that y*(t) €
Oe(e) f(0). Also, since that [, |[(y*, )| dp = [, [Fi(2)(t)] du(t) < +oo, for all 2 € X, and
(by [(iv))

Sup/ (y*,v) dp = Sup/Fl(v)du(t) < +00,

velU JT vel g

it follows that y* := [ y*du € (w)- [ 9y fi(x)dpu(t). On the other hand, we take A* := A\{+\3,
T
with A3 := F5(-)(17) (€ X*, by[(iv)], so that for all 2 € dom I} (using (5.20))
(A3, 2) = F5(z)(1r) < s(17) = €.

Hence, \* € N33

dom If

(0) + Ng2

dOmIf(O) C N3tes (0), and so we get

dom If

vt = lim [ (2}, v () + A, v (1)du(t)
= lim [ 2y ()dp(t) + lim Ay (t)dp(t)

nLV Jpo

= Y+ N+ e (w)— /@(t)ft(x)dﬂ(t) + Ngg;?f(o),
T

which ensures the desired inclusion.
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We treat now the case when X, X* are Suslin spaces. We choose a countable set D such
that X = {limx, : (z,)ney C D}. Equivalently, we can take an at most countable family of
linearly independent vectors {e;}°, such that L := span{e;}3°, O D and L, := span{e;}*; 3
zo for all n > 1 (recall that x( is a common continuity point of Iy and the ft’s). As in the
previous discrete case, we take A5 = Fy(-)(17). So, by argyuing as above we obtain that
A=A+ A €N, jg;;ff} (0). Next, we consider a sequence of functions (b,),, such that each b,

is in the class of equivalence F* 1 (en), and define for every t € T' a linear function y; : L — R
as (y;,z) = Zab( ) (€ Fl(Zaen)( ) = Fi(2)(t)), where z = > a4, oy € R. We notice
i=1 i=1

that for every z € L, t — (y/, z) is measurable. Now, given z € Lg := @ Qe;, we define
i=1
T, ={teT| (y,z) < f(t,z) — f(t,0) + £(t)} and T := () T; hence, u(T\T) = 0, by
ZELQ
equation (5.19). Now, because intdom f; N Lg # 0 and f; is continuous on int dom f;, it

follows that
(yf,z) < f(t,z) — f(t,0)+1(t) forallt € T and z € L;

in particular, y; is a continuous linear functional on L for every ¢ € T. Now, by the Hahn-
Banach theorem, we can extend y; to a continuous linear functional on X, denoted by y*(t),
such that

(y*(t),2) < f(t,2) — f(t,0) +1(t) forallt € T and z € L.

We notice that y*(+) is weakly measurable, because for every x € X, since D C L there exists
a sequence of element z,, € L such that x, — x and, hence, (y*(t), z) = lim, (w}, x,) is mea-
surable as is each function ¢ — (w}, z,). Moreover, by the continuity of f; on int dom f;, the
last inequality above holds on X, and this gives us y*(t) € Oy f:(0) for all t € T. Now, by the
continuity of I; and using similar arguments as those in the proof of Theorem or Corol-
lary -7 5.21] it is not difficult to show that y*(t) is weakly integrable and that y = [y (t)u(t)
defines a continuous linear operator on X, showing that y* € ( f Oory fr(x)dp(t). Whence

=y 4+ X € (w)-[ Doy fr(x)dp(t) + Njg;ef (0). The proof of the corollary is finished.
T

]

Corollary 5.24 Assume that X is a separable Banach space. If ff 1s bounded above on some
neighborhood with respect to (L>(T, X), || -||) of some constant function xo(-) = xo € X, then
for all z € X and ¢ > 0 we have that

o1 = | / i 7 € LL(T, X*), a*(t) € D fi(x) ae § + N2, (@),
e=eite2 \ p
€1,622>0
ZEI(€1)

If, in addition, X is reflexive, then

0.0 = U [ oo f@)dn(t) + N, (@),

e=¢e1+e€2
€1 €2>0 T

EEI(81)
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Proor. First, observe that the current continuity assumption of I ¢ implies that both Iy and
the functions f;, for ae t € T, are continuous at xy. Then, according to Corollary [5.23] to
prove the first part we only need to verify that, for every x € dom Iy, &1 > 0 and £ € Z(¢,),

— /3g(t)ft(a:)du(t) C /m*du ca* € LU (T, X¥), x*(t) € Oy fi(z) ae p . (5.26)
T T
Take * := |, 2*du for a w*-measurable function x*(-) such that x*(t) € Oy fi(x) ae. By

Proposition for each function o € L'(T,R,) there exists a measurable function x : T —
X such that ||z(t)]| <1 and

hence, [ ||z*(t)|| du(t) < [, (x )) dpu(t) + [ a(t)du(t). Since, by the continuity of I
at xy there are 6, M > 0 such that

5/T (x*(t),x(t)) du(t) < /Tft(&n(t) + xo)du(t) — If(x) + /T (x*(t), x — xo) du(t) + 1

< If(xg)—ff(x)—i—l—i—/<x*(t),x—x0>du(t)+51 <M

T

we obtain that [, [|z*(¢)]| du(t) < 07'M + [, a(t)du(t) < +oco, and (5.26) holds.

Finally, the last statement follows because L. . (T, X*) = L'(T, X*). O

The next example shows that the second formula of Corollary could not be valid if
we drop the continuity of /.

Example 5.25 Consider (T, .A) = (N, P(N)) and X = 2 and let (e,), be the canonical basis
of 2, and y be the finite measure given by ,u({n}) = 27" Define the integrand f : Nx (? — R
as f(n,x) := 2"({e,,x))? so that Iy(z) = [ f(n,z)du(n) = Zx = ||z||*>. Then I; is

differentiable on X with VI¢(z) = 2z, and for all n > 1 we have that Ofn(x) ={Vfu(x)} =
{2z, e, )e, }, so that

Vii(z) = / 2" 2 epYe,du(n) = 22 T, e,)e, = 2,
N neN

which is the result of Corollary On the other side, the value [ ||V fu(z)||du(n) =
23 ,en (@, €,)| could not be finite for all z € ¢* (consider, for instance, z = (1/n),>1), which
means that (2" (z, e, )e,), & L'(N, 2).

The following is an easy consequence of Corollaries [5.21] and [5.23}
Corollary 5.26 Assume that either X is Asplund, X and X* are Suslin, or (T, A) =
(N,P(N)). If v € X is a common continuity point of both I and the f;’s, then Iy is Gateaux-
differentiable at x if and only if f; is Gdteaux-differentiable at x for aet € T.
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The last result was given 121}, Corollary 2.11] when (T, A) = (N, P(N)). Concerning the
Fréchet-differentiability, in the same referred result the authors proved one implication (the
Fréchet-differentiability of the sum implies the one of the data functions), and let the other
implication as an open problem (see [121, Question 2.12, page 1146]). The following example
answers this question in the negative.

Example 5.27 Consider (T, A) = (N,P(N)) and X = ¢!, and let (e,), be the canonical
basis of ¢!, and p be the finite measure given by p({n}) = 1. Define the integrand f :
N x 8 = Ras f(n,2) = [{en,z)|*/", so that I;(z) = 3 [{en, z)[*T/" < +oo. Since
each f, is a Fréchet-differentiable convex function such that Vf,(z) = (14 1)|(z,e,)|"/"e,,
according to Corollary I; is Gateaux-differentiable on ¢!, with Gateaux-differential equal
to YV fu(z) = [ Viu(z)dp(n) = (1 + 1)z, e,)|" e, (by Corollary [5.14). Thus, if I;
would be Fréchet-differentiable at x = 0, then we would have

I;(n~! n) — 1 —n YVI n 1 1
() = 10) = IO e

n

which is a contradiction.

Remark 5.28 In the previous Corollary we only use the separability in step 3 (step 2 also
can be deduced from Corollary and using the hypothesis for every finite dimensional
space F' of X, fi, : T X F — R is a convex normal integrand instead of f is a convex normal
integrand), so step 2 gives a generalization of [66, Theorem 2|. Indeed by Corollary we
have for every L € F(0), 2* = [, y; + A}, where yj is an integrable selection of 8 f,(0) + L+
and A} € Nyom1,n1(0), so for every L € F(0), there are (not necessary measurable) functions
wi(t) € 0 f;(0) and B;(t) € Lt. So we notice that for every u € L, (y*(t),u) = (w}(t),u)
ae, which implies, (w3 (-),u) is measurable for every u € L. Then similar estimation to
Step 1 are valid. To proceed with step 2, we must be cautious because (wj (-),u) belongs to
L'(T,R) only for u € L, so one idea to skip the inconvenience is define a net in X as following,
(z7(t),x) = (wi(:),u) if u € L and (2} (t), ) = 0 otherwise, with this the conclusion of step 2
follows from the same argument. Furthermore, in [86] the authors use the following definitions
to extend results of the integral representation of the Clarke and Limiting/Mordukhovich
sub-differential in nonseparable Banach spaces, we extracted this lines from the same article.
Denote by N (u) the null ideal of A, i.e., N(u) ={ N € A: u(N)=0}. A measure u on o
is k-additive if for every pairwise disjoint family € C A with |E] < k we have | JE € A and

pw(UE) = > w(A) :=sup >, u(A). The additivity k(p) of v is the largest cardinal of k for
Aeg OCE AcO
which p is k-additive, or it is 0o if p is k-additive for every k. We denote den(X) the density

of the Banach space X, i.e., the smallest cardinal of the form |D|, where D is a dense subset
of X. A useful representation is k(u) = min{|€| : € CN,|JE ¢ A}. In the context of a pair
(X, X*) of locally convex spaces we can adapt the previous definition as follow. We define
the relation seq-den(X,w) < & if and only if there exists a set D C X satisfies that |D| < &
and for every z € X there exists a generalized sequence (z;)ic;y € D such that |/| < x and
x; < x. With this Hypothesis the proof of Step 3 (in Theorem is still valid (without
the separability assumption and using the hypothesis for every finite dimensional space F of
X, flp i TXF — R is a conver normal integrand instead of f is a convex normal integrand)
outside of a separable space. Indeed in step 3 we have to choose a set D with the above

density property and then define, as in Theorem [5.23, Ly = € Qe, hence the proof of step
eeD
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3 follows similarly.

In the following, we extend Corollaries [5.21] and [5.23] to the nonconvex Lipschitz case.
The resulting results are known for both the case of a separable Banach spaces or (7, A) =
(N,P(N)) (|23, Theorem 2.7.2]), and the case of Asplund spaces ( [86]).

Proposition 5.29 (Clarke-Murdokovich-Sagara) Assume that either X is Asplund, X is a
separable Banach space, or (T, A) = (N, P(N)). Let integrand f : T x X - R and x € X be
such that:

(a) There exists K € LY(T,R,) and § > 0 such that for every y,z € B(x,0), t — f(t,y) is
measurable and |f;(y) — fi(2)| < K(t)||ly — z|| ae t € T.

(b) (When X is Asplund) For every u € X, the function t — f2(x;u) is measurable.
Then we have that

dely() € " | ()~ [oehio)dutr)

T
Where the closure operator can be omitted if den(X) < () (see Remark[5.28).

Proor. By taking into account Fatou’s lemma, we have that I9(z;u) < [, f (@3 u)dp(t) for all
u € X, and so dclj(x) = OI5(x;0) C Olyo,.(0). Since (¢,u) — f2(7;u) is a Carathéodory
map, for every finite-dimensional subspace F' C X, the mapping (f°(z;-)), : T x F —
R U {+o00} is a convex normal integrand. Hence, because Ifo(,.) and f7(x;-) are continuous
everywhere, the two desired formulas follow by applying Corollaries and respec-
tively. O]

The final result correspond to the closeness of the integral of a multifunction with closed
convex values.

Corollary 5.30 (Measurable selection and closeness of the integral of multifunction) Let
C : T = X* uniformly integrable w*-measurable multifunction (i.e., there exists an integrable
function K € LY(T,R) and a continuous seminorm p : X — R such that for allt € T and
all v € X ocwpy(v) < K(t)p(x)) with convex and w*-closed values. If den(X) < k(u), then
(w) — /C’(t)du(t) is non-empty and w*-closed.

T

Proor. Take the integrand f(t,z) := o¢q (), then for every finite dimensional space F' of X,

Jir 1 TXF — R is a convex normal integrand. So by the Hypotheses the integrand function
Iy, fi(+) are continuous ( which implies in particular 9 I;(0) # ). Then by Theorem [5.23]

and Remark |5.28 we have that 01;(0) = (w) — /8f(t, 0)du(t) = (w) — /C(t)d,u(t). O

T T
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5.6 Approach using conjugate functions

We investigate now the representation of the e-normal set to dom/; in terms of the data
functions f;. We suppose that f : T'x X — R is a normal integrand defined on a locally
convex space X, such that for some xf € LL.(T, X*) and o € L'(T,R) it holds

f(t,z) > (z5(t),z) + a(t) for all z € X and t € T. (5.27)

In what follows, we suppose that either X, X* are Suslin or (7,.A) = ( ( )). We recall
that the continuous infimal convolution of the f;’s is the function & f At )dp(t) : X* = R

given by (see )

& / £ )du) | @) - =a / £ (t,2")dpt)

z*(-) € L. (T, X*)
= inf{/ Jrt, 2" (@)dp(t) | and [ (t)du(t) = z* 2

with the convention that infy := +o0o. We also recall the notation cl*” (h), which refers to the
w*-closure of a function h : X* — R U {+o00}. We shall need the following Lemma, which
can be found in [56, Lemma 1.1].

To finish this section we investigate how represent Ngom 1, (7) in terms of the data func-
tions f;. An straightforward application of Theorem give us the representation of the
e-subdifferential of Iy and I 7. For this propose we need the following Lemma, which can be
found in [56, Lemma 1.1].

Lemma 5.31 Let h: X* — R be a convex function. Then for all r € R

{z e X" " (h)(a*) <r} = [ dfz" € X" : h(a") <7+ 6}

6>0

Moreover, if r > inf x+ h, then
{z* € X" c™ (h)(a*) <r} =cl{z* € X*: h(z") < r}.

Theorem 5.32 Ifcoly = Iy, then

(I;)*(z*) = cl*” /f (%), for all z* € X7,

and, for all x € X, and € > 0,

o0y = (e | U /x*du:x* € LL.(T, X%), 2°(t) € Qo filx) ach | . (5.28)

e1>€ teZ(er)

95



In addition, if ¢ > I;(x) —¢oly, then

0-1;(z) = cl*” U /x*d,u cx* € LU (T, X¥), 2*(t) € O fr(z) ae

eZ(e) \ 1

Proor. It easy to see that the space L}.(T, X*) is decomposable and that f* is a convex
integrand function such that f*(¢,z5(t)) < —a(t) ae, by (5.27). As well, denoting ¢ :=
® [ f*(t,-)du(t), we verify that, for all z € X,

T

o'(@) = sup sup {3 2) - / £ (6, () du(t)}

AreX* grell (T,X*), [a*du=A*
T

— w / (@ (1), x) — £ (82" (1) dpu(t),

wreLl. (1,X")
and, so, according to Theorem [5.2] and Moreau’s envelope theorem,

" (@) = I (z) = Iy () = 1.

Consequently, the convexity of the continuous infimal convolution yields

o (p) = ¢ = (c0ly)" = (I))". (5.29)

Now, we assume that 0.1¢(z) # (0. Then, for all £; > ¢ one has (by (5.29))) that

inf {p(z") = (&%, 2) + [;(2)} = [;(x) = (colf)(x) <& < e,

rreX*

and so, using Lemma [5.31},

Oelp(z) = {z" € X* el (¢) (2%) + I(z) — (z*,2) < &1}
= {zre X :dY (p—x)(x") + [;(z) <&}
= o {z* € X*:p(x*) + Ip(2) < (a*, 1) +e1}.

(27, 2)
Observe that for each z* € X* satisfying go( )+ If(x ) < (z*, ) + &1, there exists some
a*(-) € Ly« (T, X*) such that [, f(t,z)du(t) + [ f*(t,z*(t)) < [(z*(t), 2)du(t) + 1. Hence,
by defining £(t) := f(t,x) + f*(t,z ( ) — (x*(t), x); hence 0 € I(er) and z*(t) € Opw) f(t, )
ae. The proof is finished since the other inclusion is straightforward. ]

Remark 5.33 It is important to mention that result of Proposition above also holds when
the space X is changed by a space of weakly integrable functions from T to X such that for
every (u,v) € L(T,X) x L(T, X*) the scalar function ¢ — (v(t),u(t)) is integrable and the
linear function z* € LD(T, X*) — 2*(-) := [(z*(t), -)du(t) € L(T, X)* is well defined, where

T
LD(T, X*) is a decomposable space of weakly integrable functions. In this case the (5.28)) is

changed by:

0. I4(z) = cl U /@t)ftxdu t)

6>E LeZ(
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Where

[ o £t 0)an(0) = { [ 0 (0),1di(t) (6 € Dy S8 2(0)) me and a* € LD(T, X)),

T T

Moreover, (I f)*(z*) = P(x*), where

p(x*) = inf{/ fr(t, v (t)du(t) | v* € LD(T, X™) and /v* ="}

T

We also obtain a characterization of the epigraph of the function I7 :

Corollary 5.34 Assume that I} is proper. If coly = Iy, then we have that

¥ € LL.(T, X*),
epil} = ¥’ (/x*d,u,/ ozd,u) ; a € LYT,R),
T g (*(t),a(t)) € epi f ae

Proor. We denote E the set between parenthesis in the equation above. Take (z*, ) € E.
Then, using again the notation ¢ = & [ f*(¢,-)du(t), we obtain that ¢(z*) < «, and so
T

by Theorem W (x*, a) € epi I}. Hence, the lower semicontinuity of [} yields the inclusion
c (E) C epi I7. To prove the other inclusion, we take (2%, ) € epil}, and fix £ > 0 and

V € N,-(w*) together with () € L'(T,Ry) such that [, ydy = 1. Then by Theorem m
there exists z*(-) € LL.(T, X*) such that (w.l.o.g.) [z*du € V and
T

—o0 < (Ip)"(z") = 1=cl" (p) (z) =1 < /x*du < /f*(t,l’*(t))dﬂ(t) <ate

Thus, if we denote B3(t) := f*(t,2*(t)) + ~(¢) (Oz +e— ff*(t,x*(t))du(t)), then [, Adp =
T
a+ ¢ and we get (z*(t), B(t)) € epi f; and ([ 2*dp, [ Sdu) € E. Thus, from the arbitrariness
T T
of ¢ > 0 and V we deduce that (z*, ) € I (E). O

Remark 5.35 It is worth mention that if (5.27)) is satisfied with some x* € L. (T, X*) (resp.
z* € LP(T, X*)) and o € L*(T,R), then the epigraph of I; can be expressed as

o e LP.(T, X*),
epi [} = ol (/x*du,/ad,u) : a € L¥(T,R),
T ’ (2*(t), a(t)) € epi fy ae
x* e LPX(T, X*),
(resp. = v’ (/x*du,/adu) : a € L¥(T,R),
T g (z*(

t),a(t)) € epi f; ae
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We are now in position to give the desired representation of the e-normal set to dom I.

