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Abstract

In this paper we study two important notions related to monotone operators.
One is the concept of enlargement of a given monotone operator which has turned
out to be a useful tool in the analysis of approximate solutions to problems involving
monotone operators. The second one is the notion of sum of monotone operators.
For the latter we introduce and study a kind of extended sum of two monotone
operators, which, in several important cases, turns out to be a maximal monotone
operator.
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1 Introduction

In the recent years two notions related to monotone (in general set-valued) operators have
turned out to be very useful in the study of various problems involving such operators.
The first one, which is inspired by the notion of e-subdifferential of a convex function,
is the concept of enlargement of a given operator (see e.g. [BulSv, BuSSv, MaT]). It
allows to make a quantitative analysis in different problems involving monotone operators,
like for example variational inequalities, inclusions etc. The second notion is the one
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of generalized sum of two maximal monotone operators (i.e. monotone operators whose
graphs are maximal elements, with respect to the inclusion order, among the graphs of
all monotone operators). It is well-known that the usual pointwise sum of two maximal
monotone operators is not, in general, a maximal monotone operator. A typical example
for the latter is the sum of the subdifferentials of two convex proper lower semicontinuous
functions which may differ from the subdifferential of their sum. There are also other
examples (i.e. in partial differential equations, see [ABT1, ABT2]), in which the resolution
of a problem leads to an operator which appears to be larger than the sum of two maximal
monotone operators. This motivated different authors to look for a generalized notion of
sum of two operators, like e.g. the variational sum introduced by Attouch, Baillon and
Théra in [ABT1] in the setting of Hilbert spaces, the parallel sum (see the study of
electrical networks based on this notion in [K]), or sum based on the Trotter-Lie formula
(see [Lap]).

This article is devoted to the study of the two notions mentioned above. For the notion
of enlargement we consider a concept intensively studied recently in [BulSv, BuSSv], while
for the notion of sum we will introduce an extended sum generated by the enlargements of
the operators. The comparison of the latter concept with the variational sum of Attouch,
Baillon and Théra, in the particular case of a reflexive Banach space, is treated in [RT2]
(the announcement of the results is in [RT1]). Related to this comparison study, here we
only mention the following: the extended sum is defined in this paper in a general Banach
space while it seems the variational sum can be successfully extended only to the setting of
reflexive Banach spaces (as shown in [RT2]). This is so since the variational sum between
two maximal monotone operators is defined as an appropriate limit of the pointwise sum
of certain (Yosida) approximations of the initial operators and these approximations are
well-defined only in reflexive Banach spaces. The second remark concerns the relation
between the extended and variational sum in reflexive Banach spaces (see again [RT2]):
the maximality of one of them entails that it contains the other and vice versa; The two
notions coincide, for example, in the case of maximality of the pointwise sum, and in
the case of subdifferentials of convex functions (related to the latter, see also Theorem
4.4 below which shows that, without any qualification conditions and in any Banach
space, the extended sum of the subdifferentials of two convex functions is equal to the
subdifferential of their sum).

The paper is organized as follows. Section 2 provides some necessary preliminaries. In
Section 3 we present and study the concept of e-enlargement of a given maximal monotone
operator. We show how, in the case of open domain of a given monotone operator A,
one can obtain the unique maximal monotone operator (in the same domain) containing
A by the enlargements of A. We establish further, for the class of monotone operators
of type (D) introduced by Gossez [Gol], a Brgndsted-Rockafellar type theorem which
holds also in non reflexive Banach spaces. Doing so we extend a previous unpublished
result of Torralba [To] proved in reflexive Banach spaces. In the final Section 4 we intro-
duce the notion of extended sum and study the relationship with the pointwise sum of
maximal monotone operators. It is proved in particular, that when the pointwise sum of
two monotone operators is a maximal monotone operator, the latter coincides with the



extended sum of the two operators. Finally, we show that the subdifferential of the sum
of two proper convex lower semicontinuous functions is exactly the extended sum of their
subdifferentials.

2 Some preliminaries

Let X be a real Banach space with continuous dual X*. The norm in X and X* will be
denoted by || - ||, w and w* will stand for the weak and weak star topology in X and X*
correspondingly. The symbol (-, -) will be used for the usual pairing between X and X*.
Let A be (in general, set-valued) operator between X and X*. The graph of A will be

denoted by
Gr(A)

{(z,2") e X x X*: 2" € Az}

and the sets
Dom(A) :={z € X : Az # (}}

and

R(A) := [ J{Az : € Dom(A)}

stand as usual for the domain and the range of A respectively. The inverse operator of
A: X — X* will be designated by A=! : X* — X. It is defined by:

Alr* ={r e X : 2" € Az}, z* € X7,

and obviously has as domain the range of A.
Recall that the operator A is called monotone if the following condition is fulfilled:

(y —x,y" —x*) > 0 for every two couples (x,x), (y,y*) € Gr(A).

