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In this paper we prove that the additivity of subdifferential in a given point of a locally convex
space X is equivalent to other important optimality properties of an associated family of opti-
mization problems. As a consequence, the subdifferential additivity is characterized by a dual
closedness condition in X* x R endowed with the weak-star topology. Also, some special cases
in which this closedness condition can be given in X* are presented.
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1. Introduction

Let f : X — R be an extended real valued proper convex function on a locally
convex space X and its subdifferential defined by

Of(x) ={z" € X*; f(z) < f(u) + 2" (z —u), forallue X}, z€ X, (1)

where X* is the dual space of X.

We recall that the function f is said to be proper if f(x) > —oo for every z € X
and there exists T € X such that f(7) € R.

We denote by D(f) the domain of the function f, that is
D(f) ={z € X; f(z) < oo}. (2)

Obviously, 0f(xz) = 0 for all x ¢ D(f).

Given a closed convex set C' C X we denote by I¢ its indicator function defined
by Io(z) =0 if x € X and Io(z) = oo if ¢ C. It is well known that

O0lc(x) = Neo(z), z € C, (3)
where N¢(z) is the normal cone of C' at .
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If fi, fo are two proper convex functions on X, then

Of1(x) + 0fa(x) C O(fi + fo)(2), € X.

Generally, this inclusion is strict, but adding some regularity conditions we can
obtain just an equality, that is, the additivity property of subdifferential

8(f1+f2)(x)zafl(x)+8f2(x), :L‘EX, (4)

holds. Some additivity formulas without any regularity condition were established
by Attouch and Théra [1], Hirriart-Urruty and Phelps [8], Jules and Lassonde [11],
Revalski and Théra [17], Thiboult [21], by different extended forms of the sum in
the second hand of (4). This additivity properties have a crucial role in convex
analysis, specially in convex optimization. A well-known simple and remarkable
regularity condition for the additivity property (4) is the following: the functions
f1, fa are proper convex and finit at a point in which at least one is continuous |2,
12, 20]. In the case of Banach space (generally, in a barreled space), if fi, fo are
also lower-semicontinuous, this condition becomes an interiority condition, namely

(int D(f1)) N D(f2) #0 or (int D(f2)) N D(f2) # 0, (5)

since any lower-semicontinuous function is continuous on the interior of its effective
domain (see, for example, [2, 9, 12, 20]). The literature is quite rich in such
regularity conditions (see, for example, [1, 3, 4, 5, 6, 13, 17, 18]). Some efficient
conditions are obtained using criteria for maximality of the sum of two (maximal)
monotone operators since it is well known that the multivalued subdifferential
operator is a maximal monotone operator ([1, 17, 19]). Burachik and Jeyacumar
has pointed out in [6] the following regularity condition: epi f; + epi f3 is weak-
star closed in X* x R (see also [3, 5]). In fact, their result can be also obtained
from an earlier result established in [13] (see Theorem 3.3). Moreover, this dual
closedness condition was used by Dieter [7] in the study of Fenchel duality results
in the theory of optimization and the additivity property of subdifferential is a
consequence of Fenchel duality theorem ([2, 20]). The all regularity conditions
for additivity property of subdifferential known in the literature assure that the
equality (4) holds for all x € X. But, generally, it is possible that the equality (4)
be true only for certain elements z € X.

The aim of the present paper is to study the additivity property in a given element
x € X. Firstly, we establish the characterization of the equality (4) by other impor-
tant properties in convex analysis: the optimality of some optimization problems,
the equality in Fenchel duality theorem, the stability of some optimization prob-
lems and the exactness of certain convolutions (Theorem 3.1). The central idea is
to associate a family of convex optimization problems such that their optimality
is equivalent to equality (4). Firstly, we establish some results concerning the op-
timality and lower semi-continuity of optimal value function only on a given set
in the parameter space. Consequently, we are in the position to use some similar
results to those obtained in [14, 15, 16] to give a characterization of the equality
(4) by a closedness condition in X* x R (Theorem 3.3). In particular, we obtain a
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characterization of additivity property of subdifferential on whole space X (Theo-
rem 3.4). Finally, the special cases of normal cones and Minkowski functionals are
presented. Thus, we improve some similar results established in the papers [5], [6],
[10].