Proposition 5.36 Assume that f is convex normal integrand. Then for every x € dom I
and € > 0 we have that

Noom1, () = {2 € X : (2%, (2", x) + &) € epi(Taom1,)}
={z" € X" : (2", (z",2) +¢) € (epi({f)")oo}
= {2 e X*: (2", (z",7) +e) € [ &] _}
={z* € X" : (¢, (z",2) +¢) € [cO *Q}OO+{O} x [0,¢]}

Where

¥ € LL.(T, X*),
£ = (/x*du,/ adp) : a € LYT,R), (5.30)
T g (*(t), (1)) € epi f ae
z* € LL.(T, X*),
a:*d,u,/ adp) a € LYT,R), (5.31)
g (z7(t),a(t)) € gph f} ae

G =1 (

N—

Proor. For the first two equalities see [54, Lemma 5.], while the third one is given by Corollary
5.34. So, we only have to prove the fourth equality, or equivalently, the inclusion "C ”. On
the one hand, we have that

" E=cl" (0" G+{0} xRy). (5.32)

Indeed, to see the last inclusion, take (z*, ) € € and let (2*(¢), a(t)) €€ epi f; = gph f; +
{0} x R, ae such that 2*(-) € L.(T, X*), a(-) € L'Y(T,R), and (z*, @) = ([, z*dp, [ adp).
Then, since (I;)* is proper, we have that [, f;"(z*(t))du(t) € R and so, writing

(@"(1), a(t)) = (2*(2), f7 (2" (1)) + (0, a(t) — f7 (2" (1)) € gph f; + {0} x Ry,
we get that (z*, ) € G + {0} x Ry, besides by the convexity of f;’s G+ {0} x Ry C &
On the other hand,since (({;)* is proper) we have that
oo G].. N (—[{0} x Ru].0) € [ €] N ({0} x R)
= (epi(Zf)7) o N ({0} x R-) = {(0,0)},

and so by Dieudonné’s theorem (see |22, Thorem I-10] or [43, Proposition 1.]) the set co* G +
{0} x Ry is closed. Hence, (5.32) reads

[ &] = [c0"" G+ {0} x Ry] = [0“"G]__+{0} x Ry.
Now, we take * € X* such that (z*, (z*,z) +¢) € [Clw* E]Oo. Then, by the last relations,

there exist (y*,v) € [@W*g}o@ and n > 0 such that (z*, (z*,x) + ¢) = (y*,7 + n); hence,
x* = y*. Moreover, using Theorem [5.32, we have

o

dom I x {=1} C [(epi(Iy)")oe]” = [(*" &) ] C [(a1*"G) )",
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so that ((z*,7), (z,—1)) <0, and n = (z*,x) — v+ ¢ < ¢; that is,

(2%, (z*,z)) € [c0”” (g)}oo + {0} x [0, €]
]

Consequently, we obtain a complete explicit characterization of the e-subdifferential of
1 f .

Theorem 5.37 Assume that f is a convex normal integrand. Then for every x € X and
e > 0 we have that

o= U N o [ @uwohla)+ A7) dut

LeF(x) €1,62>0 neLl(T,(0,400)) T
e=¢€1+e2
LeT(er)

neLl

N U N a8 @b + B @) dulo)

LeF(x) 1,220 neL(T,(0,+00)) T
e=e1+e2
LeZ(eq)
neL!
where the closure is taken with respect to the strong topology B(X*, X),
AP (x) = {a" € X" : (2", (2", 2) + &2) € [ (E+ L xRy)]_}
B (x) == {z* € X*: (2", (2", 2) + &2) € [ (o (G) + L* x Ry)+]__ + {0} x [0,2]} .

and € and G are defined in and respectively.

Proor. According to Theorem [5.19, we only have to prove that for every L € F(x) and
€ 20, Nijom 1,02 () = Ap(x) = Bi(x). Indeed, it suffices to apply Proposition with the
measurable space (T, A, fi), where T := T'U {w,} for an element w, ¢ T, A is the o-Algebra
generated by (AU {wg}), and 1 is defined by

- o M(G\{wo}) +1 ifwedG

i) = { u(G) if wy ¢ G,

and the integrand function ¢(¢,x) := f(t,x) for t € T and g(wp, ) := . (z). O

5.7 Characterizations via (exact-) subdifferentials

In this section, we use the previous results and Bronsted-Rockafellar theorems to obtain
sequential formulas for the subdifferential of integral functions. As in the previous section,
we suppose that either X, X* are Suslin or (7,.4) = (N, P(N)).

We recall that a net of weakly measurable functions ¢g; : T — X is said to converge
uniformly ae to g : T'— X if for all continuous seminorm p in X, the net p(g; — g) converges
to 0 in L>=(T,R).
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Theorem 5.38 Suppose that one of the following conditions holds:
(i) X is Banach.

(ii) fi are epi-pointed ae t.

Then for every x € X, we have that x* € 0l;(x) if and only if there exist a net of finite-
dimensional subspaces (L;); and nets measurable selections (x;), (zF) and (y:), (yF) such that

7i(t) € 9f(t,%:(t)), 4i () € Naom 1,01 (y(t)) ae, and:

(a) (z¥ +yF) C LNT, X*) and z* = w*-lim!(x;“(t) + yi(t))du(t).

(b) i, y; — = uniformly ae.
(c) f(,2i(+)) = f(-, ) uniformly ae.
(d) (7 (), 2:(-) — @), (W (), 0:(-) — x) = 0 uniformly ae.

In addition, if X is reflexive and separable, then we take sequences instead of nets, and
the w*-convergence is replaced by the norm.

Proor. W.lo.g. we may assume that p(7) < 4oo. Take zf € 0I¢(zo), zo € X, and fix
L € F(xo). By (5.4) in Theorem [.9 we find a measurable function z ( ) such that z*(t) €

O(f + Orndom1,)(20) for all t € T (with u(T\T) = 0), and z}} = fT . Next, given
n € N, continuous seminorms px on X and a w* contmuous seminorm pX* = oc on X~*
such that C is finite and span C' D span(L N dom I), we define the multifunction B : T=
X x X*x X x X* by (x,2*,y,y*) € B(t) if and only if

A(l) x* € 8f(t,x), y* e NdomIfﬂL(y)-
Ail) px(z — o) < 1/n, px(y —20) < 1/n, px«(2*() — 2" —y*) < 1/n.
Ail) |f(t,x) = f(t,zo)] < 1/n, [{x*, 2 — x0)| < 1/n and [{y*,y — x0)| < 1/n.

By [89, Theorem 2.3] (see, also, [113, Theorem 3|) (in case or by Theorem [3.14] (in
case |(ii))), B(t) is non-empty for all ¢ € T. Hence, due to the measurability of the involved
functions, B has a measurable graph, so that by Proposition [1.21| we conclude the existence
of nets of measurable functions x(-), y(-), *(-), and *(-), which satisfy the properties

IA(ii)| and [A(iii) above. Now, we consider y*(t) := Py, o(2*(t)) —2*(t) + P} c(77(t)), where
P* is the adjoint of the a projection Py, onto span C. Then

{yr (), u—y(t)) = (F°(t),u —y(t)) <0 Vu € dom Iy N Li(span C),
and 50 ¥ (t) € Naom1,;nL(y(t)). Moreover, we have

px-(2°(t) = 2" () —y* (1)) = px-(2"(t) = Flpanc (2" (1) = Fipanc(§7(2)))
(@"(1)) = Ppanc (77 (1)))



(™ (1), y(t) — 20}l = [(Panc(@(t) = 2" (1) + Phanc (7" (t)), y(t) — z0)]
= [ (1),y(t) — 20)| < 1/n,

and for all balanced bounded set A C X
[ oa@ ®+5 @00 = [ oaPaunc (e (0) + Pauncli" ))ant)
= /chpA(ﬂi*(t) + 7 (t) — 2" (t))dp(t) +/TOPA(Z*(75))dM(t) < +o00.

The conclusion when X is reflexive and separable comes from the fact that we can take
sequences instead of nets used above (using [89, Theorem 2.3]) and countable family of finite-
dimensional subspaces (recall Remark [5.10)).

It remains to verify the sufficiency implication. Take z* € X* x € X, nets of finite-
dimensional subspaces L; and nets of measurable functions (x;), (zf) and (y;), () as as in
the statement of the theorem. Then for all u € X we obtain

(@' u =) =tim [ ]+ 370 = )y

— [ atte)u = n(®) + (0. :0) — 2) + {57 (0,300 - 2)) )
+ [ (00— ) du
< lim / (F(t ) — (8 2a(6)} dpt) + lim / (e, 3(t) — 2)} du()

T lim / (), m(t) — 20 dult)

taht is, * € 0I¢(x). O

For the next result we need the following lemma.

Lemma 5.39 Under the assumption of Proposition suppose f; are epi-pointed for almost
every t and the integrable function satisfies x*(t) € int dom f; t-ae. Then

0I;(x) = (g |J (w) - / Oery f(t, ) Nint(dom f7)dpu(t).
) T

5>0 LeT(s

Proor. Since the inclusion 2 is trivial we focus on the opposite one. According to Theorem
5.32|it suffices to show that for every e > 0, £ € Z(¢) and 2* € ( f gy f (£, x)dpu(t) we have
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that 2* € cl{ U ( f@g o f(t, ) Nint(dom f)dp } Since f*(-, 2*(-)) € LY(T,R), we

(t)
462(25)

have that z*(t) € dom f; for act €T, and so z5(t) = (1 — )+ Az (t) € int(dom f;) N

0ot fe(x) where A € (0,1) and (5(t) = (23, 2) — f( x) (t ¥(t)) > 0. By the Fenchel

inequality and convexity of the f;’s we get

(X)) = f(t,2) = f7( 27 (@) < f7( 23() = [7(8, 27(8) < A7 (8 2(2) — f7 (2, 27(1))),

and so, since f*(t,25) — f*(t,2*(t)) as A | 0, we have (,(t) — (2", z) — f(t,x) — f*(t, 2*(t)) <
((t), by the Lebesgue dominated convergence theorem we get

lim / (O du(t) < / idu(t) < ¢

Remark 5.40 The hypothesis 2*(t) € int dom f; t-ae always holds when X is metrizable.
Indeed, because X* is separable and int(dom f;) is nonempty we can construct a measurable
selection w*(t) € int(dom f;), moreover let B := {x € X : d(0,z) < 1} the unity ball in X,
then for every almost every ¢t € T' |f*(t,2*(t))| + |op(2*(t) — w*(t))| < 400, then defining

. -1
25(t) = 2 (t) + A(t) (w (t) — 27 (¢) with A(¢) :== (1+ |f*(¢, w*(t)| + |op(@*(t) —w*(t))]) " we
get that

)]+ 12> =(1 = A@®)a(t) + A S, w (1) = (1= A ({27 (1) + A (8w (1))
> [7(t,2°(1))
Therefore f(t,z) > (2*(t),z) — (|a(t)| + 1) for every t € T" and every x € X.

]

Theorem 5.41 Assume that the linear growthINTEGRAL condition holds with zj €
LX(T, X*), and assume that either X is Banach, or the fi’s are epi-pointed and z*(t) €

int dom f; ae. Then x* € 01f(x) if and only if there exist net of measurable functions (x;) C
X, (zF) C Lo (T, X*) such that x}(t) € Of(t,x:i(t)) ae, and

(a) z* = w*—1lim [ 2F(t)du(t).
T
(b) z; — x uniformly ae.

(¢) /|f(t,xi(t))—<wi‘(t),l’i(t)—$o>—f(t,xo)ldu(t)%()

If X s reflexive, then the above nets are replaced by sequences, and the w*-convergence by
NOTM-CONVETgence.

Proor. Let uf € 0lf(xg) for zp € X, n > 0, px a continuous seminorm in X and pyx- a
w*-continuous seminorm in X*. We choose ¢ € (0,1/2n) such that €SUDy+ems (0,1) PX* (y*) <
X )

1/(2n). Then, by Theorem m (or Lemma , when f; are epi-pointed), we can choose
Z*(t) € L} (T X*) such that px-(xf — [2*) < 1/2n and 2*(t) € Oy f(t, o) t-ae (2*(t) €
ag(t)f(t,l’(]> int(dom f;) when f; are epi-pointed) with [¢(¢) < &2, then we define the
measurable function B : T'— X x X* by (z*,z*) € B(t) if and only if

102



(i) z* € 0 f(t,x)
(il) px(z —x0) <e.

(i) =* — 2*(t) € L2B2 (

(iv) [f(t,2) = (2%, 2 = xo) = f(t, 20)| < 26(2),

By Brgnsted-Rockafellar’s theorem in the case of X Banach (see [8, Theorem 1]), or by
Theorem in the case of epi-pointed functions the set B(t) is nonempty ae, moreover by
the measurability of the involved functions we can apply Theorem [1.21| and conclude that
there exists z*(t) € 0 f(t,z(t)) (by such that z*(t) € LL.(T,X) (in LYT, X) if
e 2 LYT, X)), px(xo — 2())ee < 1/,

0,1).

prelai = [ 2) < ooty = [ )+ pxetag = [ ) (5.33)

ot
<1/2n+ sup pX*(y*)/Q (5.34)
y*€Bg, (0,1) €
<1/2n+1/2n=1/n, (5.35)

and /]f(t,xi(t)) — (xI(t), x;(t) — xo) — f(t,20)|du(t) < 1/n. To prove the sufficiency, let
T

z* € X* x € X, and nets x;(-), }(-) that satisfies the conclusion of the Theorem, then for
every y € X

iy = a0) = (i~ [ sty =)+ [ —n@)+ [ @m0 - )
< (i [aty—a+ [ few)~ [ fen)+ [G@@.n0 -
< (at— [ty = w0) + 1) ~ 1)

+/!f(t,xi(t)) = {7 (1), 2:(t) — wo) — f(t, w0)|dp(t).

So taking the limits we conclude. O]

Remark 5.42 The sequential formulas for subdiferential for convex integrand functional
was first studied by Toffe [64], in this paper the author present a characterization of the
subdiferential of an integrand functional for the case where the measurable net belongs to
zi(+) € LP(T, X) and z¥(-) € LI. (T, X*) with 1/p+1/¢ = 1 and p € [1,+00), also the author
left the open question of what happen when p = oo. Later, Lopez-Thibault [80] using the
representation of the dual of L(T, X) (recall that L°(T, X)* = LL.(T, X*) & L*8(T, X))
and the sequential formulas for the subdiferential of the composition [116, Theorem 1| (see
also [89}/113,/115]. Our Theorems and give another answer to the question presented
by loffe, where the convergence of the measurable selection x; converge uniformly almost
everywhere.
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Chapter 6

Sequential and exact formulae for the
subdifferential of nonconvex integral
functionals

In this Chapter (X, || - ||) will be a Banach space. Unless stated otherwise in the document,
in the remainder of this chapter we may assume f is an integrand function from 7" x X to
[0, +00] and one of the following settings: X is separable, or (T, A) = (N, P(N)), here P(N)
denote the power set of N, that is, the set of all subset of N. Although the assumption
about the range of the values of the integrand appear less general, many of the results in
the literature can be obtained in our setting by modifying appropriately the integrand. We
will talk more in depth about these techniques in Theorems and [6.12] it is important
to recall that under our framework the integral functional I, : (LP(T, X), || - ||,) — R is lIsc.

6.1 Sequential formulae for subdifferential calculus of non-
convex integrand functionals

6.1.1 Subdifferential of /; by means of the chain rule

First, we start with the analysis of the subdifferential of I; under the hypothesis that the
measure is non-atomic. To complete this task we establish some sequential approximation
rules for the Fréchet subdifferential using the well-known chain rule for this subdifferential
together with formulas for the Fréchet subdifferential of an integral functional defined on
LP(T, X), which are available in the literature.

We have the following theorem. Recall that by a modulus o, we mean a nondecreasing
function such that a(0) = 0 and a(u) — 0 as u — 0.

Theorem 6.1 Let (T, A, ) be a finite non-atomic measure space, let X be a separable
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Asplund space and let f : T x X — [0,400] be a normal integrand function. Consider
x* € 01p(Z). Then, for any w*-continuous seminorm p and p € (1,00), there exist sequences
yn € X, x, € LP(T,X), x& € LYT, X*) (with 1/p+1/q = 1) such that:

(a) For some numbers r, > 0, moduli o, : [0,r,] = Ry, and families (a?)scor,) of
LYT,Ry) and b7 := a,(s) — [la?|y > 0 (s € (0,7,]) (n > 1), we have that for ev-
ery s € (0,r,] and (t,x) € T x X

ft,wn(t) + s2) = [t 20(t)) — (27(1), 57) = —s(a ( ) + b"HfCH”)
(0) 1Z=yul =0, [rlZ—2n(®)Pdp(t) =0,  (d) p(z* = [ 23( ) =0,
(¢) [l llallzn(-) = yallp =0, (¢) Jplf(tza(t)) = f(t,2)|du(t).

Proor. Consider ¢, — 07, the space Y := L(T, X), the linear function A : X — Y given
by A(x) = z1r, and the functional Iy : Y — R. So, by [14, Theorem 3.5.2] there exist

Tn € B(T,6,), yn € B(A(T), ), v € Op L(yn()), INS — yil| < €, and 25 = A* o A% such
that |I¢(y,) — I[;(A(Z))| < &y, and

max([|AL [, lyplls [[zn D llyn — F(zn)ll < en, pla” = 2,) < en.