Observe that if A is monotone, then so is its inverse A~
Given an operator A : X — X* by cod, A and A we will denote the following
operators:
(coA)x := co(Ax), x € X,

Ax = ﬂw*,x € X,

and .

A is such that Gr(A) = Gr(A)H'wa .
In the operations above co means convex hull while given D C X* and H C X x X* the
notations D" and F'"™"" are the closures of the sets D and H with respect to the weak
star topology in X* and with respect to the product of the norm and weak star topology
in X x X* correspondingly.

Obviously for the domains of the above operators we have Dom(coA) = Dom(A) =
Dom(A) € Dom(A), while for their graphs it is clear that Gr(A4) ¢ Gr(A) c Gr(A) and
Gr(A) C Gr(coA) C Gr(coA) C Gr(coA).

The following remark contains well-known facts, which will be used in the sequel.
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Remark 2.1

e if A is monotone then so are A, coA and coA;

e if A is monotone, then so is A, provided A is locally bounded (cf. e.g. [DrLa, Phil]).
Recall that A is locally bounded if for each point = from the norm-closure of Dom(A) there
is a neighborhood U of z such that A(U) is a norm-bounded subset in X*.

A monotone operator A : X — X* is said to be mazimal if its graph is a maximal
element in X x X*, with respect to the inclusion order, among the graphs of all monotone
operators between X and X*. lL.e. A is maximal if the graph of A is not contained as a
proper subset in the graph of any other monotone operator from X to X*. Equivalently,
A is maximal, if whenever one has (z —y, x* —y*) > 0 for every (y,y*) € Gr(A), it follows
that (z,2*) € Gr(A).

It is clear from the above remarks that if A is a maximal monotone operator, then the
operators A, A, coA,coA coincide, and if A is maximal monotone and locally bounded,
then A coincides also with A and ¢oA. Let us also mention the obvious fact that if A is
maximal monotone then A~! is also a maximal monotone operator between X* and X.

A typical example of a maximal monotone operator is the subdifferential of a proper
lower semicontinuous convex function f : X — R U {+oo}. The term proper f means
as usual that the set dom f := {z € X : f(x) < 400} (which is the domain of f) is
nonempty. For a given € > 0 the e-subdifferential of f is defined as follows:

O.f(x) = {o" € X"+ f(y) — f(2) > (y—w,2") — & for every y € X},

if z € domf, and 0.f(x) := 0, if x ¢ domf. For every ¢ > 0, 0.f is always non-empty
valued at the points of domf, i.e. Domd.f = domf. When ¢ = 0, 0yf is exactly the
subdifferential Of of f (the latter can be empty at some points of domf).

Finally, we formulate a result due to Hiriart-Urruty and Phelps [HUPh] which we will
need later and which was one of the starting points for our study:

Theorem 2.2 (Hiriart-Urruty and Phelps [HUPh]) Let f,g: X — R U {+o0} be
two proper lower semicontinuous convex functions. Then for every x € domf Ndomg one
has:

O(f +g)x) = () 0-f(x) + Og(@)"

e>0

The sum under the bar in the right hand side of the above equality is the usual
Minkowski pointwise sum of sets. Various similar formulas (also for other operations on
functions) can be found in the survey [HUMSV].

3 Enlargements of monotone operators

Let A be a given monotone operator acting between X and X*. Given € > 0, by an
e-enlargement of the operator A we mean the operator A° : X — X* defined by

(3.1) Az :={a" e X:(y—ax,y"—2a") > —e forany (y,y*) € Gr(A)}.
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This notion was mentioned in [MaT] but not studied. Systematically, the above con-
cept has been studied in finite dimensions in [BulSv] with the purpose of examining
approximate solutions of variational inequalities, and in [BuSSv] in connection with find-
ing a zero of a maximal monotone operator. Another type of enlargement of a monotone
operator in Hilbert spaces is considered in [Ni]. Operators satisfying a similar condition
as above have been investigated in [Ve]. Similar ideas for enlargements were used ear-
lier in [LP, R] to define approximate solutions of variational inequalities determined by
monotone operators.