2. Preliminaries

Let X be a separated locally convex space and X* its dual space. We denote by
[o(X) the set of all proper convex lower-semicontinuous functions on X. Also, let
us denote

SiN) = {z € X: f(x) <A}, AER (6)
called the level sets of f and

epi f = {(z,1) € X xR; f(z) < t}, (7)

called the epigraph of f.

It is well known that f is lower-semicontinuous on X if and only if epi f or its
level sets are closed in X x R, X respectively. Moreover, the function f is lower-
semicontinous on a set A C X if and only if

(epi f) N (A x R) = (epi f) N (A x R). (8)

If we consider the conjugate f* of a function f defined by
f1(@%) = sup{a®(z) — f(x);x € X}, 27 € X7, (9)
then z* € df(x) if and only if
f(@) + [ (27) = 2" (x). (10)
Also, we recall the following consequences of bipolar theorem:
P = lLao, (11)

Ij:l = Pao, (12)

where A is a nonvoid convex set containing the origin, ([2,12]). Here we denoted
A° ={z" € X*;2"(x) < 1for all z € A}, (13)

the polar of the set A,

1
pc(x):inf{/\;xxe(?, A€ (O,oo]}, re X, (14)
the Minkowsk: functional of a set C' containing the origin. Generally, for any

nonvoid convex set we have
*
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where o4 is the support functional of the set A, that is,

oa(z™) = supz™(z). (16)
€A

Let F: U xY — R be a given function, where U,Y are two separated locally
convex spaces. We associate the following family of optimization problems

(Py) min{F(u,y);u € U}, yeY.

Denote by h its optimal value function

h(y) = inf{ F(u,y);u € U}, yeY. (17)

If h(y) = oo, then every u € U can be considered as optimal solution of P,.

Now, let us consider the following associated set

H ={(y,t) € Y x R; there exists u € U such that F(u,y) < t}. (18)

It is easy to prove that o
H Cepih C H. (19)

Thus, if H is closed, then h is lower-semicontinuous. On the other hand, given
aset A C Y it follows that P, has optimal solutions for every y € A, whenever
h(y) > —oo, if and only if

HN(AXR) = (epih) x (A x R). (20)

Consequently, we obtain an easy extension of a result of [15].

Lemma 2.1. The problems P, have optimal solutions for every y € A, whenever
h(y) > —o0, and h is lower-semicontinuous on A if and only if

HN(AxR)=HN(AxR). (21)

Proof. Suppose that the equality (21) is fulfilled. Then by (19) it follows (8),
that is, h is lower-semcontinuous on A. Moreover, the equality (20) also holds.
Therefore, the problems P, have optimal solutions for every y € A, whenever
h(y) > —oo and h is lower-semicontinuous.

Conversely, if & is lower-semicontinuous on A, that is, (8) is fulfilled, then by (19)
and (20) we obtain (21).

Since H is a epigraph type set ((y,t') € H, whenever (y,t) € H and ¢’ > t), in
some special cases the closedness property of H can be considered only for the
sections of H in Y. For example, this is the case of the functions F' of the form

F(u,y) =Ic(y) + Flu—y), u,y€Y, (22)
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where C_ C Y, and F are positively homogeneous functions on Y. Indeed, if
(y,t) € H, there exists a net (y;,t;)icr C H such that (y;,t;) — (y,t), and so, for

every ¢ € I there exists u; € X such that F (u; —y;) < t;and y; € C. Hence, given
€ > 0 we have 7, € I such that

F(u; —y) <t+e, i>i..

We denote
H={yeY;(yt)e H}, teR. (23)

Obviously, (y,0) € H for any y € C since F(y,y) = 0. Therefore, if t = 0 we
get y € Hy. Thus, we can suppose t # 0. Taking € > 0 such that tfg > 0, by
hypothesis of positive homogeneity we also have

ﬁ(ul— °
t+e¢

(wg —ys) —ys) <t, 1>1..