Thus, by |90, Theorem 22| there exist r, > 0, a modulus «, : [0,7] - R, and a family
(a™)se(o.rm) of L'(T, Ry such that for every s € (0,7,], (t,7) € T x X one has b := a(s) —
las||1 > 0 and

ft,2(t) + sz) = f(t,2(1)) = (27(1), s7) = =s(as(t) + be|z[]”).

Moreover, translating the estimate given by the chain rule in terms of measurable selections,
we get

L Z—ul —>O,/||i—xn(t)|\pd,u(t) 0. fT S(Ddu(t)) = 0.
4. fT f(t, z,(8)dp(t) — fT ft, z)du(t).
2. “x:quHxn() - yan — 0.

Finally, Lemmaimplies /|f(t,xn(t)) — ft,zo)|dpu(t) — 0. O
T

By the following example we show the impossibility of using the same technique to find
an approach of the subdifferential of the integral functional for p = 1.

Example 6.2 Let (7, A, 1) = (]0,1], £, \) be the Lebesgue measure on [0, 1], and consider
the normal integrand f(t,#) = e¢~*. Then I;(z f f(t,x)d\(t) = e for all z € R.

By |90, Theorem 12| we have that d I;(w(-)) = 0 for every w € L*(T,R). In other words, if
we consider the operator /7 as the composition of I 7 and the linear function A : R — L! (T,R)
given by x — 1, then it is impossible to approximate the subdifferential of I; in terms of

A @ Ip(w()).
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6.1.2 Robusted local minima

In order to guarantee a general framework (without the atmoless restriction on the measure
space) for the subdifferential of integral functions, we adopt here the notion of Robusted local
minima (see for example [14,|65,91]) to the case of integral functions. This definition allows
us to understand better the approximate formulae for the subdifferential of such integrand
functions. In what follows, we work with an arbitrary complete o-finite nonnegative measure
space (T, A, ).

Definition 6.3 Consider a function f : T x X — R and p € [1,+0cc]. We define the
p-stabilized infimum of Iy on B C X by

Apply:=supinf{ [ f(t,z(t)) | z(-) € L’(T, X), y € B and /||33(t) — yllPdp(t) < e}.
e>0 7
The infimum of Iy is called p-robust if N\, ply = infp Iy and both quantities are finite, in
which case a minimizer of Iy on B will be called a p-robust minimizer of Iy on B. A point x

will be called a p-robust minimum of Iy provided the existence of some 6 > 0 such that x s
a p-robust minimizer on B(z,0).

It is worth mentioning that one can easily prove (using Hélder’s inequality |7, Corol-
lary 2.11.5]) that when the measure is finite, a p-robust minimizer of I; is also an r-robust
minimizer for every r > p.

Example 6.4 (A p-robust minimum which is not an r-robust minimum for every r < p)
Consider (T, A, 1) = (]0, 1], £, A), the Lebesgue measure on ]0,1] and ¢ € LP(T,R)\L" (T, R).
We use the integrand f(¢,z) = —||z||” + dg(o,1)(x), so that for every r < p, Arg(o,1)lf = —00.

But, if we take r > p, then for every e,-minimizer (y,,x,) of A, go1)ls, with e, — 0T,
we can take a convergent subsequence y,, — y. Then f |z, (t) — y||"du(t) — 0, and so

Ar o,y lf = fT — |z, ()|[Pdp(t) — fT —[|lg[|P > infg o1 1y

The following Lemma shows that the graphical convergence of an integral function gives
convergence in L'(T,R) of the values of the function.

Lemma 6.5 Consider x, € LP(T,X) such that x,, 2 and

hm/fta:n )dp(t) /ft:r )du(t) € R.
Then lim/|f(t,xn(t)) — F(t (1)) [du() = 0.

Proor. Consider § > 0. By the lower semicontinuty of I in LP(T', X) there exists ¢ > 0 such
that —0/4 + I¢(x) < I¢(y(-)) for every y € Bro(r x)(z,€). Since x, — x, there exists ny € N
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such that z,, € Brr(rx)(z,€) for every n > ny. In particular for every A € A and every
n > n, the function y := z,14 + 2l 4 € IB%Lp(TX x,€), and then

—5/4+/ftx )dp(t) /ftxn Ydpu(t)

for every A € A and every n > n;. This yields

—5/4+/ftx Ydpu(t) /ftxn Ydpu(t) /ft:zcn Ydpu(t) /ftmn Ydpu(t)
/ftxn Ydp(t) /ftx ))+9/4, VA€ A, ¥n > n.

From the fact that hm fT flt,x = [ f( du(t) there must exist ny > ny such
that [, f(t,zn(t t) < [ f( ( )+ 5/4 for all n > ny. Thus

—5/4+/ftx )du(t) /ft:vn )dpu(t) /ftxn )dp(t) /f“? ) +0/4
g/f(t,x@))du(t)+6/4—/f<t,x(t>>+5/4
_ /f(t,x(t))du(t) +6/2, VAE A, ¥n > ny.

Then considering the measurable sets A = { ¢t € T : f(t,x,(t)) — f(t,z(t)) > 0} and
A ={teT: f(t,z,(t)) — f(t,z(t)) < 0}, we get

/ L 2a(t) — £(E 2(6))|dpu(t) / Pt 2alt)) — £t 2(6)dp(t)

/ St () — F(t, 2 (6))dp(t)
< 6/2 +6/4 < 6;

that is, /|f(t,:17n(t)) — f(t,z(t))|du(t) — 0. O

T

The following Lemma is a simple application of classical rules concerning differentiation
of integral functionals. For the sake of completeness we give a proof.

Lemma 6.6 Let i be a finite measure and let f : T x X — R be a normal integrand Lipschitz
on B(xg,d) with some p-integrable constant, that is to say, there exists K € LP(T,R) such
that |f(t,x) — f(t,y)| < K(t)|lz —y|, for all z,y € B(xo,d) and all t € T. Assume that
the functions f, are B-differentiable at xy ae. Then Iy is [-differentiable at xo, Vaf(t, xo)
belongs to L. (T, X*) and Vglf(xo) = (G) — [,V fi(zo)du(t). Moreover, if f, are 3-smooth
on int(B(xo,0)), then Iy is B-smooth on int(B(xzo,d)). Finally, if X is a Hilbert space, the
functions f; are C? on int(B(zg,d)) and the derivative Vf : T x X — X* is Lipschitz on
B(x,0); hence, Iy is C* on int(B(xo,9)).
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Proor. First, the w*-integrability of the function ¢t — V3 fi(zo) follows from the fact that for
every h € X, (Vafi(zo), h) = hm ”0+Sh) [t20) and ||V fi(0)|| < K (t). Now take U € 3,

—0t
and any sequence s, — 0F. Slnce U is bounded we may assume that xg + s,h € B(x,0)
for every n € N and h € U. So, when the space X is separable, the measurability of t —

sup
helU
the separability of U. We notice that this function is bounded from above by K; moreover,

it converges to zero (ae) as n — 0o. Then by Lebesgue’s dominated convergence theorem

we get lim sup,cy ’If(zﬁsm) Iy(xo) — [ (Vafi(wo), h)dpu(t)| "= 0, which concludes the first
n—oo

f(zotsnh)=fi(zo) _ (7 afi(zo), h)| follows from the Lipschitz continuity of the integrand and

Sn

part. To prove the continuity of the derivative VIy : int(B(zo,d)) — (X*, 8*) we fix U € §,

z € int(B(xo,0)) and x, — z with z,, € B(xy,0). By the boundedness of U the number

M := sup,cy || b is finite. Then we notice that for almost all ¢ € T, lim sup,cy |[(V fi(z) —
n—o0

Vfin), 1) = 0, and gu(t) = suppes [(V (@) — Vi), )| < 2ME(#) ae. Then again by

n—oo

Lebesgue’s dominated convergence theorem, we get sup,ey; |(Vlf(z) — Valy(z,), h)| = 0.
In the final case when X is a Hilbert space, the fact that functions f; are C? uses similar
arguments and so we omit the proof. ]

We recall that in every [-smooth space X there exists a Leduc function 1, which is a
(globally) Lipschitz continuous function, S-smooth away from the origin, and satisfies the
existence of some constant a > 0 such that [|z|| < ¢(x) < allz|| and ¥(tz) = ty(x) for all
z € X and t > 0 (for more details see [69] and the references therein).

Lemma 6.7 Letp € [1,+00) and x € X be a p-robust minimizer of Iy on B C X. Then for
every ep-minimizer (x,(+), yn) (with £, — 0) of p, : LP(T, X) x X — R,

(w,u) := /ftw )dp(t +n/wp t) — w)dp(t) + PP (vo — u) + Ip(u),

where Y is a Leduc function, we have:

(¢) n([[zn() = ynllp)?s |20 () = 2llps lyn — [l = 0, and

m)/uw%ﬁ»—fm@mmw+o

In particular

inf o, (w,u) = I;(z). 6.1
sup inf ¥ (w,u) = If(z) (6.1)
ueX

Proor. First, for n > 1 and 0 > 0 define
vp =inf{ ¢, (w,u) | w e LP(T, X) and v € X},

&s ::inf{/Tf(t,w(t)) | /THw(t) —u||du(t) <6, we LP(T, X) and u € B}.
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Now we have, n([|zn(-) = ynllr)” < [ (f (£, 2n(8)) + nt? (20 (t) — yn)) dpa(t) + PP (yn — ) <
It(x) + . The last inequality implies [, |2, (t) — y,|[Pdu(t) — 0. Then, setting 0, :=

fT |zn(t) — ynl|Pdu(t), we have

5, — En < / f(t7$n(t))dU(t) —&n < @;(xnayn) —&n Sy < If(xﬂ)'
T

Taking the limits we conclude that /f(t,xn(t))du(t) — /f(t, x9)du(t), and consequently

T T
@ and equation (6.1 follow. Finally, using Lemma we obtain @ O

Lemma 6.8 Let z(-) be a measurable function with values on X, and let €(-) and \(-) be two
strictly positive measurable functions. Suppose that z(t) is an e(t)-minimum of f; and one of
the following condition holds:

(i) 0 =05 and X is a B-smooth space.
(i1) 0 = Op and X is a Hilbert space.

Then there exist a constant L = L(X, ), a measurable function y(t) and a w*-measurable

function y*(t) such that y*(t) € 3f(t7y(7))7 ly(@) —z@)]| < A@), £t y(8) = f(E 2(8)] < 6(2)
and [ly* ()| < 2L5()/A(t).

Proor. Consider a Leduc function ¢ and take L > 0 such that ¢ is L-Lipschitz and ||z|| <
Y(x) < Llz||, |lz|| < IVs?(2)|| < L||x||/2 for all z € X. Consider 6 > 0 with §y = 1 such
that > ° 6 = 2. Then define §(t) := &e(t)/A*(t), the space S = X x [[;2, X with the
product topology, and the function (¢,y, (x:i)) — ¢(y, (1)) = Do G0V (y — ).

Now define the multifunction (y, (x;)) € M(t) if and only if ¥?(y — 2(t)) < N(t), ¥(x; —
y)? < N()/2 for all i = 1,2, ., f(t.y) +o(z, (1) < f(2(t) and f(t,w) + p(w, (z7)) =
f(t,y)+e(y, (z;)) for all w € X. It is not hard to prove that S is a Polish space (i.e. complete
and separable), ¢ is measurable (with respect to A ® B(S)) and from the fact that every
function involved in the multifunction M is A®B(S)-measurable, we have gph M € ARB(S).
Moreover, by Borwein-Preiss Variational Principle (see e.g. [14, Theorem 2.5.2|) M(t) has
non-empty values. Then by the measurable selection theorem (see e.g. |22, Theorem II1.22])
there exist measurable functions (y(t), z;(t)) € M(t) ae. The last implies ||y(t) —z(¢)|| < A(¢),
l2:(8) = y(@)| < At)/V2 for all i = 1,2, |f(t,y(t)) — f(t,2(t)] < () and f(t,w) +
o, (1)) > F(t,y(1) + 9(y(t), (1)) for all w € X ae.

Finally, it is easy to see that ¢(t,y) := Do, &(t)*(y — i(t)) is B-smooth (C? if X is

a Hilbert space) with respect to the second argument (see Lemma [6.6), Vo(t,y(t)) is w*-
measurable and ||Vzo(t,y(t))|| < Le(t)/A(t). Hence, f(t,-) + ¢(t,-) attains a minimum at

y(t) and so, y*(t) := —=Vo(t, y(t)) € 9 f(t,y). O
The following gives a sufficient condition for robusted local minima.

Proposition 6.9 Consider p,q € [1,+o00| with 1/p +1/q = 1, and B O X such that
dom I N B # (). Suppose one of the following conditions is satisfied:
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(a) For almost every t € T, f(t,-) is T-lsc, B is T-closed and there exists A € A with
pu(A) > 0 such that for all t € A, f(t,-) is sequentially T-inf-compact, with T some
coarser topology than the norm topology (i.e. T C 7).

(b) For almost every t € T, f is Lipschitz on X with some g-integrable constant.

Then
/\p,BIf = I%fff.
Proor. In the first case define v, = LlnfTX {/f (t,w(t)) | /||w —ul|l” < 1/n}, take
wel?
uEB

en — 07 and (z,,y,) € LP(T, X) x X such that

—5n+/f(t,a:n(t)) < (6.2)

and / |zn(t) —yn|lP < 1/n. We can suppose that for every t; € T and to € A, ||z, (t1) —ynl| —

T
0 and f(ts,-) is sequentially 7-inf-compact. So, by Fatou’s lemma we have that for every
subsequence z,, of x, we have

/ lim inf £(£, 2, (£))dp(t) < lim inf / F(t, 20 (1)) < inf I < 400, (6.3)
T T B

Then in particular for some ty € A, liminf f(¢y, z,(ty)) < +o0, and there exist a subsequence
Ty (to) and a constant My, such that f(to, Zn, (o)) < My, By the inf-compactness
of f(to,), there exists a subsequence z, of Trgg >(t0) such that z, — wy € X. Because

|24 (to) —ynll — 0, we get the existence of a subsequence yy(n) of y,, such that y,,) — wy € B

(because B is 7-closed). Then from the fact that ||x,(t) — yn|| — 0, we get Ty (t) = w for
all £ € T. Finally, taking into account (6.2]) and using the Isc of the integrand in (6.3]) we
obtain

mf[f < It(wp) < /hmlnff(t Ty (1))du(t) < hmmf/f (t, 2y (t))du(t) < Apply < mfIf
T

In the second case, let K be the g-integrable Lipschitz constant and consider w € LP(T, X)
and y € B. Then

/ftw Jdpu(t) (/utw £t y)ldu(t) /ftydu

z—/K@ww—mw@+gu.

So, the result follows taking the appropriate limits. O
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6.1.3 [-smooth and proximal subdifferentials

Theorem 6.10 Consider p € (1,+00). Assume that the measure p is finite and xo € X 1is
a p-robust local minimizer of Iy. Then if 0, X and p satisfy one of the following conditions:

(i) 0 =05, X is a B-smooth space, (i) 0 = 0p, X is a Hilbert space and p > 2,

we have the existence of sequences y, € X, x, € LP(T, X), xt € LI (T, X*) (with 1/p +
1/q = 1) such that:

(a) #3(1) € 0 f(t,a(t)) ae, (@) | [ aiodute)] o

() llz0—yall -0, / leo—a(t)[Pdu(t) — 0,

(¢) [lz5.()llglln(-) = ynll, =0, r

Proor. Consider the function ¢(x) = ¢?(x), where in case |(1)| ¢ is a Leduc function and in
case 1 is the norm. When X is a S-smooth space one can follow the construction given
in |69, Lemma 2.5] and derive the existence of a constant L such that; ||z| < ¢(z) < Lzl
and |[z]|P7! < ||[Vgl(z)|| < L|z|[P~! for all z € X. Moreover, it is easy to see that ¢ is
B-smooth everywhere. When X is a Hilbert space it is well-known that ¢ is C? on X and ¢
satisfies the same estimates.

Consider ¢ € (0,1) such that z is a p-robust minimizer of Iy on B := B(xo, ), and fix a
family of 6; > 0 such that 5y = d and > "% & = 1. Now define ¢, : L’(T, X) x X — R by

On(T,y) = /f(t,fc’(t))du(t) +n/€(:c(t) —y)dpu(t) + Ly — o) + 5(y).

Then Lemma [6.7] says that

inf n\W, =1 )
sup i, #nw,u) = I5(z0)

ueX
and so there exists g, — 07 (with ¢, € (0,03) for large enough n) such that (zg,zg) is
an €,-minimum of ¢,. Then we can apply the Borwein-Preiss variational principle (see,
e.g. |14, Theorem 2.5.3]) with the type-gauge function p : (LP(T, X) x X)? — R given by
p((wr, ur), (W, uz)) := [ €(wy(t)—wa(t))dp(t)+£(uy—us) and find points (z', y")ien, (22, Y% ) €
LP(T, X) x X such that:

(BP.1) / bz — a2 (O)dlt) + L - 422) < 5 / £ (E) — a2 (O)elt) + £ —122) < 52

(BP.2) on(zl,ys) + dn(Th, Yho) < @nl0, o), and
(BP.3) wn(w, u)+¢n(w,u) > on (25, yo ) +on(rk, yh) for all (w,u) € LP(T, X)x X\{ (27, y2)},
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where

ou(we) =325 | [ ttw®) ~ ae)an(®) | + > atta

i=1

— / (Z Sil(w(t) — :c?(t))) dp(t) + Z oil(u —yi').

T

On the one hand, by (BP.2)| [, hn(t, 22 (t))du(t) is finite, where hy,(t,v) := f(t,v) + nl(v —
Yy )+ > 0il(v — a(t)) is a normal integrand functional, and by |(BP.3)| (taking u = y)
i=1

/ (t 7 (O)dp(0) =t / Bt w0 (8)) (1)

weLP (T, X
T T

(by Proposition :/Jg)f( P (t, w)dp(t).