It is seen from (3.1) that the operator A¢ is always with convex and w*-closed images
for any € > 0 and that indeed, due to the monotonicity of A, it is an enlargement of A,
ie. Ax C A%z for every e > 0 and z € X. For each x € X it is true also that A*'x C A%z
provided 0 < e; < e5. But observe, in contrast of what is expected, that if A and B are
two monotone operators such that A C B (equivalently Gr(A) C Gr(B)) then B® C A®
for every € > 0.

The idea of the above enlargement is to approximate the initial operator and clearly
is inspired by the notion of e-subdifferential of a proper lower semicontinuous convex
function f: X — RU{+o0}. In the case when A = Jf the enlargement given in (3.1) is
larger than the e-subdifferential, i.e. 0.f C (9f), and there are examples showing that
this inclusion can be strict ([MaT], i.e. X = R, f(z) = 2?).

The natural question that appears is: given A, how good an approximation of A is the
operator A°, ¢ > 0. We will see at the end of this section that a Brgndsted-Rockafellar
type theorem is true for a class of operators, extending a previous unpublished result of
Torralba [To|, proved in the setting of reflexive Banach spaces. Before that we need some
properties of the enlargements.

Given a monotone operator A : X — X*, it is readily seen that the operator A :
X — X* (i.e. the enlargement in the partial case ¢ = 0) is obtained by intersecting all
A® e

Az :=({Az:e>0}, z€X.

As we have remarked A C A°. Recall that (see e.g. [Ph2]) a pair (z,2*) € X x X*
is said to be monotonically related to Gr(A) if (y — z,y* — x*) > 0 for every couple
(y,y*) € Gr(A). Tt is seen that Gr(A°) is exactly the set of all pairs in X x X* which
are monotonically related to Gr(A). The operator A need not be monotone (see below).
But if A is maximal monotone the following proposition is immediate:

Proposition 3.1 Let A be a mazimal monotone operator. Then A = A°.
Hence we have the following corollary:

Corollary 3.2 Let f : X — RU{+o0} be a proper lower semicontinuous convex function.
Then

of = (0f).

e>0



As we mentioned, in general, A° need not be monotone. But there is a class of
monotone operators A for which A? is monotone (moreover, in this case A” is also maximal
monotone). These are the so-called monotone operators of type (D) which were introduced
by Gossez [Gol] for the purpose of extending to non-reflexive spaces some of the important
properties of the maximal monotone operators in reflexive Banach spaces.

Identifying the Banach space X with its canonical embedding X in the second dual
X** and having a monotone operator A : X — X* let A denote the operator A considered

~

as a mapping from X** into X*, i.e. Gr(A) = {(z,2%) : (z,2*) € Gr(A)}. A is called of
type (D) (|Gol]) if for every couple (z**, z*) € X** x X* which is monotonically related to
Gr(A) there exists a net {(zq, %)} C Gr(A) such that #, — 2** in the weak star topology
in X**, {z,} is bounded and z — z* in the norm. It can be verified (see e.g. [Ph2])
that if A is monotone of type (D) then the operator A% : X** — X* which (as we have
seen) has as a graph all monotonically related to Gr(fl) pairs in X** x X*, is maximal
monotone (hence the same is true for A°). But in general, A° need not be monotone
([Go2]). Obviously, in reflexive Banach spaces (because of X = X**) the class of maximal
monotone operators coincides with the class of maximal monotone operators of type (D).
Finally, the subdifferential 0f of every proper convex lower semicontinuous function f in
X is a maximal monotone operator of type (D) (|Gol]).

Further, we investigate what are the relations between the enlargements of a given
monotone operator and the enlargements of its natural extensions considered in the pre-
vious section.

Proposition 3.3 Let A: X — X* be monotone. Then for every e >0
(i) As = A%;
(ii) if A is locally bounded, then A = A®;

(i) if A is monotone of type (D) and the symbol A° denotes the e-enlargement of A,
when the latter is considered as a mapping from X** to X*, then (A%)F = A°.

Pgoof: Fix some € > 0. By the remarks after the definition of e-enlargements A° C A°
and A® C A°. Conversely, suppose that x* € A°x for some x € X. Then

(3.2) (y —x,y" —a") > —e for any (y,y") € Gr(A).

Take (2,2*) € Gr(A). Then z* € Az and consequently 2* = w* — lim,, 2}, where {2} is
some net in Az. Since by (3.2)

(z —x, 22 —a*) > —e for any a,
we get by taking the limit that
(z —z,2" —a") > —¢.

Hence, x* € A®x.