Therefore, y; € H, for all i > i.. Consequently, y € H,, and if H, are closed in Y
for any t € R, then H is also closed in Y x R. Generally, we have the following
result.

Lemma 2.2. Let A be a set in'Y and suppose that
y € Hy,), whenevery € A and h(y) € R. (24)

Then the problems P, have optimal solutions for any y € A, h(y) > —oo and h is
lower-semicontinuous on A, if and only if

HNA=HNA foranytcR. (25)

Proof. Obviously, the equality (25) holds if (21) is fulfilled. Conversely, by the
hypothesis (24) and the property (25) it follows that y € Hy,), whenever y € A
and h(y) € R and so, the problems P, have optimal solutions whenever y € A and
h(y) > —oo. Moreover, if (y,t) € HN(AxR), theny € H;,., and so (y,t+¢) € H,
for any € > 0. Therefore h(y) < t. Taking an optimal solution of P, we obtain
that (y,t) € H. Hence (21) holds.

We recall that the convolution of two functions f; and f, on a locally convex space
U, denoted by fidfs, is defined by

(£10f2)(u) = inf{ f1(v) + fo(u—v),v €U}, ueU. (26)
The convolution is called ezact at u if there exists 7 € U such that
(A0f)(u) = f1(0) + fo(u — D).
If f,, f» € To(X) and D(f,) N D(f,) # 0, then

(fi + fo)" = cl(f7Df3),
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where by cl f we denote the closure of a function f.

In this paper we suppose that X* is endowed with weak-star topology (or X and
X* are endowed with compatible topologies with respect to natural duality between
X and X*).

Therefore, if (f; + f2)* is a proper function, then

(fr + f2)"(u*) = (fTOf;) ("), (27)

if and only if the convolution is lower-semicontinuous at u* € U*. A detailed
treatment of calculus rules of the convolution of convex functions is presented by
Laurent [12].

3. Main results

In the sequel we establish some equivalent formulations of the additivity of sub-
differential in a given element x € X.

Theorem 3.1. Given an element x € D(f1) N D(f2), where fi, fo € T'o(X), then
the following properties are equivalent.

(1) O(fi+ fo)(x) = 0fs(x) + O fa(x);

(i7)  for every x* € O(f1 + fa)(x) there exists x € X* such that (fi + fo)*(z*) =
fr(@i) + f3 (2" = 27);

(7ii) the problem

(Pr) mind{ f7(v*) + f5 (2" —u*);u" € X*}, 2" e X7,

has optimal solutions for every x* € 9(f1 + fa)(x) and its optimal value is
(fl + f2>*(‘7;*>7

(v) the problem P« has optimal solutions for any x* € J(fi1 + fa)(x) and its
optimal values is lower-semicontinuous on O(f1 + f2)(z);

(v)  the problem

(Par) max{z"(u) — (fi + f2) (w);u € X}

is stable for any x* € O(f1 + f2)(x);
(vi) the convolution (ffOf5)(z*) is exact and lower-semicontinuous at any x* €

(fr + f2) ().

Proof. Let us denote h(z*) = val Pf., * € X*, the optimal value function of the
problems P7..

By (9) it follows that f(u*)+ f3(x* —u*) > u*(u) + fi(u) + (2" — u*)(u) — fa(u),
for all u € X. Therefore, h(z*) > (fi1+ f2)*(z*). On the other hand, by hypothesis,
the function f; + f; is proper, and so (fi + f»)* is proper [2]. Consequently, A is
a proper function. Obviously, h is convex. Also, h(z*) = (ffOf5)(z*). By (27)
we have that h(z*) = (fi1 + fo)*(«*) if and only if h is lower-semicontinuous at
x* € X*. Thus, the properties (iii), (iv), (vi) are equivalent. Now, by a standard
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calculus it follows that P}. is the dual of the problem P,-. If P, is stable, that is,
val P« = val P and P, has optimal solutions, we obtain that (v) and (iii) are
equivalent since obviously valP,- = (fi + f2)*(z*). Moreover, val P,~ < val P;.
and so (it), (ii7) are equivalent.