Then, by definition in case , and by the sum rule for case , we have

0€0f(t,al(t)) +nu,(t) +v,(t) ae, (6.4)

where uf(t) := Vgl(a (t) — y2) and v*(t) = ZéVﬂE( " (t) — x(t)). The measurability

and differentiability of these functions follow from Lemma, [6.6} - (notice that this infinite sum
can also be seen as an integral functional). The estimate of the gradient of the function ¢
gives us ||ul (¢)]|9 < LYl () —y2 ||? and f lvE()]|9du(t) — 0. On the other hand, by |(BP.3)

(taking w = z.)

n / G (0) = R ple) + € = 20) + 3 0ty

i /13 —udu()—i—g(U—Q?o-i‘Zégyoo y)

ueX

Hence, again Lemma gives us the differentiability of these three functions and simple
calculus implies 0 = —n [ u()du(t) + wi with [w}]| — 0. Thus, there exists a} =
—nuj(t) — vi(t) € LYT, X*) such that z}(t) € 0 f(t,2%(t)) (see equation (6.4))), and the

previous computations give us

( / s (6)[9) 0 < / et (87 + ( / o (6)[)Ve,

and || [ a5 @)dp®)| < | [, vi(@)du@)] + ||wn|| — 0. By |(BP.2)| we have that (z7,y") is
an 5n—minimlzer of ¢,, and so by Lemma we conclude that n(||z?(¢) — y2],)? — 0,
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Jrlf (25 (t) — f (¢, xo)|dp(t). Finally,

12Ol - n() = gally < (n< [ opane o+ ([ uv:;<t>||Qdu<t>>1/q) la() = vl
< nL(n() = 9ol () = vally) + 1Yo - Heal) = all,
nL(ll2a) — vl + 0O, - [0() = gl — 0.
[]

Now we establish the two main results of this section. In order to show how to adopt
some of the settings available in the literature to our framework, we consider in the following
theorems two normal integrands f,g from T x X to R satisfying the following properties
relying on the smoothness of X:

P, Forallt € T and all x € X, f(t,z) > g(t, x).

Py If X is a S-smooth space, the functions g; are assumed to be f-smooth on X for all
t € T, or if X is a Hilbert space, the functions g, are assumed to be C? on X for all
tefl.

Ps If X is a B-smooth space, the integrand I, is S-smooth on X, or if X is a Hilbert space
the integrand I, is C? on X.

Some new results about the study of the subdifferential of a convex integral function (i.e.
when f(t,-) is convex ae) used the function g(t,z) = (a*(t),x) + «(t) with a* € L? . (T, X*)
and a € LY(T,R) (see [29,6480]).

Theorem 6.11 Let f, g be two normal integrands satisfying [Py, and [P3. Consider x* €
01¢(z) and p,q € (1,400) with 1/p+1/q = 1. If u is finite, sup,cx [|Vpg(-, z)|| € LYT,R)
and 0, X, p satisfy one of the following conditions:

(i) 0 =05, X is a B-smooth space, (i1)) 0 =0p, X is a Hilbert space and p > 2,

then for every w*-continuous seminorm p in X*, there exist sequences y, € X, x, €
LT, X), x € LL.(T, X*) such that:

(a) w3(t) € O f(t, (1)) ae. (d) / (22 (1), 2(t) — 2)dpa(t) = 0,

() le—yall = 0, [ lle—za(®)[Pdut) — 0,
/T (e) p ( / 2 (1)du(t) — x) S,
(¢) 2 Ollallzn(-) = gally = 0,

) / (2 (t) — £t 2))dpt) — 0.

Moreover, if one of the conditions of Proposition holds, then can be changed to
| [ ai®dute) - ) 0.
T
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Proor. First, assume that ¢ = 0. Then consider ¢ > 0 and {ei}i=1,. 4 a finite family of
points such that p(-) = max{(-,e;) : i = 1,..,k}, and denote by L := span{x,e;}i—1, . x and
K = LN B(x,1) (if one of the conditions of Proposition holds we must proceed taking
simply K = X). Then there are a ball B(x,n) and a Lipschitz, S-smooth function (a C?
function if holds) ¢ : B(x,n) — R such that Vgo(x) = z* and Iy — ¢ attains a local

minimum at z.

Now we consider the measure space (T, A, i), where T = TU{wy,wy }, A = 0(A, {wi}, {ws})
and fi(A) = p(A\{wr, w2 })+1L4(w1)+1a(ws), together with the integrand functional f(t,z) =

f(t,x) + 1y (8)o(x) + 1w,y (£)0x (2). Then condition |(a)| of Proposition 6.9 holds, and so «
is a p-robust minimizer of I; on B(x,n). By Proposition there exist sequences 7, € X,
e lP(T,X), it e L. (T, X*) (with 1/p+ 1/q = 1) such that:

L & (0) € 01 (13u(0)) ae, 1| [ &) o

2. Jlz—gal| = 0. / o — & (8)|Pdji(t) — 0,

3. 125 OllgllZn () = nllp = 0,

In particular, [ &7 (t)dji(t) is bounded, and so ([ 5 (t)df(t), Jn — x) — 0; hence,

[ @0.3.(0 - 2aico)] < | / o = 2)()| + / 15O 174(6) = Fulldfi(t) — 0.

T

*

Next, define ,(t) := %, (t), x}(t) := &} (t) with t € T and y,, = §,. So, z,, € LV(T, X)), x},
Lo (T, X7), a7 (t) € O f(t, za(t)) ae, [l —yul = 0, [5 [z =2 @)[Pdu(t) — 0, 25,()l, Hxn()
[F(t2n(t) = f(8 2)|dp(t) — 0.

Ynllp
Now ) (w1) = —Vo(z,(wr)) N V5¢( ) = . By the convexity of K we have that
for large enough n, 7* (ws) € Nk (Zn(ws)) = L*. Therefore
p| [atant - | <, / e () + 5 (w) + 0 2)
T T
—, ) + o2, (w2))
<| / O+ pl=53 () = 2°) + ol ) = .

On the one hand, since Z} (w;) is bounded and z,,(wy) — x, we have (Z (w), zp(w1) —2) — 0.
On the other hand, since for large enough n, (Z} (ws), x,(w2) — z) = 0, we get

[ taz0.000) = autv)] <] [ @10.300 - aato)] +

— 0.

(@, (w1), Zn(wr) — )

+ (T3 (w2), 20 (wa) — )
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At this step, if g is different than zero, we know by Lemma [6.6|that the gradient of I, is given
by [ Vsgi(x)dp(t). Then we must apply the result to the integrand function h := f—g, with
the gradient y* := 2* — [, Vg, (x)du(t) € 0 I,(z), and then by making some computations
we easily get the result. O]

The next Theorem corresponds to the uniform convergence of the measurable functions
Z, given in the previous theorem, which can be seen as the corresponding result when case

p = +00.

Theorem 6.12 Let f,g be two normal integrands satisfying [P], [Py and[Psl Consider z* €
O 1;(x). We assume that sup,cy ||Vsg(-, 7)|| € L'Y(T,R) and 0, X satisfy one of the following
conditions:

(i) 0 =05, X is a B-smooth space, (i) 0 = 0p, X is a Hilbert space.

Then for every w*-continuous seminorm p in X*, there ezist sequences x,, € L>(T, X),
xt € LL.(T, X*) such that

(a) x3(t) € O f(t, 2,(t)) ae. (d) / (25 (6), 2 (t) — 2)du(t) = 0.

(0) [lz = ynll = 0[]z = zn(-)[loc = 0.
(e) P(/ ok (t)dp(t) — z*) = 0.
(¢) /T\|$Z(t)|!HiUn(t) — Ynlldu(t) = 0. ’

) / (s 2a(t)) — £t 2))dat) — 0.

Moreover, if one of the conditions of Proposition holds, then can be changed by
I [ @it o) = o
T

Proor. Consider p and z* € 0 I;(x) as in the statement. First we assume that p is finite and
g =0, and so we have that f(t,2) > 0 for allt € T and all z € X. Let € € (0,1) and define
ft,2") == f(t,2') + Op(ae)(2’). It follows that z* € 0I7(x). Then by Theorem there
exist measurable functions %, € L*(T, X), #*(t) € L2.(T, X*) such that:

L 3(t) € 9 (¢ 3(1)) ae. Lol [ B0t %) >0,

T
2. o= gl 0, [ o= (0l du(®) - o
T

3. 125 () lI21n () = nll2, r
It is easy to see that if ||Z,(t) — z|| < ¢, then Z}(t) € O f(¢,Z,(t)). Let L = L(X,J)
be as in Lemma [6.8 and define the measurable set A, := { ¢t € T : || Z,(t) — z|| = }.
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The convergence in L3(T, X ) implies that ,u(An) — 0. Now take n € N such that ||z —
gnll <€/2, p f t)du(t) —2*) < /3, [T O Fn — Za(®)ldu(t) < €2/6, [ [f(t Ta(t) —

f(t,x)|da(t) < e/2, /T(x;(t),a:’n(t) —x)dp(t) < e/3and [, f(t,x)du(t) < e*/6(L+1). Tt
follows that

== [0l 5.~ 200 > [ 15000 6 - 00
> [ 1B O 2= 0] = 5dYaut) = [ IE©NE - Sun =5 [ iE@e.

n

Therefore, fAn |z ()|l du(t) < 5. Now define e(t) := f(t,7). By the nonnegativity of the

integrand, we have that z is a £(¢)-minimum of f(¢,-) for almost all ¢ € A,,. Then by Lemma
there exist measurable functions (y(t),y*(t)) € X x X* such that for almost all t € A,,,

y (1) € 9 f(t,y(@)), lly(t) —xll < /2, [f(t,y(t) — ft, 2)] < e(t) and [| y*(1)[] < 2Le(t)/e.

Then we define () := &, (t)Lac () + y(t)1a, and 2*(t) := T3 (1)L ac (1) +y*(t)14,. Hence,
2*(t) € O f(t,x(t)) ae, [lv — z()[[ <,

[l @laut) = [z + [ @l

< TP+ /2 [ 17t a(®) = £t 0)ldutt)
= [ 1w = st + [ 10) = alaut) <

Furthermore, p( fy #* (H)du(t)—2*) < p(f 75 ()du(t)—a*)+ [, 750 Idu®)+ [, Iy Olldpt) <
g, so that
/ (O3, ~ #(Olldu ) / 13 (0) 1 1 = Fouae) + [ ) 1005 = =+ ®) ~ ol )
< 52/6 +e%/6+¢%/6 < e.
Finally,
| [ 0.2t = 2)anto)] <] / —a)dn(®)+ | (o (0).9(0) = 2)dute)
<| [ @030 = aau®)] + [ 1701150 = eldu)
¥ / O Iyte) - () <=
Now if p is o-finite, consider v(-) = [ k(¢ ), where k > 0 is integrable and consider the

integrand f(t,z) = f(t,z)/k(t ) So, If = ]J‘f, and then by applying the previous Theorem
we easily get the result. The general case, when g is not zero, follows the same arguments
given in the proof of Theorem [6.11] [
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Remark 6.13 The reader can easily notice that one can modify the measurable selection
{zpn, 2%} in Theorem for the case X is a Hilbert space, using a similar technique as in
the Theorem above. Indeed it is enough to repeat the proof of the Theorem above and use
Lemma [6.8] to derive the existence of measurable functions (y(t),y*(t)) € X x X* such that
for almost all ¢ € A,, y*(t) € & F(t,y(1)), ly(t) — || < ()7, | F(t,y(t)) — F(t,)] < =(t) and
| y*(t)|| < Le'~Y?(¢). This gives us a function x(t) := &, (t)1c (t) + y(t)14, satisfying the
conclusion of Theorem with an arbitrary p € (1,2).

In the next result we apply techniques of separable reduction for the case of Fréchet
subdifferential of infinite series. For this propose we introduce the concept of a rich family.
The symbol S(X x X*) denotes the family of set U x Y where U and Y are (norm-) separable
closed linear subspaces of X and X*. A set R C S(X x X*) is called a rich family if for
every U x Y € S(X x X*), there exists V x Z € R such that U C V, Y C Z and
Unen Un X U,pen Yn € R whenever the sequence (U, X Yy, )nen € R satisfy U, C U,41 and
Y, C Y, 41 (for more details see [36}37,47] and the reference therein). In |36, Theorem 3.1]
the authors showed that there exist a rich family in (rather non-separable) Asplund space.

Proposition 6.14 Let (X, | - ||) be an Asplund space and let f : X — R U {400} be any
proper function. Then there exists a rich family R C S(X x X*) such that Yy C Yy whenever
Vi x Y1, Vo x Yy € R and Vi C Vi, with further properties that for every V- xY € R, the
assignment Y > x* — :ETV € V* is a surjective isometry from Y to V*, and for everyv € V
we have that

(Or f(0)NY), = (OF f(v))), = OF flv(v); (6.5)

that is, in more detail, if v* € Op f), (v), there exists a unique v* € Op f(v) NY such that
zp, =" and [|z*]| = [|v*.

Besides, it has been proved that intersection of countably many rich families of a given
space is (not only non-empty but even) rich (see |10, Proposition 1.1] or [47, Proposition 1.2]).
Then for the case (T, A) = (N,P(N)) there must exists a rich family R for the integrand
function (f,,), satisfying the properties of Proposition and with uniformly for every
n € N, as well as for the integral functional I;. Using this family, we can extend all the
previous statements to arbitrary Asplund spaces in the case when (T, A) = (N, P(N)).

Corollary 6.15 The statement of Theorem |6.11 and |6.19 hold if we assume that X is an
Asplund space and (T, A) = (N, P(N)).

Proor. Assume that the assumptions on f, g in Theorem hold in an Asplund space
X (respectively the assumptions in Theorem [6.12). Let 2* € 9p I;(z) and p be a w*
consider V' xY € R such that z,e; € V,i=1,...,pand 2" € Y. Then z}, =: y* € 9(I;)|v(z).
Because the space V' is separable and V' has separable dual V* (because X is and Asplund
space), V has a Fréchet smooth renorm. Then 0 = dr and consequently, applying Theorem
there exist sequences y,, € U, z,, € LP(T, V), 2z € L.(T,V*) such that:
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(a) 2,(t) € OF fi, (T, za(t)) ac. (d) /T (Z5(t), 2 (t) — )du(t) — 0,

(b) Iz —gall =0, / = 2o (DIPdu(t) 0,
r (©) p ( [ zittaute) - ) o,

© 1200zt — wly = 0,
( / l O 2n(t) — yllda(t) — O xesp) () / | 2at)) — (8, 2) dpa(t) = 0.

Then define 7 (¢) as the unique element in 0 f(¢,x,(t)) NY such that ||z} (¢)] = ||z5(t)]]
and (27,(t))), = z,(t). Now [[yi(-)llg = ll27,(-)llg, which implies [l ()llgl[#n(-) = ynll, — O

(respectively / lz: (O |||zn(t) — ynl|/du(t) — 0) and x} € LYT, X*). From the fact that

T

z,(t), yn,el,x € V and (2%(t)),, = z:(t) we conclude that [.(x}(t),z,(t) — z)du(t) — 0
and p ([p x5 ()du(t) — ) — 0. Then, the sequences y,, z,(-) and z(-) satisfy the required
properties.

Finally, if one of the conditions of Proposition [6.9 holds we notice that for each n

Jrzin( = > wen Tn(k)du(k) € Y* (because Y*is linear closed space). Then the norm
of fT “( d,u( ) must be equal to ([, z(t) = [Lui(t ) and it goes to zero if one
of the conditions of Proposition [6.9] holds. O

The final result corresponds to an extension of [80, Corollary 1.2.1] to the case p = +o0.

Corollary 6.16 In the setting of Theorem[6.19 assume that f is a convex normal integrand
(i.e. f; is convex for all t € T'). Then one has z* € 0 f(x) if and only if there are nets
x, € L°°(T X) and ¥ € L' (T X*) such that z3(t) € 0 f(t,x,(t)) ae, ||z — 2,()||cc — O,
Jra(t)dp( " el —a)du(t) — 0 and [ |f(t 2. (1)) — f(t 2)|du(t) — 0.
If the space X 8 reﬂexzve we can take sequences instead of nets and the w*-convergence of
Jp @ (t)du(t) is in norm topology.

Proor. When X is reflexive, without loss of generality, we can assume that criterion @
of Proposition is satisfied; otherwise, we take ft = fi + Ip@,1)- So the construction of
the sequence follows similar and classical arguments which we are going to give in the next
paragraphs. First assume z* € 9 I¢(x). Then take Ny the neighborhood system of zero for
the w*-topology and consider the ordered set A := N x Ny as (ny,U;) < (ng,Us) if and
only if ny < ny and U C U;. Then by Theorem for every v = (n,U) there must be
z, € L°(T, X) and 2} € L. .(T, X*) such that

1. zi(t) € 0 f(t,x,(t)) ae, 4. [ar(t)dp(t) —a* € U,
2 e — 2 < 1/, 5. fo 1 (2 (8)) — (b )ldu(t) - 0.
3. f — z)du(t) — 1/n,

Hence the net (z,,x}) satisfies the required properties. Conversely, assume that the net
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(z,, ") satisfies the above properties. Then for all y € X
@ oy=a) <t = [ alaus— o + [ @0 = o)
+ [ G0 - 2)dutt)
<l — /Tx”,j(t)du(t), o)+ Iy / it a(t
+ [ 0.2 = 2)dute).

So, taking the limits we conclude (z*,y — z) < If(y) — I¢(x), and from the arbitrarily of y
we get the result. O

Remark 6.17 It important to notice that all the result above does not required any smooth-
ness if we assume that f is a convex normal integral and (T, A) = (N, P(N)). Moreover, in
this case one can simplify the proof of Lemma [6.§ and Theorem applying Ekeland’s vari-
ational principle (see, e.g., [45, Theorem 1]) instead of Borwein-Preiss variational principle.
Also one can show the result using |47, Theorem 4.1], where the authors claim that for any
proper function g : X — R there exists a rich family R with the property that for every
U € R and z € U one has 2* € 0p g(Z) and ||z*|| < ¢ whenever there exists y* € 9(f, )(Z)
and [|y*|| < ¢. Then, the proof follow similar arguments than Corollary [6.15] However, we
refused the uses of this family in Corollary - 6.15] because it does not give us an comparison
between the norm of [, z:(¢)du(t) and Jp 5 (t)dp(t), which is necessary to prove the con-
vergence in norm topology of [« (t)du(t) when one of the conditions of Proposition
holds.

Remark 6.18 It is worth comparing the results given in |80, Theorem 1.4.2] with Corollary
where we have proved similar results to the convex case. The advantage of our approach
is that we do not need to use singular elements in the dual of L>°(T, X) to characterize the
subdifferential of ;.