To finish the proof of (ii) suppose further that A is locally bounded. Let (z,2*) €
Gr(A). Then (z,2*) = || - || x w* —limy(za, 2), where {(z4, 2%)} is a net from Gr(A). By
the choice of (z,2*) and (3.2) we have

(2o —x, 20 — %) > —¢ for any a.
Therefore,

(zo — T, 28 — Y+ (2 — 20,28 — ") + (z —x, 2" — 2)

a_

> —e+ (2 — 2,2 — 2"y + (2 —z, 2" — 2)

(z —x,2* —x*)

Now using the fact that A is locally bounded we see that 2 are norm-bounded for « large
enough, whence passing to the limit we get

(z =z, 2" —a") > —c.

Therefore, z* € A°z.
The proof of (iii) follows exactly the same pattern as the proof of (ii). The proof is
complete. m

Similarly to Proposition 3.3 we have

Proposition 3.4 Let A be a monotone operator between X and X*. Then A® = (coA)®
for every e > 0.

Proof: Let ¢ > 0. Since (coA)® C A® is true, we will show the inverse inclusion.
Let z* € Afx for some x € X (observe that the couple (z,x*) satisfies (3.2)). Take
(z,2%) € Gr(coA). Then z* € (coA)z = co(Az) and consequently z* = 3" | ;2 for some
t; >0,>"  t; =1 and some z7 € Az. Then we get (using also (3.2)) that

(z—x, 2" —2%) =(z—x,> 0" tizf —z*)
=30tz —x, 2f — %)
> Z?:l ti(_s) = =&,

which shows that z* € (coA)*(z). m

The following is an immediate corollary from the previous propositions and the fact
that if A is locally bounded then so is coA.

Corollary 3.5 Let A: X — X* be a monotone operator. Then for every ¢ > 0 one has:
(i) A® = A® = (coA)® = (c0A)*;
(ii) if A is locally bounded, then A® = A® = (coA)* = [co(A)]°.

When the domain of A is open, the e-enlargements can be used to obtain the unique
maximal monotone operator in the domain which contains A. Namely, we have
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Corollary 3.6 Let A be a monotone operator between X and X* such that Dom(A) is an
open set in X. Then the restriction A0|D0m(A) s the unique mazximal monotone operator

in Dom(A) containing A. Moreover, A°|pom(a) = @(;”Dom(A))-

Proof: It is a classical result of Rockafellar [Rol] that every monotone operator
A: X — X* is locally bounded provided Dom(A) is open. By a result of Drewnowski
and Labuda [DrLa], Theorem 3.7, when Dom(A) is open, the operator €o(A|pom(4)) is
the unique maximal monotone operator in Dom(A) containing A. On the other hand, by

the previous corollary, A% pom(a) = () [E0(Alpom(4))]° = (A|pom(a)), Where the latter
e>0
equality follows from the maximality of €6(A|pom(4)) in Dom(A) and Proposition 3.1. m

We end this section by showing that a Brgndsted-Rockafellar type theorem is true in
general Banach spaces for the maximal monotone operators of type (D). Before that let
us introduce a well-known object: denote by J the usual duality mapping between X and
X* defined by:

Joi={o" € X" (g, = |lo]l? = l*|P}, e X.

This mapping is in fact the subdifferential of the convex function f(z) = (1/2)||z|]*,z € X
(see e.g. Phelps [Phl], Example 2.26). Hence it is a maximal monotone operator. The
domain of J is the whole space X. The duality mapping associated to the dual space X*
(with values in X**) will be denoted by J*.

In what follows, remember that for an operator A between X and X*, A is the opera-
tor between X** and X* having as a graph all pairs in X** x X* which are monotonically
related to A. The following result is due to Gossez and is a further generalization of
the classical result of Minty: Let X be a Banach space and A : X — X* be a maximal
monotone operator of type (D). Then for every X > 0 we have R(A° +A(J*)~1) = X*. As
it is well-known the same result for reflexive spaces is due to Rockafellar [Ro2].

Now we are ready to prove the following type of Brgndsted-Rockafellar theorem for
g-enlargements which is true in a general Banach space. When X is a reflexive Banach
space, this result is proved by Torralba in his PhD thesis [To|, Proposition 6.17 (c.f. also
[BuSSv] where the setting of Hilbert spaces is treated). In the theorem below we have
an approximation (in norm) of a couple from the enlargement of a given operator A by
a couple from the graph of the operator A° of the monotonically related (to A) points in
X x X"

Theorem 3.7 Let X be a Banach space and A : X — X* be a mazximal monotone
operator of type (D). Then for every e > 0, for every (z,z2*) € Gr(A®) and every A > 0
there exists (z**,7%) € Gr(A®) such that ||7** — Z|| < X and ||7* — 2*|| < /.