Using (10) for 0fi(z),df2(x) and 9(f1 + f2)(x) it follows that (i) = (ii). Now, if
(fi+ f) (@) = fi(x}) + f3(x* — x3) for certain 7 € X*, then by (9) we have
ri(u) < fi(u) + fi(21),
(% —27)(u) < folu) + f3 (" — 27),
for all v € X. Addiding this inequalities we obtain
(fi 4 f2)"(@") < fi(a]) + fo (2" — a7).

But, by (i7), this inequality is just an equality, and so both previous inequalities
become equalities. Therefore, by (10) it follows that z7 € df;(z) and z* — 27} €
Ofa(x), and so, (i) holds. Thus, the proof is complete.

Corollary 3.2. The convolution of two functions fi, fo € I'o(X) is exact at any
element x € O(fy + fo)(x*) if and only if O(fF + f3)(a*) = Of;(x*) + Of5 (z*).

In fact, Theorem 3.1 can be reduced to the equivalence between (i) and (iv).
The properties (i7), (iii), (v), (vi) are reformulations of (i) by other important
properties in convex analysis. Consequently, by Lemma 2.1 we can obtain a char-
acterization of additivity property of subdifferential with the aid of a closedness
condition. Thus, we refind a result established in [13].

Theorem 3.3 ([13]). Let f1, fo € To(X). If x € D(f1) N D(f2), then

If1+ fo)(x) = 0fi(x) + 0 fa(x), (28)
if and only if the following closedness condition is fulfilled

(epi fi +epi f3) N[O(f1+f2)(x) X R] = (epi f{ +epi f3) N[O(f1+ f2)(x) x R], (29)

where the closedness is considered with respect to the weak-star topology of X*.

Proof. We apply Lemma 2.1, where U = Y = X* endowed with the w* topology,
A=0(fi + fo)(z) and

Fu*,x2%) = fi(u") + fo (2" —u¥), u*,z" e X"
Hence, the associated set H defined by (14) is as follows

H = {(z",t) € X* xR there exists u* € X" such that F(u",z") <t}
= {(z",t) € X* x R; there exists u* € X* such that (30)
Ji(w®) + f5(@" —u®) <t} = epi fi +epi f;.

Therefore, the equality (21) becomes the equality (29).
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Now, we can establish a characterization of the additivity property of subdifferen-
tial on whole X.

Theorem 3.4. Let us consider fi, fa € T'o(X). Then the subdifferential is addi-
tive, that 1is,

Ifi+ fo) =0f1 + 02, (31)
if and only if

epi fi +epif3 N [Ranged(f1 + f2) X R] (32)
= (epi f{ +epi f3) N [Range d(f1 + f2) x R].
Proof. Obviously, if « ¢ D(9(fi1 + f2)), then (31) is trivially fulfilled. Since

Range 0(f1 + f2) = U,epaiisp)) 901+ f2)(2), if (27) holds for any « € D(9(f1 +
f2)) this means that (32) is fulfilled.

Corollary 3.5. IfO(f1+ f2) is surjective, then the additivity property holds if and
only if epi f; + epi f5 is weak-star closed in X* x R.

Corollary 3.6 ([6]). If epi fi + epi fy is weak-star closed in X* x R, then the
additivity property (29) holds.

Remark 3.7. The closedness condition (29) is fulfilled, for example, if there exists
a set A in X* such that O(f1 + f2)(x) C A and

(epi fi +epi f5) N (A X R) = (epi f{ + epi f5) N (A X R). (33)

For instance, if we take A = D(f1 + f2)* and the regularity conditions (33) is
fulfilled, then the subdifferential additivity (28) holds on the whole space X.

In the sequel we study some special cases in which the closedness property (29)
in X* x R can be replaced by a closedness property in X*, that is we can apply
Lemma 2.2 using the sections of the type (23).