6.2 Limiting/Mordukhovich, G- and Clarke-Rockafellar
subdifferentials

The aim of this section is to establish an upper-estimation for the Mordukhovich, G- and
Clarke-Rockafellar subdifferentials at a point x € dom Iy, in terms of the corresponding
subdifferential of the data function f; at the same point. For simplicity, we will focus on
the case when X is a separable Banach space. For this reason, in the sequel we adopt the
following notation: If X is an F-smooth space (1 e. when (O)O( * |I-1) is also separable) 0 = 05,

0 = 0n, 0] = 0%, otherwise 0 = 04, 0, = 00, 07 =04.

Lemma 6.19 Consider z* € 01, If(x), y* € 07 If(x0), a finite family of linearly independent
points {e;}_,, W :=span{e;} and p(-) := max{|(-,e;)|}. Then there exist sequences x,,y, €
L>(T, X), o, y: € LL.(T, X*) and )\, — 0% such that:
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(a) x3(t) € O f(t, 2a(t)) e, @)m/@ﬁmmw—ﬂy%a
() = zu(-)]l =0, r

(@) Yo [ 1t 00(0)) = (1, 2)|dn(t) = 0,
() yi(t) € 0 f(t,ya(t)) ac, () Y J 16 (1)) = F (1, 2)|dplt) =0,

v el = () 4 € (Blom) W)

() ol [ 00~ 57) 0,
T
where
B(yn,yt) ={¢e X : liminf/<yz,§>+du < 400}

Moreover, if there exists a bounded sequence ¥ (in LL.(T, X*)) (or \yi respectively) satis-
fying the above properties, then

aﬁe/aj@wmmw+cmmmmr+Fa

(respectively) y* € / O f(t,2)du(t) + C((yns Anys)) ™ + F

where C(xn,xt) :={ £ € X : ((L(+), &) nen is uniformly integrable}.

Proor. By definition of 0 I¢(x) and 07 If(x) there exist sequences z; € 01f(2,), s; €

n

I w* w*
01¢(s,) and A, — 0T such that z,, s, = 2zt = x* and A, - s — y*. By Theorem|6.12[ (and
using a diagonal argument) there exist sequences x,,y, € L™(T,X), xf, vy € L,.(T, X*)
such that

(i) (1) € 0 f(t,2a(1)) ac, (i) pl(fy w5 (H)dp(t) — %) = 0,

(i) [le = 20()ll = O, (V) [y f(taa(®)dult) = [, f(t2)du(t),
() y5(t) € D F(t,yalt)) e, (%) p(A - fp g (B)dpa(t) — %) = 0,
(i) [l = ga(-)]loo = 0, ) [ F(tyn()dp(t) > [ F(t, 2)dp).

So, by Lemmawe conclude that lim [, | f(t, 2, (t))—f (¢, z)|du(t) = 0 and lim [, [ f(t, yn(t))—
f(t, 2)|du(t) = 0. Moreover if we take & € B(y,, y)NW, then (y*, &) = lim A, [(y:, §)du(t) <
liminf A, f (yr, &)t = 0; this proves the first part. To prove the second part, consider a contin-

uous projection Py : X — W, and assume that sup [ [|a%(¢)||du(t) < co. So, by |4, Corollary
noT
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4.1] we have that
Lo { [ (0dute) € [ L (o 0)dn(t) + Clan ) + F-

*

where Ls" {a: (t)} represents the sequential upper limit of the sequence (z7(t)). Moreover,
if supf |5 (t)||dp(t) is finite, then (under subsequence) w} := [, a%(t)du(t) — wj. But

P* (W) + wl — Py (wr) and by we get that Py (w)) — P‘Z‘V(q:*) Therefore,

n n

— P;‘V(I*) € W+, and then we conclude that z* = wj + Py (z*) — wi + 2* — Py (2*) €
[ Ls" {z () }du(t) + C((w,, )~ + W+, Finally, we have to prove that almost everywhere
T

Ls” {z*(t)} C d; f(t,z). Indeed, from the previous convergence (and under a subsequence,
see e.g. |1, Theorem 13.6]) we can take a measurable set 7' such that u(T\T) = 0 and
for every t € T, x,(t) — o and f(t,z,(t)) — f(t,z). Then take an integrable selection
a*(t) € st*{x;:(t)} and fix t, € T. So, there exists a subsequence x:‘%(to)(to) — a*(tp), and

then z,,,  (to) — 2o and f(to, n,, ) — f(t,x). Hence, a*(to) € 01 f(to,x). The case for
the point y* is similar, and so we omit the proof.

]

Considering the above result we need to ensure the boundedness of approximate sequences
in the subdifferential to establish an exact upper estimate. So, the next part concerns criteria
to guarantee this property. For this reason, we introduce the following definitions that allow
us to extend the classical results, which consider locally Lipschitz continuity of the integral
functional (see for instance |23, Theorem 2.7.2] or [86]).

We adopt the definition of w*-compact sole (see [24, Proposition 2.1|) in the integral sense
as follows.

Definition 6.20 (Integrable compact sole) Consider a measurable multifunction C : T =
X* with non-empty closed values. We say that C' has an integrable compact sole if and only
if there exist e € X and 6 > 0 such that for every measurable selection ¢* of M

o(c*(t),€) = [l (@)]] ae.
Moreover, we denote UI(C) :={£ € X : oc(1(§)T € L'}

Theorem 6.21 Let x € dom Iy and suppose there exist 6 > 0, a measurable multifunction
C: T = X* which has an integrable compact sole, and an integrable function K(-) > 0 such
that

df(t,x") C K(t)B(0,1) + C(¢t),Va' € B(z,0), Vt € T (6.6)
Then

or If(x) gﬂ { /aL f(t,z)du(t) + UI(C)~ —|—WL}, (6.7)
o7 I1(z) Qm { /Tﬁio f(t,x)du(t) +UI(C)~ +WL}, (6.8)
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where the intersection is over all finite dimensional subspaces W C X . Consequently,

0% I;(z) C o {/& f(t,x)du—ir/Taio f(t, 2)dpu(t) +UJ(O)—}.

Proor. Let x* € 0 If(x) and y* € OF° I¢(x). Consider a finite family of linearly independent
points {e;}_,, W := span{e;} and p(:) := max{|(-,e;)|}. Then by Lemma there exist
sequences T, Yy, € L®(T, X), x,y* € LL.(T, X*) and A, — 0% such that:

(i) 2,(t) € 0 f(t, za(t)) ae, (iii) p( [y 2y (E)dp(t) — 27) =0,

(i) [lz = zn()ledp(t) =0, (iv) m [ | f(t, 2n(t)) — f(t,2)|dp(t) — 0,
(i) yn(t) € 0 f(t, yn(t)) ae, (1ii%) p(An - [ryn(D)du(t) —y*) =0,
(i) flzo = yn()llee =0, (ivee) Tim [ [f(t,yn(t)) = f(t, o) dp(t) — 0.

Hence, (for large enough n) relation implies that z%(t) € K(¢)B(0,1) + C(t) and
yr(t) € K(t)B(0,1)+C(t) ae. Therefore, by the measurability of the involved functions in the
last inclusion there are measurable selections bl (t), h2(t) € B(0, K(t)) and ¢! (¢),c2(t) € C(t)
such that x%(t) = hl(t) + c.(t) and y:(t) = h2(t) + A(t) (see |22, Theorem II1.22]). From
the fact that C has an integrable compact sole there exist e € X and 6 > 0 such that
|l || < 6{cl,e) for i =1,2. Then

Jhaian < [ Kanes [ o= [ Kaprs( [ @odu= [ @hoa)  ©9)
< lel) [ Kan+d [ (e (6.10)

So, assuming that e € W, we have that the sequence x is bounded in L}U* (T, X*) and

obviously the same holds for the sequence y. Then, by Lemma|6.19, z* € / O, f(t, z)du(t)+

T
UI(C)” + W and y* € /820 f(t,x)du(t) + UI(C)™ + W*. The final formula follows
T

from [84, Theorem 3.57| or Proposition depending on the smoothness of X. O]

The following lemma allows us to understand the definition of integrable w*-compact sole
in terms of the primal space instead of the dual space, using the polar cone.

Lemma 6.22 Let C': T == X be a measurable multifunction with non-empty w-closed convex
values, let e € X and let & > 0 . Then the following statement are equivalent:

(a) For every measurable selection ¢* of C~(t)(:= (C'(t))™) one has 6 {c*(t), —e) > ||c*(¢)]|
ae.

(b) The ball in L*°(T,X) around e with radius § is contained in {x(-) € L=(T, X) : z(t) €
C(t) ae}.
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Proor. First by Castaing’s representation there exist sequences of measurable selections ¢,
and ¢ of C' and C~ respectively such that C(t) = {cn(t)}H'” and C~(t) = {c;kl(t)}w* (the
measurability of C~ follows from the fact that C(t) = [,y #° € X* 1 {cu(t),2%) < 0}).
Assume and consider h € L™(T,X) and with ||h||cc < 1. Then (e + dh(t),c(t)) <
(e,ci(t)) + dllci(t)|| < 0 ae. Since the last inequality holds for all n and the measurable
selection c*(t) is dense in C'~(¢), we conclude that e + dh(t) € (C~(¢))~ ae. Then using the
Bipolar theorem (see e.g. [46, Theorem 3.38]), we have e + 0h(t) € C(t) ae. Now assume
@ and consider a measurable selection ¢* of C~ and ¢, > 0 — 0 and take a measurable
selection h,(t) € B(0, 1) such that (h,(t),c*(t)) > ||c*(t)|| — en ae. So, e + oh(t) € C(t) ae,
and hence (c*(t),e + 0h(t)) < 0 ae. Therefore, §~(c*(t), —e) > ||c*(t)|| — &, ae. From the
stability of null sets under countable intersections we get d 1 {c*(t), —e) > ||c*(¢)||. O

Remark 6.23 When the measurable function C has cone values, it is easy to see that relation
implies that for all t € T, 07 f(t,z) C C(t) and UI(C) = {£ € X : £ € C (1) ae}.
In addition, if the values of C' are also w*-closed and convex, then the integrable compact
sole property can be understood in terms of the negative polar set C~(¢) (see Lemma .
Finally, the most simple case is when C'is a fixed w*-closed convex cone; in this case Lemma
characterizes the compact sole property as the non-empty interior of the polar cone
C~(C X).

Remark 6.24 It is worth commenting that in Theorem [6.2Tone can also admit a dependence
on z in the measurable multifunction K. Indeed, one can define the Integrable compact sole at
x property of a multifunction as: Consider a measurable multifunction K : T'x X = X* with
non-empty closed values, we say that K has an integrable compact sole at x if and only if for
every measurable sequence z,, such that ||, —z|| — 0and [, |f(t, ,(t))— f(t, z)|du(t) — 0,
there exist e € X and § > 0 such that t — K (¢, 2,(t)) is measurable and for any measurable
selection ¢ of K(-,z,(-)) one has

o(c*(t),e) = [l (t)]] ae.

Moreover, we denote UI(K) := ({€ € X : 0x(.u,() (&)t € L'}, where the intersection is over
all sequences x,, € L°(T, X) such that ||z, — z||oec = 0, [ | f(t, 2 (t)) — f(t, 2)|dp(t) — 0.

Finally, one can construct cones satisfying inclusion with dependence on x as follows.
Consider > 0 and a positive integrable function ¢. Then, define CX(¢,2) = {h € X :
d= fi(z; h) < L(t)||h]|}, where d~ fi(z; h) refers to the (lower) Dini-Hadamard subderivative.
Then it is not difficult to check that for every t € T"and z € X

0 f(t, ) C UBB(0,1) + (CL(t, 2))
Remark 6.25 Following the same proof as the above Theorem, one can easily remove the
set UI(C) in Equations (6.7) and imposing the additional assumption that the point e
selected in satisfies that the sequence {(x}(t),e)*} is uniformly integrable.
Corollary 6.26 In the setting of Theorem|6.21] assume that for any sequence of measurable

functions x7(t) € 8 f(t, x,(t)) with ||2,(-) —x|leo = 0, [ f(t, 0 (8))dpu(t) = I(x) and ||z5|| is
bounded in L*(T, X*), there exists a constant function e in the interior of {x(-) € L=(T, X) :
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z(t) € C(t) ae} such that the sequence { (x(t),e)*} is uniformly integrable. Then

8L]f( { 8Lftxdu()+FL}, (611)
FCX
dim(F)<+o0
O 1;(x) {/ ft, x)du(t )+FL}, (6.12)
gX r
dim(F')<+o0

and consequently,

o° 1wy coo { [on st [ o steonto .

Corollary 6.27 In the setting of Theorem|6.21 assume that the multifunction C' is a constant
cone. Then

o Iy(wo) € (4 / Oy f(t,0)du(t) + C + WY and OF I;(x) CC,

where the intersection is over all finite dimensional subspaces W C X . Consequently,

dc 11(wo) C @ {/8Lf(t,x)d,u+0}.
T

Remark 6.28 The motivation for using boundedness condition comes from an ap-
plication to stochastic programming; more precisely, applications to probability constraints
(see |122], |123]), where the authors impose boundedness conditions over the gradients of
the involved functions to guarantee the interchange between the sign of the integral and the
subdifferential.

The following examples show the importance of C' in Theorem and Corollary [6.27]

Example 6.29 Consider the integrand f :]0,1] x R — [0, 400) given by

e S |

f(tx) = { 0 if not.7

It is easy to check that f is continuously differentiable with respect to z and

[ Vx if >0,
If(x)_{ 0 if not.

3.1/2p—14z | .3/2 “ltz
Then we ecasily get Oar 1£(0) = [0, +00), OF f(t,x) = { T +§ In(t)t 1; xnzto,

and dy f(t,z) = {0}. Then we can consider C' = [0, +00), so that 0 1(0) fo 1O Jr(0)dp(t)+
C' = {0} +[0,400). The same example can be modified as

2?2t if x>0

fltz) = { 0 if not. 7
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Then one has

r if x>0,
]f(x):{() if not.

So, the integral functional Iy is Lipschitz continuous, but it is not true that 9y, I;(0) = {0,1}
is included in f]o,l] Onr f(t,0)du(t) = {0}, as in classical results (see [85, Lemma 6.18] and
also 86| for an extension of this result). However, Corollary guarantees the inclusion
901 150) € fo O 0 0)dp(1) + [0, +00).

Remark 6.30 As a final comment we recall that in the finite dimensional setting two lsc
functions fi, f, satisfy the sum rule inclusion 9. (f, + fo)(x) C 0% fi(x) 4+ 0" f(x) at a point
x provided that the asymptotic qualification condition 0%; fi(x) N 03 fo(z) = {0} holds.
However, the reader can notice that in the above example the integrand is continuously
differentiable, then the singular subdifferential 03; f:(0) = {0} for all t € T'. In other words,
it is not possible to recover similar criteria, as in the finite sum, in terms of the singular
subdifferentials, to get an inclusion of the form 0 I;(x) = [, fi(x)dpu(t).

Corollary 6.31 In the setting of Theorem assume that the multifunction C' = {0}.
Then Iy is locally Lipschitz around x. In addition, if X is finite dimensional and 0y, f(t,z’)
is single valued ae for all x' in a neighborhood of x, then Iy is continuous differentiable
differentiable at x.

Proor. By Theorem , the Clarke subdifferential d¢ I is bounded by M := [ Kdu in a
neighborhood of x. Then a straightforward application of Zagrodny’s Mean Value Theorem
(see [130, Theorem 4.3]) shows that I is Locally Lipschitz around z. Furthermore, if X is
finite dimensional and 9, f(¢,2’) is single valued ae for all 2’ in a neighborhood of x, then
Oc Iy single valued for all 2/ in a neighborhood of z, and so |23, Proposition 2.2.4 and its
Corollary| implies the result. O
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Chapter 7

Subdifferential characterization of
probability functions under Gaussian
distribution

7.1 Introduction

The aim of this paper is to investigate subdifferential properties of Gaussian probability
functions induced by nonnecessarily smooth initial data. This topic combines aspects of
stochastic programming with arguments from variational analysis, two areas which have been
crucially influenced by the fundamental work of Prof. Roger J-B Wets (see, e.g., [106], [129]
and many other references). The motivation to study analytical properties of probability
functions comes from their importance in the context of engineering problems affected by
random parameters. They are at the core of probabilistic programming (i.e., optimization
problems subject to probabilistic constraints) (e.g., [95], [L10]) or of reliability maximization

(e.g., [44]).

A probability function assigns to a control or decision variable the probability that a
certain random inequality system induced by this decision variable be satisfied (see (7.1
below). Since such functions are typical constituents of optimization problems under uncer-
tainty, it is natural to ask for their analytical properties, first of all differentiability. Roughly
speaking, this can be guaranteed under three assumptions: the differentiability of the input
data, an appropriate constraint qualification for the given random inequality system and
the compactness of the set of realizations of the random vector for the fixed decision vector
(e.g., [74], [93], [120]). While the first two assumptions are quite natural, the last one appears
to be restrictive in problems involving random vectors with unbounded support. Failure of
the compactness condition, however, may result in general in nonsmoothness of the prob-
ability function despite the fact that all input data are smooth and a standard constraint
qualification is satisfied (see [55, Prop. 2.2]). In order to keep the differentiability while
doing without the compactness assumption, one may restrict to special distributions such as
Gaussian or Gaussian-like as in [55], [123]. The working horse for deriving differentiability
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and gradient formulae in these cases is the so-called spheric-radial decomposition of Gaussian
random vectors [49, p. 29]. The resulting formulae for the gradient of the probability function
are represented - similar to the formulae for the probability values themselves - as integrals
over the unit sphere with respect to the uniform measure. The latter can be efficiently ap-
proximated by QMC methods tailored to this specific measure (e.g., [18]|). Such approach,
by exploiting special properties of the distribution, promises more efficiency in the solution
of probabilistic programs than general gradient formulae in terms of possibly complicated
surface or volume integrals. Successful applications of this methodology in the context of
probabilistic programming in gas network optimization is demonstrated in [52}53|.

The aim of this paper is to substantially extend the earlier results in [55], [123]| in two
directions: first, decisions will be allowed to be infinite-dimensional and second, the random
inequality may be just locally Lipschitzian rather than smooth. As the resulting probability
function can be expected to be continuous only (rather than locally Lipschitzian or even
smooth), appropriate tools (subdifferentials) from variational analysis will be employed for
an analytic characterization.