Proof: The proof follows the scheme based on the generalization of the Minty theorem
for monotone operators of type (D) formulated above.

Let € > 0, (x,2*) € Gr(A®) and A > 0 be fixed. It is easily verified that the operator
B(:) := A(- + z) is also a maximal monotone operator of type (D) such that B°(:) =
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AO(A- + #). Take t = ¢/\*. By the Gossez generalization of the Minty theorem we have
R(AY(- + ) + t(J*)™!) = X*. Hence, there exist z** € X** 7* € A%Z* and y* €
J*) 7Y (z** — &) so that

—~
w

(

By Proposition 3.3 (iii), (i, 2*) € Gr((A°)). Using this fact, the definition of J* and (3.3)
we obtain:

3) =T+ ty".

—t||z** — 2||? = —(ty*, T — ) = (T* — 2", T — &) > —c.
Since t = £/A* we conclude that [|Z** — #|| < A. On the other hand, by this inequality,
the definition of J* and (3.3) we have
|77 = 2| = t][y"|| = t][z™ — ][ < tA =&/

The proof is complete. m

In the particular case of a reflexive Banach space one has A® = A and hence the couple
(z**,Z*) which approximates the original one is from the graph of the operator A. This
is the result of Torralba mentioned above.

In the general case (of an arbitrary Banach space), if we want to have some approx-
imation of a given pair from the enlargement of A by a pair from the graph of the very
operator A, we have the following corollary in which the approximation in one of the

coordinates is weaker than the norm-approximation:

Corollary 3.8 Let A be a mazimal monotone operator of type (D) between the Banach
space X and its dual X*. Then for every e > 0 and for every (z,z*) € Gr(A®) there exists
(e, x¥) € Gr(A) such that:

(i) |Jzf —z*|| < 2y/; and
(i) [(ze —z, 2% —a%)| < 2e,

Proof: Fix some ¢ > 0 and (z,2*) € Gr(A®). By the theorem above (with A = /¢)
there is a couple (z**,z*) € Gr(A°) such that:

(1) [l# — | < V& and
@) lle* - 2]l < Ve

Since A is of type (D) there exists a net {(z,,z})} C Gr(A) such that {Z,} is norm-
bounded and converges to Z** in the weak star topology of X**, while {z } norm-converges
to z* in X*. Let a be so large that:

(a) [(za =z, 25 —27)| < e/2;

(b) [(Zo — 7, 7* — 2*)| < &/2;



(©) [log — 27|l < Ve,

Condition (b) is a consequence of the weak star convergence of {Z,} to z**, condition
(¢)—from the norm-convergence of {z%} to z*, while condition (a) follows by the norm-
convergence of {z*} to z* and the fact that {Z,} is norm-bounded. Fix now some «
as above and put z. = z, and zf = x¥. The condition (i) of the corollary is a direct
consequence of (2) and (c) above. As to (ii) using (1),(2), (a) and (b) we have:

(e — w27 —2")| = [(wa — 2,27, — %)
{

To — T, 25 — T + (g — 2, " — x*)|
< o4 l{ga =77 —a") + (@ - 8,7 — o)
3 9 N _
<+ tlE—dlllE -

2
< e+ /e =2

The proof is complete. m

4 Extended sum of monotone operators

Given two monotone operators A, B : X — X*, let us define the operator A+ B : X — X*
as the usual pointwise sum of A and B:

(A+ B)r = Az + Bz, vz € X.

This sum is always a monotone operator with domain Dom(A + B) = DomA N DomB.
But if A and B are maximal monotone operators, it does not follow, in general, that their
sum A + B is a maximal monotone operator. Some counterexamples are given in [Phl]
p. 54. Starting with the classical results of Browder [Br] and Rockafellar [Ro2|, there
have been a number of papers giving sufficient conditions when the sum of two maximal
monotone operators is again a maximal monotone operator (see e.g. [A, ART, Ch, Si]
just to mention a few).

As we mentioned in the introduction, the lack of maximal monotonicity for A + B
was a reason for different authors to look for a generalized notion of sum of monotone
operators. Our aim here is to introduce a type of sum of A, B based on their enlargements.
We define an extended sum of two monotone operators A, B : X — X™* at the point z € X
by the formula )

A + B(z) = () Az + Bez" .
ext >0

Obviously, A+ BC A+BCA + B and hence, Dom(A) N Dom(B) C Dom(A + B).