Theorem 3.8. Let fi, fo € I'o(X) such that x* € Hp~), whenever x* € 0(f1 +
fo)(z), where x € D(f1) N D(fy). Then the additivity property (4) holds if and
only if

S5 (7) + Sgs(t =) N O(f1 + f2) () (34)
= (U(Sf{‘<7') + Sps (t — T)))) NA(fi + f2)(x)

for any t € R.

Proof. Let us take F'(u*,2*) = ff(u*)+ f5 (" —u*), u*,2* € X*. Thus, according
to (6) and (23) we obtain Hy = |J,cp(Ss: (1) + Sps(t — 7)), t € R. Since h(z*) € R
if * € J(f1 + f2)(x), applying Theorem 3.1 (iv) and Lemma 2.2 we obtain the
result.
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A typical example was given by the functions F' of the form (22). Specifically, we
shall present the closedness property (29) if f;" and f; are indicator functions of
certain weak-star closed convex sets in X or proper convex lower-semicontinuous
positively homogeneous functions. We recall that the conjugate of a positively
homogeneous function is an indicator function, namely if f; is a positively homo-
genenous function, then f; = I, where C) = {z € X fi(z*) > z*(x); for all
x* € X*}, and so, 0fi(z) = N, (x), x € D(0f1). If fff = 14, where A is a weak-
star closed convex set in X* containing the origin, then by (12) we have f; = p4o.
In the sequel we shall consider two cases of this type.

Theorem 3.9. Let A, B be two nonvoid closed convex sets in X containing the
origin. Then the following properties are equivalent:

(i)  O(pa+pp)(z) =0pa(x)+ Opp(x), for allx € D(pa) N D(pp);
(1) O(pa+pp)(0) = 0pa(0) + Ipp(0),
(711) A+ B is weak-star closed in X*.

Proof. Let us take fi = pa, fo = pp. Using the equalities (11), (12) we obtain
F(u*,x*) = Lyo(u*) + Igo(z* — u*), h(x*) = Lyoypo(x*), u*,2* € X*. Therefore,
the corresponding set H = epi f; + epi f5 becomes (A% + BY) x [0, c0).

On the other hand, it is easy to show that dpa(0) = A° dpp(0) = B° and
d(pa—+pp)(0) = A% + BO. Thus, by Theorem 3.3 we easily obtain the implications

Remark 3.10. In fact, the equivalence (i) < (iii) is contained in an earlier result
established in the paper [6]. The authors proved that in the special case of sublinear
functions f1, fo the weak-star closedness of epi f; +epi f5 is necessary and sufficient
for the additivity of subdifferential on the whole space X. Moreover, epi f; +
epi f5 = (0f1(0) + 0f5(0)) x [0,00). Therefore, this set is weak-star closed in X*
if and only if (zi7) holds.

Theorem 3.11. Let A, B be two closed convex sets in X containing the origin.
Then for any x € AN B the following properties are equivalent:

(i)  Nanp(z) = Na(x) + Np(z);

(#) UOSTSt(SpAO (1) + Spo(t — 7)) N Nanp(z) = (UO§T§t(SPAO (1) +SpBo (t—=7))N
Nanp(x), for any t > 0.

Proof. Let us take f; = I4 and fo = Ig. Hence, O(f1+ f2)(x) = Nanp(z). By (9)
we also have f; = pao, f5 = ppo. On the other hand, by a standard calculus we
obtain that 2* € Hj(,+ if h(z*) € R. But, S, (1) + S, (t — 7) # 0 if and only if
t >0 and 7 € [0,t]. Consequently, the equality (34) is just the property (i7).

Remark 3.12. For an arbitrary convex closed set C' we have Ng(z) = Neo—.(0)
for any = € C, and so, in the property (ii) we can replace A by A —T7, respectively,
B by B — 7 for a certain T € AN B. By this change, Theorem 3.9 can be applied
also in the case in which if 0 ¢ AN B. On the other hand, since I’} = o4, by
Corollary 3.6 it follows that (¢) holds for any = € X if epio + epiop is weak-star
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in X* x R. This result is established by Burachik and Jeyakumar in [6] (see also

[10]). By Theorem 3.7, this closedness condition can be given for its sections in
X*.
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