We consider a probability function ¢ : X — R defined by

p(x) :=P(g(z,§) <0), (7.1)

where X is a Banach space, g : X x R™ — R is a function depending on the realizations
of an m-dimensional random vector £&. Such probability functions are important in many
optimization problems dealing with reliability maximization or probabilistic constraints. The
latter one refers to an inequality ¢(z) > p constraining the set of feasible decisions in an
optimization problem, in order to guarantee that the underlying random inequality g (z, ) <
0 is satisfied under decision x with probability at least p € (0, 1], referred to as a a probability
level (or safety level). Since we allow in our paper the function g to be locally Lipschitzian,
there is no loss of generality in considering a single random inequality only because in a finite
system of such inequalities one could pass to the maximum of components.

Throughout the paper, we shall make the following basic assumptions on the data of (7.1):

1. X is a reflexive and separable Banach space.
2. Function g is locally Lipschitzian as a function of both arguments
(H) simultaneously, and convex as a function of the second argument.
3. The random vector ¢ is Gaussian of type £ ~ N (0, A), where A
is a correlation matrix.

A brief discussion of these assumptions is in order here: reflexivity of X is imposed in or-
der to work with the limiting (Mordukhovich) subdifferential (actually, one could consider
the more general case of Asplund spaces, or simply separable Banach space considering the
G-subdifferential). The separability of X is needed in order to make use of an interchange
formula for the limiting subdifferential and integration sign (see Chapter @ For the same
reason, ¢ is required to be locally Lipschitzian. As already mentioned above, considering
just one inequality rather than a system is no more restriction then. In particular, the sin-
gle inequality ¢ (z,z) < 0 could represent a finite or (compactly indexed) infinite system
of smooth inequalities. Considering a Gaussian random vector £ allows one to pass to a
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whole class of Gaussian-like multivariate distributions (e.g., Student, Log-normal, truncated
Gaussian, x? etc.) upon shifting their nonlinear transformations to a Gaussian one into a
modified function g satisfying the same assumptions as required for g here (e.g. [55, Section
4.3]). Moreover, assuming a centered Gaussian distribution with unit variances isn’t a re-
striction either, because in the general case £ ~ N (i, X)), we may pass to the standardized
vector £ := D(& — p), where D is the diagonal matrix with elements Dy := 1/4/%5. Then, as
required above, £ ~ A (0, A), with A being the correlation matrix associated with ¥ and so

o(x) =P(g(2.) <0) =P (3(r.) <0): §(r.2) =g (e.D 2 +4).

Clearly, g is locally Lipschitzian and is convex in the second argument if g is so. Hence, there
is no loss of generality in assuming that & ~ N (0, A) from the very beginning.

Our first observation is that our basic assumptions above do not guarantee the continuity
of ¢ even if g is continuously differentiable. A simple two-dimensional example is given by
g(r,s) ;== r-s (which is convex in the second argument) and & ~ N (0,1). Then, ¢(r) = 0.5
for 7 # 0 and ¢(0) = 1. Since we want to have the continuity as a minimum initial property of
¢ in our analysis, we will add the additional assumption that g (Z,0) < 0 holds true at a point
of interest & (at which a subdifferential of ¢ is computed). In other words, given the convexity
of ¢ in the second argument, zero is a Slater point for the inequality g (z,2) <0, z € R™. As
shown in [55, Proposition 3.11], the opposite case would entail that ¢(z) < 0.5. Since one
deals in typical applications like probabilistic programming or reliability maximization with
probabilities close to one, it follows that the assumption g (z,0) < 0 can be made without
any practical loss of generality.

The paper is organized as follows: In Section 3 and 4, we provide all the auxiliary results
(continuity and partial subdifferential of the radial probability function) which are needed for
the derivation of the main subdifferential formula presented in Section 5. This main result
which is valid for general continuous probability functions will be specified then by adding
additional hypotheses to the locally Lipschitzian and differentiable case. An application to
probability functions induced by a finite system of smooth inequalities is given in Subsection

5.4

7.2 Spheric-radial decomposition of Gaussian random vec-
tors

We recall the fact that any Gaussian random vector & ~ N (0, A) has a so-called spheric-
radial decomposition, which means that the probability of £ taking values in an arbitrary
Borel subset M of R™ can be represented as (e.g., [38, p. 105])

PEeM) = [ m(lr=0]rLoe Mpdu)
vesSm—1

where S™71 := {v € R™ | o] = 1} denotes the unit sphere in R™, yu,, is the one-dimensional
Chi-distribution with m degrees of freedom, and p refers to the uniform distribution on ™.
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Moreover, the (non-singular) matrix L is supposed to be a factor in a decomposition A = LLT
of the positive definite correlation matrix A (e.g. Cholesky decomposition).

The spheric-radial decomposition allows us to rewrite the probability function (7.1]) in the
form

o(x) = / e(v,x)dpc(v) Vre X, (7.2)

sm—1

where e : S™71 x X — R refers to the radial probability function defined by

e(v,x) == pi, ({r >0 | g(x,rLv) <0}). (7.3)

With any z € X satisfying g(x,0) < 0, we will associate the finite and infinite directions
defined respectively as

F(z) =={veS™|3r>0:g(x,rLv) =0},
I(z) :={veS™!|Vr>0:g(z,rLv) <0}

It is easily observed that F(x) N I(z) = 0 and that F(z) U I(x) = S™ ! by continuity of g.
Moreover, the number r > 0 satisfying g(x,rLv) = 0 in the case of v € F(x) is uniquely
defined, due to the convexity of ¢ in the second argument. This leads us to define the
following radius function for any z with g(z,0) < 0 and any v € S™!:

r such that g(z,rLv) =0 ifv e F(x)

plox)i= { +o0 if v e I(z). (7:4)

This definition allows us to rewrite the radial probability function e from (|7.3) in the form

e(v,2) = iy ([0, p (v, 2)]) = F, (p (v, 7)) (7.5)

whenever g(z,0) < 0. Here, F, refers to the distribution function of the Chi-distribution
with m degrees of freedom, so that F}(t) = x(t), where x is the corresponding density:

Y (1) = Kt" e 2 v > 0. (7.6)

The second equation in (7.5)) follows from F),(0) = 0. We formally put F),(co) := 1 which
translates the limiting property F),(t) =40 1 of cumulative distribution functions.

To avoid misunderstandings for the function g(z, z) of two variables, we will refer to its
partial subdifferentials at a point (Z, zZ) with a superindex as following

0;/M g (2,2) = Oppeg (2) () 07MCg(2,2) = Orpjeg () (2),

for the Fréchet, Limiting/Mordukhovich and Clarke subdifferential respectively. For the
functions e and p, the notations Op/n/ce(v,x) and Op/ncp(v, x) will be consider as in the
previous two chapters, that is, the subdifferential is taken with respect to the variable in
x € X and not with respect to the integration variable v € S™1.
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7.3 Continuity properties

In this section, we investigate continuous properties of the radial probability and the radius
functions, defined respectively in (7.3]) and ([7.4)), which are the basis for deriving in Section
subdifferential formulae for probability function ([7.1).

For all the following results, the basic assumption (H) formulated in the Introduction
is tacitly required to hold; namely, function ¢ is locally Lipschitzian as a function of both
arguments simultaneously, and convex as a function of the second argument.

Lemma 7.1 Define U :={zx € X | g(x,0) < 0}.
1. The radius function p is continuous at (v,x) for any x € U and any v € F(x).

2. For x € U and v € I(x) it holds that klim p (v, xx) = oo for any sequence (xy,vy) —
—00
(v, ) such that v, € F(xy,).

Proor. Observe first, that p is defined (possibly extended-valued) on U x S™~!. To verify
1., consider any sequence (g, vx) — (v, z) with vy € S™~1. We show first that the sequence
p (zg, vg) is bounded. Indeed, otherwise there would exist a subsequence with p (vg,, x,) —
oo. Clearly g(zg,,0) < 0 for [ large enough, because of g(x,0) < 0. Fix an arbitrary r > 0.
Then p (zx,,v,) > r. We claim that g(xy,,Lvg,) < 0 for these I’s. This is obvious in case
that vy, € I(xy,). If v, € F(xy,), then the relations

g(mkzvo) < 07 g(xkzvp(vkzvxkl)[’vkz) = 07 p(vkzaxkz) >,

and
g(xy,, mLug,) > 0,

would contradict the convexity of g in the second argument. Hence, for [ sufficiently large,
g(xg,, rLuy,) <0,

and passing to the limit yields that g(z,rLv) < 0, which holds true for all » > 0 because
the latter was chosen arbitrary. But then, g(z,rLv) < 0 for all » > 0, because otherwise
once more a contradiction with convexity of g in the second argument would arise from
g(x,0) < 0. This, however, amounts to v € I(x) contradicting our assumption v € F(x).
Summarizing, we have shown that p (vg, zx) is bounded and, in particular, v, € F(xy) for all
k. Let p (vg,,xr,) —1 7o be an arbitrary convergent subsequence. Then, we may pass to the
limit in the relation g (xy,, p (vg,, T,) Lvg,) = 0 in order to derive that g (z,79Lv) = 0, which
in turn implies that ro = p (v, z). Hence, all convergent subsequences of p (vg, x)) have the
same limit p (v, z). This implies that p (v, zx) =k p (v, ) and altogether that p is continuous
at (z,v).

As for 2., observe that if p (vx, ) would not tend to infinity, then there would exist
a converging subsequence p (zy,,vy,) — 11 for some r; > 0. Since p(vy,zx,) < oo and
g(zk,,0) < 0 for [ large enough, we infer that vy, € F'(zy,) and, hence, g(z,, p (vi,, xx,) Lvg,) =
0 for all these I’'s. Now, passing to the limit yields that g(z,r;Lv) = 0, whence v € F(x), a
contradiction. ]
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Lemma 7.2 If g(x,0) <0 and v € F(x), then there exist neighborhoods U and V' of x and
v, respectively, such that v' € F(x') for all ' € U and v' € V. N S™L.

Proor. If the statement wasn’t true, then there existed a sequence (vg,zr) — (v,z) with
g (z,0) <0, vy € S™ ! and vy € I (z). Hence, p (vy, x1,) = 0o and so p (v,z) = oo by 1. in
Lemma [7.1] This yields the contradiction v € I(z). O

Lemma 7.3 Let x € X and r > 0 be such that g(z,0) < 0 and g(z,rLv) = 0. Then

g(x,0)

(z*, Lvy > —

>0 Vz*e€0.g(z,rLv).

Proor. By convexity of ¢ in the second variable and by definition of the convex subdifferential,
one has that

—g (z*, Lvy = <z*, gLv - er> <y <Jc, gLv) — g (z,rLv)
r 1 1 1
- —L><— g, rLv) = - .
g (2. 5Lv) < 59,0+ 59 (e,rLv) = 59 (2,0)
Since our assumptions imply that r > 0, the assertion follows. O

We get in the following proposition the desired continuity of the radial probability function
e defined in ([7.3).

Proposition 7.4 The radial probability function is continuous at any (v,x) € S™1 x X
with g(x,0) < 0.

Proor. Fix a point (v,x) € S™ ! x X with g(z,0) < 0. Consider any sequence (vg, zy) —
(v,z) with v, € S™ ! and assume first that v € F(x). Then, p (vg, 2x) = p (v,7) by 1. in
Lemma, , and v € F(xy) for k large, by Lemma . Hence, by (7.5)) it follows that

S (Uk’v xk) = F77 (p("Uk, xk)) —k Fn(p (U’ 93)) =e (Uv [L’) )
where the convergence follows from the continuity of the Chi-distribution function F,.

If in contrast v € I(z), then, by (7.3), e¢(v,z) = p, (Ry) = 1. We'll be done if we can
show that e (vg, ;) —, 1. If this did not hold true, then there would exist a subsequence
and some £ > 0 such that

le (g, xr,) — 1] > VL (7.7)

Since vy, € I (xy,) would imply as above that e (vy,, zy,) = p, (Ry) = 1, a contradiction, we
conclude that vy, € F (zy,) for all [. Now, 2. in Lemmaguarantees that p (vk,, g, ) = 0.
Then, by (7.5, we arrive at the convergence

e (v, zr,) = F, (p(vg,, 2x,)) =1 1,

where we exploited the property tlim F, (t) = 1, following from F, being a cumulative distri-
—00
bution function. This is a contradiction with (7.7, and the desired conclusion follows. [
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Consequently, we obtain the continuity of the probability function ¢, defined in (7.1)).

Theorem 7.5 The probability function is continuous at any point x € X with g(z,0) < 0.

Proor. For any sequence x,, — x one has by Proposition [7.4] that
e(v,z,) =pe(v,x) <1 VYoeS™!

where the inequality follows from e being a probability. Since the constant function 1 is
integrable on S™~!, the assertion follows from Lebesgue’s dominated convergence theorem.
O

7.4 Subdifferential of the radial probability function

In this section, we provide characterizations of the Fréchet subdifferential of the radial prob-
ability function e (-,v), defined in (7.3)), for arbitrarily fixed directions v € S™~!. As before,
we also consider in this section our standard assumption (H).

We need first to estimate the set Opp(v, x):

Proposition 7.6 Let v € X with g(x,0) < 0 and v € F(x) be arbitrary. Then, for every y* €
Opp(v,x) and every w € X, there ezist * € Jcg(x, p(v,z)Lv) and z* € 0.9 (z, p(v,z)Lv)
such that (z*, Lv) > 0 and

—1
(z*, Lv)

(y*,w) < (", w) .

Proor. Fix y* € Opp(v,z) and w € X; hence, p(v, z) < 0o (because by assumption v € F(z)).
Let M > 0 be a Lipschitz constant of g at (x, p(v, z)Lv). Then, there exists a neighborhood
U of x such that the function g(-, p(v,z)Lv)is locally Lipschitzian with Lipschitz constant
M at each 2’ € U, and such that the functions g(2/,-), ' € U, are locally Lipschitzian with
the same Lipschitz constant M at p(v, z)Lv. As a consequence of |23 Proposition 2.1.2], for
all 2/ € U one has that

[ [[z"[l < M Va* € 97 g(a', p(v, 2)Lv), V2" € D.g(a’, p(v, x) Lv). (7.8)

Consider an arbitrary sequence t,, | 0 so that, by Lemma we may assume v € F(z+t,w)

for all n. By convexity and continuity of the function g with respect to the second variable,
the set dg (x + t,w,-) (p(v, z)Lv) is nonempty for all n, and so we may select a sequence

zr € 0,9 (x + tyw, ) (p(v,x)Lv); (7.9)

hence, taking into account, from the definition of function p, that g(z+t,w, p(z+t,w,v)Lv) =
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0 and g(z, p(v,z)Lv) =0,

(p(x + tyw,v) — p(v,z)) (2}, Lvy = (2, p(x + t,w,v)Lv — p(v, x)Lv)
< g(x + tyw, p(x + t,w,v)Lv)
—g(z + thw, p(v, ) L)
= —g(x + tyw, p(v, z)Lv)
= g(z, p(v,z)Lv) — g(x + t,w, p(v, z)Lv). (7.10)

Next, Lebourg’s mean value Theorem for Clarke’s subdifferential |23, Theorem 2.3.7] yields
some 7, € [0, 1] and

zt € 0% (x + Totaw, p(v, ) L) (7.11)
such that
g(x, p(v,z)Lv) — g(x + t,w, p(v, x)Lv) < —t, (z), w) , (7.12)
and, consequently, from ,
(p(x + tyaw,v) — p(v,z)) (2}, Lvy < —t, (x}, w). (7.13)
Since X is reflexive and ||z}||, ||z%|| < M, by , there exists a subsequence (z7, ,z7 )

and some (r*,2%) € X x R™ such that z;, — 2" and 2, — z*. The weak*-closedness of the
graph of Clarke’s subdifferential [23, Proposition 2.1.5] along with ((7.11]) and ([7.9)) implies
that

z* € 0%g(z, plv,x)Lv), z* € 0.9 (x, p(v,2)Lv) . (7.14)

Now, Lemma [7.3] implies that

2" Lv) > > 0,
< > p(v, x)
and, so, by passing to the (inferior) limit in ((7.13)), we arrive at

(z*, Lv) liminf ¢! (p(x + t,w,v) — p(v, 1)) < — (2%, w) . (7.15)

n—oo
Therefore, since y* € drp(v, ),
—1
(y*, w) < h}gi}gf t 1 (p(z + tyw,v) — p(v,z)) < ENT (z*,w)

as we wanted to prove. O

Next, we give the desired estimate of the set Ore(v, ). Recall that x is the density of the
one-dimensional Chi-distribution with m degrees of freedom (see (7.6)).

Theorem 7.7 Let x € X with g(z,0) < 0and v € F(x) be arbitrary. Then, for every y* €
Ore(v,z) and every w € X, there exist x* € 0% g(x, p(v,z)Lv) and 2* € 8,9 (z, p(v,z)Lv)
such that (p(v.2)
—x (p(v, 7)), ,

(z*, Lv) (2", w)

Consequently, if M, denotes a Lipschitz constant of g(-, p(v, x)Lv) at z, then

(y*,w) <

o~ P.x) - X (p(v, 7))
W= g M
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Proor. By , for all y close to  we may write e (v,y) = F, (p(v,y)), with p(v,y) < oo,
as a consequence of Lemma Since F;, is continuously differentiable and nondecreasing
(as a distribution function), Fy (f) > 0 for all ¢ € R and, from the calculus of Fréchet
subdifferentials (e.g., [76, Corollary 1.14.1 and Proposition 1.11]), we obtain that

Ope(v,z) = OF (F, (p(v,2)) p(+,0)) (x)
= F(p(v,2))0pp(:,v)(x) = X (p(v, 2)) Orp(v, 7).

Combination with Proposition [7.6] yields the first assertion.
To prove the second assertion, from the first part of the proposition we choose elements

z* € 0%g(z, p(v,z)Lv) and z* € 9,g (x, p(v, ) Lv) such that

(z*, Lv

] o ],

(", w) < '

and so, since (z*, Lv) > _p*‘gi(fg’c?) > 0 by Lemma ,

/0<U7 l’) X (p(v, l‘))
gm0 e

{y" w) < [[wl],

yielding the desired conclusion. O

We shall also need the following result.