Observe also that the sum is commutative: A + B = B + A. We see below that in
ext ext

several important cases the extended sum is a maximal monotone operator.
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Theorem 4.1 Let A, B : X — X* be two maximal monotone operators such that A+ B
1s @ maximal monotone operator. Then for any x € X

A+ B(z)=A + B(x)
Proof: The left hand side is always included in the right hand side because of the
definition. So we have to prove only the inverse inclusion. In order to show this we easily
see first that for any x € X and any ¢ > 0 we have:

(4.1) Afx + Bz C (A + B)*u.

Indeed, fix some x € X and € > 0 and let * € A°z+ B°z. Then z* = u* +v* for some
u* € A%z and v* € Bfx. Take now an arbitrary couple (z,z*) from Gr(A + B). Hence
z* € (A+ B)(z) and consequently there are zf € Az and z5 € Bz so that z* = 2] + 2.
Now we have

(x —z,x* —2%) =(x—z,u" +0v*— 2] — 23)
=(r—z,u* —20)+ (x — z,v* — z3)
> ——ec=—2¢.

The above chain of inequalities shows that z* € (A+ B)*(x). In this way (4.1) is proved.
Now Proposition 3.3 shows that (A + B)* = A + B*. Hence by (4.1) we get

Az + Bx C A+ BQE(.CE),

which on its turn gives that

Az + Bz C AT st(x).
Therefore,

A + B(z)= () A%z + Bz C ﬂA+BQ€($):A+B(x).

ext e>0 e>0

The last equality is due to Proposition 3.1. The proof is complete. m

Corollary 4.2 Let A, B : X — X* be mazimal monotone operators such that A+ B is a
mazimal monotone operator. Then for any v € X

(A+ B)(z) = (A2 + B°z) = A + B(x).

>0 ext

Proof: We will prove the first equality. The second is then a consequence of the
previous theorem. To establish the first equality we have only to prove that its right hand
side is included in the left hand side of the same equality. From (4.1) above we have

N (Az + B°z) C ((A+ B)*(z) = (A+ B)(x),

e>0 e>0
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the last equality being true by virtue of Proposition 3.1. Whence the desired inclusion.
The proof is complete. m

From the above corollary we get the following kind of Hiriart-Urruty and Phelps
formula for the subdifferential of the sum of two proper convex lower semicontinuous
functions with the new type of enlargements, when the w*-closures can be removed.

Corollary 4.3 Let f,g : X — R U {400} be two proper lower semicontinuous convex
functions, such that the sum of their subdifferentials Of + O0g is a mazximal monotone
operator (which amounts to saying that Of + dg = d(f + g)). Then for every x € X

of +9)(x) = ) [(0fx + (9g)°z] = 0f + g(x).

e>0

A sufficient condition for the maximality of the pointwise sum of the two subdiffer-
entials is the so-called Robinson-Rockafellar condition, which requires the origin to be in
the algebraic core of the difference of the domains of f and ¢ (see e.g. [Thl], Lemma 5
and Corollary 6).

More general (and more important) than the above particular corollary, is that, with-
out any additional assumptions, the subdifferential of the sum of two proper convex lower
semicontinuous functions is equal to the extended sum of their subdifferentials. Before
giving this result, we recall an interesting representation of the subdifferential of the sum
of two proper convex lower semicontinuous functions (see Penot [Pe| and Thibault [Th2]):
Let X be a Banach space and f, g : X — RU{+00} be proper convex lower semicontinuous
functions. Then (y,y*) € O(f + g) if and only if there are two nets {(ya,yl)} C Of and
{(za, 2%)} C Oy, such that {ys} and {z,} converge strongly to y, y* = w* —lim(y} + 27),
(Yo —Y,y) — 0 and (zo —y, z) — 0. In fact, one has in addition that f(y,) — f(y) and
9(za) — g(y). The result above is a refinement of a previous similar one due to Thibault
[Th1], Theorem 3. For brevity, here (and below) we use the convenience (z,z*) € df
instead of (z,z*) € Gr(9f)

Now we are ready to prove that the subdifferential of the sum of two convex proper
lower semicontinuous functions is exactly the extended sum of their subdifferentials. In
this way we have a kind of Hiriart-Urruty and Phelps formula with the new enlargements.
This result, together with the above Theorem 4.1 and Corollary 4.2, show that in several
important cases the extended sum is a maximal monotone operator. Observe that, in
particular, the theorem below shows that the subdifferential of the sum and the extended
sum of the subdifferentials have the same domain.