Corollary 7.8 (i) For every xo € X with g(x0,0) < 0 and every vy € F(xo) there eist
neighborhoods U of xg and V of vy as well as some a > 0 such that

ore(v,z) CB(0,a) V(v,2) € <\7 08"“1) x U. (7.16)

(ii) For all z € X with g(x,0) < 0 and for all v € I(x) one has that Ope(v,z) C {0}.

Proor. (i) Let M > 0 and define open neighborhoods U of x and V of vy such that M is a
Lipschitz constant of g on U x V and, for all (v,x) € (f/ N Sm_1> x U (recall Lemma ,

9(z,0) <0, p(v,2) < 0.

Hence, by Theorem [7.7]
8}76(?}, .I') CB (07 Oé(”a x)) )
where
plv,2) - x(p(v,2)) ,
|9(z,0)] ’
Taking into account the continuity of p (see Lemma , we may suppose for all (v,z) €
(f/ N Sm*1> x U that M is a Lipschitz constant for g(-, p(v, #)Lv) at the point z (€ U). Thus,

we can replace M, , by M in the definition of a above. Moreover, since g is continuous (also by

a(v,x) ==
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Lemma, as well as the Chi-density y, we deduce that « is continuous on <‘~/ N Sm_1> xU.

Then, after shrinking V' x U if necessary, we may assume that for some o > 0
a(v,r) <a  V(v,z)€ (VﬂSm_1> x U.

This proves ([7.16]).

(ii) As already observed in the proof of Proposition v € I(x) implies that e(v,z) = 1.
Consequently, the function e(v,-) (as the value of a probability) reaches a global maximum
at x. Let 2* € Ope(v,x) and v € X\{0} be arbitrary. Then,

* —1
—<x*,i> zliminf——@ U
[l

neeInT

> lim inf
Gt fn=ul
> lim inf e(x + h,v) —e(v,z) — (x*, h) >0.
h—0 Rl
Hence (z*,u) <0 for all u € X, and so z* = 0 as desired. O

Definition 7.9 Forx € X andl > 0, we call

2
=]l

=17
Ci(x) = {h e X | ¢°( 2)(y; h) < L[z e2i2® |[n]| vy € B (z,1/1), ||| = I}
the l-cone of nice directions at x € X. We denote the polar cone to Ci(z) as C; (x).

Note that, by positive homogeneity of Clarke’s directional derivative, {C;};en defines a non-
decreasing sequence of closed cones.

We give in the following theorem another estimate for dpe(v,x), which will be useful in
the sequel.

Theorem 7.10 Fix xq € X such that g(xo,0) < 0. Then, for every l > 0, there exists some
neighborhood U of xq and some R > 0 such that
Ore(v,2) CB(0,R) — C; (r9) VreU,veS™
Proor. Let [ > 0 be arbitrarily fixed. It will be sufficient to show that for every vg € Sm—1
there are neighborhoods U of x5 and V of vy and some R > 0 such that
Ore(v,2) CB(0,R) — C; (z9) Y (v,z) € (VNS™ ) xU. (7.17)

If this holds true, then the global inclusion in the statement of this proposition will follow
from the local ones above by a standard compactness argument with respect to S™~1.

In order to prove (7.17)), fix an arbitrary vy € S™ . Assume first that vy € I(xg). Then,
define open neighborhoods U* of xy and V* of vy such that U* C B (z,1/l) (with [ > 0 as
fixed above) and, for all z € U* and v € V* N F(x),

1
g(x,0) < 59(%070) <0, p(v,z)||Lo]| > 1.
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Note, that the last inequality is possible by virtue of 2. in Lemma and by L being
nonsingular and S™~! being compact (therefore || Lv|| > § for all v € S™~! and some ¢ > 0).
From Corollary [7.§|(ii) we derive that

ore(v,z) C{0} VexeU", vel(x). (7.18)

Now, consider an arbitrary (v,x) € V* x U* such that v € F(z). Let also y* € dpe(v, z) and
h € —Cj(zo) be arbitrarily given. Then, by Theorem , there exist z* € 0%¢g(x, p(v,x)Lv)
and z* € 0,9 (z, p(v,x)Lv) such that

) x(p(v,2)) , . X (p(v,2))
hy < =~—~"22 —h)y < 272200 L i—h 7.19
o) < LT 0 ) < R e ) ) h),(719)
where the last inequality relies on (1.1) and on the fact that both the density function
x and (2%, Lv) are positive (see Lemma [7.3). Since —h € Cj(zy), our conditions on the
neighborhoods U* and V* stated above guarantee that

Lv|?

llp(v,z)
9°(,p(v,2)Lo)(w; —h) < 1|p(v,z)Lo|™e =1L ||h]|
—m (vr)
< Ilp(w,x) Lo e A

where we used the triangle inequality. This allows us to continue ([7.19)) as

p(

* ¥ (p(0,2)) plv, 2)1
WS )

1K .
= mHLUH 2|,

where we used Lemma and the definition of the Chi-density with m degrees of freedom
(see (7.6)). Owing to g(z,0) < 3g(x0,0) < 0, we may continue as

20K K*
Yy h) < ————
W < 1o, 0)

Ip(v.2) Lol ™ ™5 |

| 171l (7.20)

where (recall that L is nonsingular)

K*:= max |Lv| ™ € R,.
vesm—1

Consequently, we have shown that for some K > 0, which is independent of z and v,
(y*,hy < K||h|| Vy* € Ope(v,x), h € —Cj(x0).
Using indicator and support functions, respectively, this relation is rewritten as, for all h € X,

(" h) < K|l +6-wci @ (h)
os.0)(h) + U—Cf(xo)(h)
T (8,0~ (o)) (1)-
Consequently, we get

Uape(v,x) (h/) S O-(B;—((O)—Cl_(mo)) (h) Vh - X,
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which entails the inclusion
Ore(v,z) C By (0) — C; (x).

Since (v,z) € V* x U* with v € F(x) were chosen arbitrarily, we may combine this with

(7.18) to derive that

dpe(v,z) CBy (0) — C; (zo0) V(v,z) € (V:NS™ ) x U™

Now, we suppose that vy € F(z9). Then Corollary [7.8(i) guarantees the existence of
neighborhoods U of o and V of vy as well as some o > 0 such that relation . holds
true. O

Corollary 7.11 Fix zy € X such that g(x¢,0) < 0, and assume one of the following alter-
native conditions:
{z € R™ | g(z0,2) <0} is a bounded set, (7.21)

or
31> 0 such that Ci(zo) = X. (7.22)

Then the partial radial probability functions e(v,-), v € S™1 are uniformly locally Lips-
chitzian around xo with some common Lipschitz constant independent of v.

Proor. In the case of ( one has that I(zo) = @, whence F(xzo) = S™ . Then, by
Corollary () for every vo € S™ 1 there exist neighborhoods U,, of zy and VU0 of vy as
well as some o, > 0 such that

Ope(v,2) CB(0,ar,) ¥ (v,2) € (Vo N§"1) x Ty,

Then, by the evident compactness argument with respect to the sphere S~ ! already alluded
to in the beginning of the proof of Theorem [7.10}, we derive the existence of a neighborhood
U of zy and of some o > 0 such that

Ope(v,z) CB(0,0) V(v,2)eS" I xU.

In the case of (7.22), the same relation (with o := R) is a direct consequence of Theorem [7.10]
upon taking into account that Cj(x¢) = X entails that —C; (z¢) = {0}. Now, the claimed
statement on uniform Lipschitz continuity follows from [84), Theorem 3.5.2|. [

7.5 Subdifferential of the Gaussian probability function
¥

In this section, we provide the required formulae for the Fréchet, the Mordukhovich, and
the Clarke subdifferentials of the Gaussian probability function ¢, defined in ([7.1). These
results are next illustrated in Example [7.15 and in Subsection to discuss the Lipschitz
continuity and differentiability of ¢. Finally, we study in this section, Subsection [7.5.4] the
special and interesting setting of probability functions given by means of finite systems of
smooth inequalities. In this case, formulae of the subdifferentials of ¢ are expressed in terms
of the initial data in , i.e., in terms of the function g. All this is done under our standard
assumption (H).
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7.5.1 Main Result

Now, we are in a position to prove the main result of our paper.

Theorem 7.12 Let xy € X be such that g(xy,0) < 0. Assume that the cone Ci(x¢) has a
non-empty interior for some l > 0. Then,

(©) durploo) Sl [ Ourelv,zo)dace) = G (a0)

m—1

(ii) Provided that X is finite-dimensional,

Orp(xo) / O e(v, zo)dpue(v) — CF (o).

sm—1

(ii) 0= —C (
(vi) Ocp(zo) C O / Om e(v, zo)dpuc(v) — C) (o)

Proor. We apply Proposition by putting
f(w,z):=e(w,z), C:=—-C] (x0),

and using the measurable space (S™ !, A, yi¢), with A being the o-Algebra of measurable
sets with respect to pic. It is known that i is o-finite and complete. The measurability
property of f and the lower semicontinuity of f(w,-) are consequences of the continuity of
e (see Proposition . The cone C~ = @ Cy(xp) has a non-empty interior, by the current
assumption. Condition is a consequence of Theorem upon defining (w) := R for
all w € © = S™ ! and observing that £ € L'(S™ ! R), due to S"~! having finite (s -)
measure. Now, the claimed result follows from Proposition [6.27 by taking into account that
Iy = ¢ thanks to (7.2)). ]

Our main result motivates some investigation about the impact of the parameter [ > 0 in
the definition of the cones C; (), xo € X. From Definition , it follows immediately that
(Ci(x0))i>0 forms a non-decreasing family of closed cones, and hence

Ok(ilf()) C Ok+1(l‘0); CZ(IEU) 2 C;+1($0) Vk € N. (723)

Moreover, Cy(xy) having a non-empty interior as required in Theorem , implies that
Clri1(zo) does so too. This means that the upper estimates in the results of Theorem
become increasingly precise for k& — co. This immediately raises the question if we may pass
to the limit in this result. Let us then introduce the limiting cone of nice directions

Coo(0) == U Ch(mo) =

keN

{he X |3keN:g°(,2)(y;h) < k|2 exp(3

L) [R]) Yy € B (2,2) 1] > k}.
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The reader can simply notice (through Baire’s Theorem) the non-emptiness of the interior
of Co(20) is equivalent to the non-emptiness of the interior of Cj(xy) for some [ > 0. As far
as the singular subdifferential is concerned, we may immediately pass to the limit:

Proposition 7.13 Fiz o € X with g(xo,0) < 0, and assume that Ci(xy) has a non-empty
interior for some l > 0. Then 0®¢(xg) C —C% (z0).

Proor. By Theorem [7.12((iii) we have that 9 ¢(z) € —C; (). Since along with C)(x¢) the
larger cones Cy(xg) for k € N,k > [, have non-empty interiors too, it follows that

0*p(x0) € [ —Cilw) = - (U Ck(fﬁo)) = —C%(x0),

kEN,k>1 keN

where the first equality relies on ([7.23]). O

In order to formulate a corresponding result for the Mordukhovich and Clarke subdifferentials,
we need an additional boundedness assumption:

Proposition 7.14 Fiz o € X with g(xo,0) < 0, and assume that Ci(xy) has a non-empty
interior for some | > 0. Moreover, suppose that Oy e(v,xq) is integrably bounded; i.e., there
exists some function o : S™ ' — Ry with [ o(v)duc(v) < oo such that
S§m—1
Me(v, 1) CB(0, 0(v)) pe —ae veS™
Then

Ourilan) € doplan) Sl q [ Duselo.z0)dc(o) b — Cilin)

Proor. For the purpose of abbreviation, put
7= / Onre(v, xo)dpe (v).
§m—1

From our assumption on Be(v, zy), being integrably bounded, it follows that Z is bounded
too. Consequently, cl*Z is w*-compact. With Cj(z() having a non-empty interior, for all

k € N with k& > [, from Theorem [7.12(i) it follows that
Oup(re) C o"{Z —Cji(xg)} ="' — Ci(xo) VEk>1.

Due to ([7.23]), we may continue as

Onp(wo) C () {I'T = Ci(0)} (7.24)

keN
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which in turn, using again the w*-compacity of cl*Z, gives us

Ourp(wo) C o' — () Ci (o) = I*T — (U Ck(x0)> = o' — C (o).

keN keN
Now, by [84, Theorem 3.57|, by Proposition [7.13], and by convexity of C* (zq), we arrive at
Ocp(xo) = 0 {Omp(xo) + Oyjp(x0)}

o {cI'T — C% (o) — Cl(wo)}
= @ {cI'T — C%(w0)}-

N

Now, as a consequence of |96, Theorem 3.1|, the strong closure clZ is convex (the measure
pi¢ being nonatomic), so that cI"Z = clZ is convex, and the last inclusion above reads

dcp(xo) C el — CF (20)-

This finishes the proof of our proposition. O

7.5.2 Two illustrating examples

In the following, we provide two example which, on the one hand, serves as an illustration
of our main result Theorem and, on the other hand, shows that even for a continuously
differentiable inequality g (z, &) < 0, satisfying a basic constraint qualification, the associated
probability function ¢ may fail to be differentiable, actually even to be locally Lipschitzian
(though it is continuous due to the constraint qualification; see Theorem .

Example 7.15 Define the function g : R x R? — R by
9(x, 21, 2) = a(z)e"™) 4+ 2 — 1,
where

{x2 x>0

@) =910 20

h(t):=—-1—4log(1—®(t)); P(t):= \/% / e 7 2dr,

i.e., @ is the distribution function of the one-dimensional standard normal distribution. More-
over, let £ have a bivariate standard normal distribution, i.e.,

£=(£1,52>~N<<0,0>,((1) (1)))

The following properties are shown in the Appendix:
1. g is continuously differentiable.

2. g is convex in (21, z2).
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3. ¢(0,0,0) < 0.
4. C1(0) = (—o0,0].

5. Sfl('?M e(v,0)duc(v) C (—o0,0].

6. ¢ fails to be locally Lipschitzian in 0.

Observe that, by 1. and 2., g satisfies our basic data assumptions, (H), and that 3. forces
the probability function ¢ to be continuous. On the other hand, by 6., ¢ is not locally
Lipschitzian -much less differentiable - in 0 despite the continuous differentiability of g and
the satisfaction of Slater’s condition. Now, Theorem (ii), along with 4. and 5. provides
that

aM‘;D(O) - (—O0,0] - [07 OO) = (_0070] ) 80090«)) - (_0070] :

On the other hand, analytical verification along with the formula for ¢ provided in the
Appendix (or alternatively visual inspection of the graph of ¢) yields that dy;¢(0) = {0} and
0%¢(0) = (—o00, 0], so that the upper estimate for the singular subdifferential is strict, while
the one for the basic subdifferential is not (nevertheless this upper estimate is nontrivial due
to being smaller than the whole space).

The second example shows a probability function which not satisfies the exponential
growth condition at z imposed in [122,[123|, which is,

>0 || Vag(z, 2)|| <1l Vo e B(xo,1/0), 2] > 1. (7.25)

However using our results one can prove that the probability function is continuously differ-
entiable.

Example 7.16 Define the function g : R x R? — R by

exp(2/2)
= afz)— L 1
g (J;? 21, ZQ) Oé(l‘) Z% T 4 + 29 )
where
o(z) = 2 x>0
10 x<0,

Moreover, let £ have a bivariate standard normal distribution, i.e.,

§=(£1,£z)~N<(0,0),((1) (1)))

The following properties are shown in the Appendix:
1. g is continuously differentiable.
2. g is convex in (21, 22).

3. ¢(0,0,0) < 0.
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4. C1(0) =R.
5. g does not satisfy the exponential growth condition at zy = 0.

6. ¢ is continuously differentiable at 0.

7.5.3 Lipschitz continuity and differentiability of ¢

The following result on Lipschitz continuity of the probability function ¢ is an immediate con-
sequence of Clarke’s Theorem on interchanging subdifferentiation and integration |23, Theo-
rem 2.7.2] and of Corollary [7.11] but also it can be obtained from Corollary considering
C ={0}:

Theorem 7.17 Fixz x € X such that g(x,0) < 0. Under one of the alternative conditions
(7.21) or (7.22), the probability function ¢ is locally Lipschitz near x and the following esti-
mate holds true:

Jop(x) C /8Me(v,x)dpg(v). (7.26)

§m—1

The next result provides conditions for differentiability of the probability function ; recall
that # A denotes the cardinal of a set A.

Proposition 7.18 In addition to the assumptions of Theorem [7.17], assume that
#oye(v,x) =1 pe-a.e.v € S (7.27)

Then ¢ s strictly differentiable at x and

Vp(z) = / Ve(v, z)dpe(v).

veSm—1

Consequently, if X is finite-dimensional and (7.27)) holds true in some neighborhood of z,
then ¢ s even continuously differentiable at x.

Proor. From the assumptions one can apply directly Corollary and thus one gets the
conclusions. O]

7.5.4 Application to a finite system of smooth inequalities

In order to benefit from Theorem [7.12] one has to be able to express the integrand Be(v, x¢)
in terms of the initial data in ([7.1]), i.e., in terms of the function g. We will illustrate this for
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the case of a probability function defined over a finite system of continuously differentiable
inequalities which are convex in their second argument:

p(r) =P (gi(2,§) <0,i=1,...,p), v € X. (7.28)
Clearly, this can be recast in the form of (7.1]) upon defining

g = max g, (7.29)
=L,ep

i=1,...,

where g is locally Lipschitz as required and convex in the second argument because the g;’s
are supposed to be so. Since g (z,0) < 0 implies that g; (z,0) < 0 for alli=1,...,p, we may
associate with each component a function p; satisfying the relation g; (z, p; (v, ) Lv) = 0, as
we did in . The relation between p associated via with ¢ in ([7.29) is, clearly,

p(v,x) = min p;(v,z) Vr:g(x,0) <0, Vve F(z). (7.30)

i=1,...,p

Note, however, that unlike p, the functions p; are continuously differentiable because the g;’s
are so. This is a consequence of the Implicit Function Theorem (see [55, Lemma 3.2|), which
moreover yields the gradient formulae, for all  with ¢ (z,0) < 0 and all v € F(z),

1
<Vzgi (‘737 P (Uv 33') LU) ) LU>

vxpi(vax):_ ngi(x,,o(vw)[m), 1:1,,p

In the following proposition, we provide an explicit upper estimate of the subdifferential set
Be(v, o) in terms of the initial data, which can be used in the formula of Theorem to
get an upper estimate for the subdifferential of the probability function ([7.28)):

Proposition 7.19 Fiz x € X such that g; (x,0) <0 fori=1,...,p. Then, for everyl >0,
there exists some R > 0 such that the radial probability function associated with g in ([7.29)
via (7.3)) satisfies

— U {ede) Vg (o, p (0,0 v)} v € F (@)
Ine(v,x) C )

B (0, R) — C[ (z) vell(z).