Theorem 4.4 Let X be a Banach space and f,g: X — R U {+o0} be two proper lower
semicontinuous convex functions such that domf Ndomg # 0. Then for every x € X one
has:

O(f +9)(z) =0f + 0g(x).

12



Proof: By the Hiriart-Urruty and Phelps result (Theorem 2.2) and the remarks after
the definition of the e-enlargements, it is clear that the left hand side of the above equation
is included in the right hand side. Therefore, it remains only to prove the inverse inclusion.

Take some x € X and suppose that x* € Jf 6—; dg(x). We will show that the pair

(x,z*) is monotonically related to d(f+g¢). In view of the maximal monotonicity of 9( f+g¢)
this will imply 2* € 9(f + g)(z). So, take some arbitrary couple (y,y*) € 9(f + g) and
fix it. We will prove that (x — y,2* — y*) > 0. To this end let 6 > 0 be an arbitrary
fixed positive number. Choose € > 0 in such a way that € < /8 and fix it as well. Since
z* € (0f)ex + (Dg)sx we can find u € (Of)°z and v* € (9g)°x such that:
)

(4.2) o=yt )| < O
Fix these u} and v}. On the other hand, by the result of Thibault [Th2] formulated above,
there are two nets {(ya,ys)} C Of and {(za4, 2%)} C g, such that {y,} and {z,} converge
strongly to y, y* = w* — lim(y} + 2%), (Yo —v,y%) — 0 and (2, —y, z5) — 0. Let a be so
large that:

5 s
)y — gl 1] < 2, lly = zall o2 < ¢
. . 0

(43) (11) ’<‘T _yvya+za - >‘ < g
() 1y~ v 02} < g (0= 200200l < §

Now by (4.2) we have:

(x—y,a" —y") =(r—yul+v- >+<5 y,x" —uf — vl)
S
Further, having in mind (4.3) (ii), we obtain that for large a:
* * * * * 6
<$_y7$ _y> 2<x_yau5+va_y>_§
* * * * * * * 5
:<x_y7u5+vs_ya_za>+<‘r—y7ya+za_y>_§
Z<x_y7u5_ya>+<$_y7va_ZO¢>_§

* *

= (& = Yo 4z = Ya) + (T = 20,07 = 25)

+<ya — Y, U _ya> + <ZOé _y7vs _Za> - g
= (T — Yo, ul — Yo) + (T — 20,07 — 2},)
(Yo — Yo uZ) + (Y — Yo, Yo) + (Za — 4, 00) + (Y — 2a, 20) — 5
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The first two terms on the right hand side of the last equality are greater or equal of ¢
because of the fact that (z,u’) € (0f)°, (Ya,¥l) € (Of), (z,v}) € (09)° and (zq, 2}) €
(0g). Therefore, taking into account (4.3) (i) and (4.3) (iii) we can continue the above
chain of inequalities as follows:

5 5 2
. % > 9 — Y ®(| Y — 2, ®(| Y “Y
(x—y, 2" —y") > =2~ ||y —vall ||uil| 3 |y — zal| V7] s 8
§ & 46 66
>_9: -2 2 _ S W
=TT R TR 7

In the last inequality we have used that ¢ < /8. Consequently, we have proved that
(x —y, " —y*)y > =4

and since § was arbitrary, this entails that (x — y, z* — y*) > 0. The proof is complete. m

References

[A] H. Attouch, On the maximality of the sum of two maximal monotone opera-
tors, Nonlinear Analysis, TMA, 5(1981), 143-147.

[ABT1] H. Attouch, J.-B. Baillon and M. Théra, Variational sum of monotone oper-
ators, Journal of Convex Analysis, 1(1994), 1-29.

[ABT?2] H. Attouch, J.-B. Baillon and M. Théra, Weak solutions of evolution equa-
tions and variational sum of maximal monotone operators, SEA Bull. Math.
19(1995), 117-126.

[ART] H. Attouch, H. Riahi and M. Théra, Somme ponctuelle d’opérateurs maxi-
maux monotones, Serdica Mathematical Journal, 22(1996), 267-292.

[Br] F.E. Browder, Nonlinear maximal monotone operators in Banach space,
Mathematische Annalen, 175(1968), 89-113.

[BulSv] R.S. Burachik, A.N. [usem and B.F. Svaiter, Enlargements of maximal mono-
tone operators with applications to variational inequalities, Set-valued Anal-
ysis, 5(1997), 159-180.

[BuSSv]  R.S. Burachik, C. A. Sagastizdbal and B.F. Svaiter, e-Enlargements of max-
imal monotone operators: Theory and Applications, in Nonsmooth, Piece-
wise Smooth, Semismooth and Smoothing Methods, M. Fukushima and L.
Qi (eds), Kluwer Academic Publishers, pp.25-43, 1998.