Here, T(v) :={ie€{1,...,p} | pi (z,v) =p(v,2)}.

Proor. Fix an arbitrary v € S™!. Given the continuity of e, we exploit the following
representation [84, Theorem 2.34] of the Mordukhovich subdifferential in terms of the Fréchet
subdifferential, which holds true in Asplund spaces (hence, in particular for reflexive Banach
spaces)

*

z* € Be(v,r) <= Jx, =, v and Jz;, —, 2% x, € Ore(v, ;).

Then, the inclusion Be(v,z) C B (0, R) — C; (z) follows from Theorem [7.10} since B (0, R) is
weak*-compact and C; (z) is weak*-closed, entailing that B (0, R) — C; () is weak™-closed.
This yields the desired estimate of Be(v, x) when v € I (x).
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Suppose now in addition that v € F (z), and, according to Lemma , let U be a neigh-
borhood of z such that, for all y € U,

g(y,0) <0, veF(y).

From the proof of Theorem [7.7] we have seen that

dre(v,y) = x (p(v,y)) 0% p(v,y), Vy €U,

which, by continuity of x¥ and by 1. in Lemma immediately entails that

om e(v, ‘7:) =X (p(U,.’E)) ayp(va JI)

From ([7.30)) and the calculus rule for minimum functions |84, Proposition 1.113] we conclude
that
Om p(v,2) € | Vepi(v,2).

ieT(v)

with T'(v) being defined as in the statement of the Proposition. Now, the assertion follows

from (7.31). O

We provide next a concrete characterization for the local Lipschitz continuity /differentiability
of the probability function ¢, defined in ((7.28]), along with an explicit subdifferential /gradient
formula:

Theorem 7.20 Fiz xy € X with g (x0,0) < 0, and assume that for some | > 0 it holds, for
i=1,...,p,

ll=]12

=0=
IVegi(z, 2)|| < 1||z|| ™ e2El® Vo € B (xo,1/1), ||2|| > L. (7.31)

Then the probability function (7.28]) is locally Lipschitz near xo and there exists a nonnegative
number R < sup{||z*|| | * € dMe(xg,v) and v € I(xg)} such that

,v)) Vagi (20, p (0, v) Lv)
p(w) C - / co X (p (zo, v o
" €F (o) leLTJ Vi (o, p (z0,v) Lv) , Lv) pe(v)
v xo

+pe(I(20))B* (0, R) .

Proor. As a maximum of finitely many smooth functions, ¢ is Clarke-regular, so that Clarke’s
directional derivative of g coincides with its usual directional derivative. Hence, by Danskin’s
Theorem and by (7.31]), we get the following estimate, for all h € X, 2 € By, () and ||2|| > [,

go(-,z)(:p;h) = <ng($,2),h>
= max {(Vogi(z, 2), h) | gi@, 2) = g(z, 2)}

=12

< max (Vagi(z,2).h) < 1]l2] ™" 9P ]

aat SR
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Hence, Cj(xg) = X and, so, Theorem guarantees that ¢ in (7.28)) is locally Lipschitz
near rg and that

Ocp(xo) / Oce(v, xo)dpc(v) / Oce(v, xo)dpc(v). (7.32)
F(.’L’Q) (ZO)

Since e (+,v) is locally Lipschitzian for all v € S™7! it follows from [84, Theorem 3.57| and
from Proposition that

Oce(v,z9) = ©o {Ome(v,x0)}

U X (p l"o, )) Vagi (zo, p (z0,v) Lv)
V.gi (xo, p (z0,v) Lv) , Lv)

i€T(v)

Hence, the first term on the right-hand side of ([7.32)) coincides with the integral term in
the asserted formula above. As for the second term, observe that 0Se(v,zo) C B (0, R) for
some R > 0 by Theorem which yields the second term in the upper estimate of this
theorem. [

From Theorem and Proposition we immediately derive the following:

Corollary 7.21 If in the setting of Theorem one has that pc(1(xo)) = 0 (in particular,
under assumption (7.21))), or the constant R in Theorem is zero, then

(20,v)) Vogi (o, p (zo,v) Lv
dopten) € = [ <o UX 00N Veth 0o, P00, DV EU) B g ),

sm—1 ieT (v Zgl x07 P (370, U) LU) , LU)

If, in addition, for pc-a.e.v € S™1 we have that #7T(v) =1 (say: T(v) = {i*(v)}), then the
probability function (7.28)) is strictly differentiable with gradient

o) = X (p (w0, v)) Vagiew) (w0, p (w0, v) Lv)
Vo(zo) / (¥ -gt0) (0, p (0, v) Lv) , Lv) dpc(v).

vesSm—1

Consequently, if X is finite-dimensional and #T(v) = 1 holds true in some neighborhood of
x, then ¢ is even continuously differentiable at x.

Remark 7.22 It is worth mentioning that under the strengthened (compared with ((7.31)))
growth condition

3> 0: || Vegi(x, 2)|| <1l Vo e Bz, 1/1), |2 >1, i=1,...,p

the constant 12 in Theorem and Corollary above is zero, as it can be seen in ([7.20]) (see
also |123, Theorem 3.6 and Theorem 4.1]).
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7.6 Appendix

7.6.1 Example |[7.15

We verify in this Appendix properties 1.-6. in Example [7.15

The continuous differentiability of g stated in 1. is obvious from the corresponding prop-
erty of a and h. For h, this relies on the smoothness of the distribution function of the
one-dimensional standard normal distribution ® and on the fact that the argument 1 — ®(¢)
of the logarithm is always strictly positive.

By nonnegativity of « it is sufficient to check that e is convex in order to verify 2. To
do so, it is sufficient to show that h itself is convex, which by definition would follow from the
concavity of log (1 — ®(t)). This, however, is a consequence of log ® being concave, which in
turn implies that log (1 — ®) is concave (see |95, Theorem 4.2.4]).

Statement 3. follows immediately from the definition of the functions.
As for 4., observe first that, by continuous differentiability of g,
9°( 2)(w;=1) = Vg (2,21, 2) - (—1) = —=a/(2)e"*) <0V, 21,2 €R,

whence —1 € C1(0) by Definition [7.9] On the other hand, putting z := 1 and z := (1,0), we
have that = € B, (0), ||z]| = 1 and

(-, 2)(2;1) = Vag (1,1,0) - 1 = o/(1)e"™ = 2"V ~ 1161,

whereas, due to m = 2 in this example,

ll=112

2] ”™ e2I2? = (/e &~ 1.65.

Therefore, by Definition [7.9, 1 ¢ C1(0). Since C;(0) is a closed cone, this together with
—1 € C4(0) yields C1(0) = (—o0,0].

For proving 5., it is sufficient to show that
Be(v,0) C (—00,0] Vo €S (7.33)

In order to calculate Be(v,0) for an arbitrarily fixed v € S!, we have to compute first the
partial Fréchet subdifferentials dpe(v, x) for x in a neighborhood U of 0. Define U such that
g(x,0,0) < 0 for all x € U (as a consequence of the already shown relation ¢(0,0,0) < 0). If
x < 0, then, by definition of e and g,

e(v,2) = py ({r 2 0 [ g (z,7Lv) <O0}) = py ({r 2 0 | rLvy <1}).

Hence, for x < 0, e(v, ) does not depend on its first argument locally around x. Therefore,
Ore(v,z) = {0} for all z < 0. Now, consider some x € U with x > 0 and z* € 9e(v, z).
If v € I(z), then dpe(v,z) C {0} (see Corollary [7.§]ii)). If, in contrast, v € F(x), then, by
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Theorem (putting w := +£1 there and observing that, by continuous differentiability of g,
the partial Clarke subdifferentials reduce to partial gradients),

¥ = —X (p(v, "L‘)) vmg (I7 /O(Uv I)L’U) _ _Qxeh(p(v,m)vl)x (p(v, CL’)) <0
(V.9 (z,p(v,z)Lv), Lv) (Vg (z,p(v,x)Lv), Lv) =

Here, the inequality relies on > 0, on y being positive as a density and on

—g<l', 07 0)

(Vag (@, p(v,2) L), Lv) > —2rs

>0

by Lemma Altogether, we have shown that dre(v,x) C (—o00,0] for all x € U. This
entails that also Be(z,0) C (—o00,0]. Since v € S! has been fixed arbitrarily, the desired

relation ((7.33]) follows.

In order to show 6. we provide first a formula for the probability function . If t < 0,
then, by definition of g,

ot) =P(g(r,&,&) <0) =P (& < 1) =0(1)

because & ~ N (0,1) by the distribution assumption on ¢ in Example [7.15] If ¢ > 0, then,
again by the assumed distribution of &,

00 1—t2eh(21)
1
p(t) = P (§2 <I1- t2eh(£l)) =5 / / e*(Z%JrZ%)/Qde dz;
T
0 1—¢2eh(21)
1 > 1 2
. —27/2 —25/2
= — L LA — e *2/%dzy | dz
V2T / \ 2T / ? !

1 2
= — [ e o (1—2%")4
€ € S.

—00
Now, we are going to show that ¢ fails to be locally Lipschitz around 0. Observe first that,
since ® is increasing as a distribution function, A is increasing too by its definition. Then,

for any s,t satisfying s > ®~! (1 — \/1_5) (recall that @ is strictly increasing and so its inverse
exists) it holds that

h(s) > h (@—1 (1 - \/i)) — 1 —log 2
Therefore, t2e®) > e~1. Thus, we have shown that
1) —®(1— L) >D(1) =D (1—e)=c Vs t:s>d (1—\/¥).
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With & being strictly increasing, we have that € > 0. Now, for any ¢t > 0, we calculate

1 7 .
0)—pt) = (1) - — e "2, (1 — 2" ds
o0~ plt) = (1)~ —= ( )
- L / 2 (B(1) — @ (1 — £26"7))) ds
2
o0 @—1(1,\5)
> 5L / e 2ds=c | 1= L / e /245
T 27 v 2w
o1 (1) —o0

= (1o (o (1-vA))) ==Vt

Since ¢ > 0, ¢ fails to be locally Lipschitz around 0, which finally shows 6.

7.6.2 Example [7.16

We verify in this Appendix properties 1.-6. in Example[7.16] The continuous differentiability

of g stated in 1. is obvious. By nonnegativity of « it is sufficient to check that h(t) := %

is convex in order to verify 2., it is enough to compute the second derivative of the function

+2 N
h, then one gets h’(t) = < /z(tbifi;wug) > 0 for every t € R and it implies the convexity
of h. Statement 3., 4. and 5. foilow directly from the definition of g. In order to prove 6. we

have to verify the hypotheses of Corollary [7.21], more precisely, we check that the constant
R must be zero and condition ([7.27)) holds true in some neighborhood of x = 0.

Indeed, using the calculus with the same estimate of Proposition [7.19] one gets

= {0} if x <0,
Ope(z,v) ¢ S{0} if v e I(x)

= %VM(%P(%WU» if v e F(x),

where

SB(3/2) s
Viglwz)={ 2 e Hr20
0 if v <0,

exp(27/2)z1 (21 +2))

1)

Then (7.27)) holds true for every x # 0. We are going to prove that 0y, e(0,v) = {0} for
almost all v € S!; the previous is trivial for v € F'(0). Now consider v = (vy,v;) € I(0); it is
enough to verify that for any sequence z,, > 0 with z, — 0 and v € F'(x,,) one has

o —Xp@n)
n—+oo (V,g(Tpn, p(Tn, v)v),v

>ng($n, p(x,v)v)) = 0.
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Define

* L _X(p<xmv>> . - o)
T gl plam o) o) * 29 P ). (7.34)

-1 p(Tn,v ; —
From Lemma (7.3 mom—r—ss— > /2 and from equation 9(xn, p(Tn,v)Lv) = 0 we

obtain z, = ”%%' Thus, replacing in ([7.34

2
/2 —1

(1= 03p(n, 0)) (W3 p(, v)? + 4)
exp(0302 (20, 0)/2)

0>x, >

*
n

p(Tn,v) exp((—=1+ v%)pQ(.rn, U)/Q)\/

Since p(z,,v) — oo (see Lemma the right side of the above equation goes to zero,
because for every (vy,vs) € St

lim 72(1 — vp) (v3r® + 4) exp((—1 + vi/2)r?) = 0.

7—00
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Conclusions

In what follows we give the main achievements of this thesis:

1. In this work we have provided a generalization of the variational characterization of
convexity given in [107, Theorem 10|. This characterization relies on the epi-pointedness
property and techniques of convex analysis. Our generalization corresponds to Theorem
and it is a relation between the closed convex hull of the function and the inf-
convolution of the function and the support function of the domain of its conjugate.
Particularly, this relation gives us the convexity of the function provided that the
domain of the conjugate function is dense (see Corollary .

2. We have shown that the class of convex proper and lower-semicontinuous epi-pointed
convex functions satisfies useful variational properties in any locally convex space. More
precisely, we have shown that this class of functions enjoys many important properties
similar to the ones of convex and lower semicontinuous functions in Banach spaces. In
this part of the thesis we have proved that the class of epi-pointed lower-semicontinuous
convex functions, defined on any locally convex space, satisfy the Brgndsted-Rockafellar
theorem. We also obtain other important results in the same spirit, Theorem [3.10)
for the maximal monotonicity of the subdifferential, Theorems and for the
subdifferential limiting calculus rules for functions defined in locally convex spaces, and
others.

3. We have introduce the definition of a family of subdifferential(see Definition [4.1)), which
allows us to extend to locally convex spaces some important results in the theory of
subdifferentials for non-convex functions defined in Banach spaces. The main result of
this investigation is a generalization of Zagrodny’s Mean Value Theorem (see Theorem
[1.9). Using this result we extend theorems of integration of subdifferentials (see Theo-
rem and a characterization of the convexity in terms of the monotonicity of the
subdifferential (see Theorem [£.20)).

4. We have investigated the subdifferential of some class of convex integral functionals.
We have established a general formula (see Theorem [5.9)), which is valid in any arbitrary
locally convex space. This formula bypass the use of techniques of measurable selections,
which are principally given in separable spaces. We have used this result to generalize
many well-known formulas in the literature, for example Corollary [5.21] and Corollary
0,23

5. We have studied the subdifferential of non-convex integral functionals. In this scenario
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we have generalized the sequential formulas given in [64, Theorem 1 and 2| and [80].
Posteriorly, using this sequential formulas we investigated Limiting/Mordukhovich sub-
differential, the G-subdifferential and the Clarke subdifferential. We introduce the no-
tion of the Integrable compact sole property (see Definition . This property allows
us to establish Theorem [6.21] which generalizes the classical result about the inter-
change between the Clarke subdifferential and the sign of integral (see e.g. [23, Theorem
2.7.2]).

. We have applied our result to the calculus of the subdifferential of Gaussian probability

functions. We have calculated a general upper-estimate for the Limiting /Murdokhovich
of Gaussian probability functions (see Theorem [7.12)). Later, this result has been
applied to a finite system of smooth inequalities. In this setting we generalize the
result of [123] about the Clarke subdifferential of probability functions.

Future works:

We propose to continue the present research in the framework of the following problems:

Optimality conditions, duality theory and stability aspects of stochastic optimization
problems.

Approximate subdifferential theory of convex and nonconvex integral functions outside
separable Banach spaces. I will explore techniques based on separable reductions.

Variational properties of probability functions, involving possibly infinite smooth and
nonsmooth inequalities.

Real-world applications, including models of eco-industrial parks.
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(T, A, u): complete o-finite measure
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A recesion cone of A, 26

BA: space of all function from A to B, 35

Cwo(z): limiting cone of nice directions at
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F: Fréchet bornology, 27
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la, b], |a,b]: semi-open Interval between a
and b, 25

[a,b]: closed interval between a and b, 25

1 4: characteristic, or indicator function of
A in the sense of measure theory,
34

['y(X): the class of proper lsc convex
functions, 25

rge M: range of the multifunction M, 26

: natural numbers, 24

: rational numbers, 24
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the extended real numbers, 24

interger numbers, 24

(A): affine subspace generated by A, 25

B(X*, X): strong topology on X*, 24

¢o f: closed convex hull of f, 25

co(A): closed convex hull of A, 25

cor f : the function such that
epi(Tor f) = o(epi f N (F x R)),
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co(A): convex hull of A, 25

04: indicator function, 25

dom M: domain of the multifunction M,
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dom f: effective domain, 25
N4(z): normal cone of A at z, 26
gph M: graph of the multifunction M, 26
ImL, integral functional defined on L, 35
I#P: integral functional defined on

(T, X), 35
I 7o abbreviation for I ¥, 36

Jo fdps [ F(O)du(t)
35

int(A): topological interior of A, 25

(-,+): bilinear inner product, 24

5’2?: core of the singular
G-subdfifferential, 29

dc: core of the G-subdfifferential, 29

B(x,r),Bx(x,r): closed ball with radious
r around z in X, 24

B,(z,r): closed ball with radious r around
x with respect to the seminorm p,
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B(X,7), B(X): o-algebra generated by T,
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LY, 1v,Z 1,), L(Y,Z): linear continuous
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27
rip(A): relative interior of A with respect
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measurable essentially bounded
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Clarke’s directional derivative, 28
Cofinal set, 24

Conjugate of a function, 25
Convex normal integrand, 36
Convex subdifferential, 26

Decomposable space, 72

Effective domain, 25
Epi-pointed function, 31
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Mackey topology, 24
Multifunction, 26

Normal integrand, 36

Polish space, 34

Preorder set, 24

Proper function, 25
Proximal subdifferential, 27
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Sequentially 7-inf-compactness, 25

Set-valued mapping, 26
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Singular G-subdifferential, 28

Singular limiting/Mordukhovich
subdifferential, 28
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