[Ch] L.-J. Chu, On the sum of monotone operators, Michigan Mathematical Jour-
nal, 43(1996), 273-289.

14



[DrLal

[Gol]

[Go2]

[HUMSV]

[HUP]

L. Drewnowski and I. Labuda, On minimal convex usco and maximal mono-
tone maps, Real Analysis Exchange 15(1989-90), 729-741.

J.-P. Gossez, Opérateurs monotones non linéaires dans les espaces de Ba-
nach non réflexifs, Journal of Mathematical Analysis and its Applications,

34(1971), 371-395.

J.-P. Gossez, On the extensions to the bidual of a maximal monotone operator,
Proceedings if the American Mathematical Society, 62(1977), 67-71.

J.-B. Hiriart-Urruty, M. Moussaoui, A. Seeger and M. Volle, Subdifferen-
tial calculus without constraint qualification hypothesis, Nonlinear Analysis,
TMA, 24(1995), 1727-1754.

J.-B. Hiriart-Urruty, R.R. Phelps, Subdifferential calculus using e-
subdifferentials, Journal of Functional Analysis, 118(1993), 154-166.

F. Kubo, Conditional expectations and operations derived from network con-
nections, Journal of Mathematical Analysis and its Applications, 80(1981),
477-489.

M. Lapidus, Formules de Trotter et calcul opérationnnel de Feynman, These
d’Etat, Université Paris VI, Juin 1986.

R. Lucchetti, F. Patrone, A characterization of Tykhonov well-posedness for
minimum problems with applications to variational inequalities, Numerical
Functional Analysis and Optimization 3(4)(1981), 461-476.

J. E. Martinez-Legaz and M. Théra, e-subdifferentials in terms of subdiffer-
entials, Set-valued Analysis 4(1996), 327-332.

M. Nisipeanu, Somme variationnelle d’opérateurs et applications, These de
I’Université de Limoges, October 1997.

J.-P. Penot, Subdifferential calculus without qualification conditions, Journal
of Convex Analysis, 3(1996), 1-13.

R.R. Phelps, Convex Functions, Monotone Operators and Differentiability,
Lecture Notes in Mathematics, Vol. 1364, Springer-Verlag, Berlin, 1989.

R.R. Phelps, Lectures on Maximal Monotone Operators, Fxtracta Mathemat-
icae, 12, No.3(1997), 193-230.

J.P. Revalski, Variational inequalities with unique solution, in Mathematics
and Education in Mathematics, Proceedings of the 14-th Spring Conference
of the Union of the Bulgarian Mathematicians, April 1985, pp.534-541.

15



[RT1]

[RT2]

J.P. Revalski and M. Théra, Generalized sums of monotone operators,
Comptes Rendus de I’Académie des Sciences, Paris, t. 329, Série 1, (1999),
979-984.

J.P. Revalski and M. Théra, Variational and extended sums of monotone op-
erators, in Ill-posed Variational Problems and Regularization Techniques, M.
Théra and R. Tichatschke (eds.), Lecture Notes in Economics and Mathemat-
ical Systems, Springer-Verlag, Vol. 477, 1999, pp. 229-246.

R.T. Rockafellar, Local boundedness of nonlinear monotone operators, Michi-
gan Mathematical Journal 16(1969), 397-407.

R.T. Rockafellar, On the maximality of sums of nonlinear monotone opera-
tors, Transactions of the American Mathematical Society, 149(1970), 75-88.

S. Simons, Minimax and Monotonicity, Lecture Notes in Mathematics, Vol.
1693, Springer-Verlag, Berlin, 1998.

L. Thibault, A general sequential formula for subdifferentials of sums of con-
vex functions defined on Banach spaces, Recent Developments in Optimiza-
tion, (seventh French-German Conference held at Dijon in June 27-July 2,
1994) edited by R. Durier and C. Michelot, Lecture Notes in Economics and
Mathematical Systems, Springer-Verlag, Berlin, Vol. 429(1995), pp.340-345.

L. Thibault, A short note on sequential convex subdifferential calculus, 1995,
Unpublished paper.

D. Torralba, Convergence épigraphique et changements d’échelle en analyse
variationnelle et optimisation, These de Doctorat, Université de Montpellier
I1, 1996.

L. Vesely, Local uniform boundedness principle for families of e-monotone
operators, Nonlinear Analysis, TMA , 24(1994), 1299-1304.

16



