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1. The variational sum, an introduction

In this introduction, we present the main lines of the new concept of “variational sum”
of maximal monotone operators. The definitions and tools required to make this notion
precise are introduced in the next sections. Let H be a real Hilbert space. For an operator

A: H = H, we note:
D(A):= {zr € HH Az £ 0},

the domain of A;

R(A):= [ Az,

reH

the range of A,
graph A := {(u,v) € H x Hlu € D(A),v € Au }
the graph of A; A~! the operator defined by
re Ay <= ye Az,
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and A, the operator defined by
graph A := graph A.

Given two operators A, B : H = H possibly nonlinear, multivalued, not everywhere
defined, the classical notion of sum is the pointwise sum, that is A + B : H = H is the

operator defined by:
D(A+ B) = D(A)N D(B)

(A+ B)x = Az + Bu.

This is an algebraic notion which, as it has been appearing with more and more evidence,
is not always well adapted to problems arising in mathematical analysis. We restrict our
attention in this paper to the case of maximal monotone operators A and B. Indeed, as
pointed out in the following simple example, although the sum of two maximal monotone
operators is a monotone operator, it may fail to be a maximal monotone operator. Define
the linear operator A by

Au = —u” with domain D(A) := H*(R).

Fix f € LY(R), such that f >0, and f|o ¢ L?(Q) ! for all open set Q2 C R. Define B
by
Bu:= fu and D(B):= {u € L*(R)| fu e L*(R)}.

A and B are linear self-adjoint operators, and maximal monotone operators in L?(IR).
Since their domains have very little in common, (D(A + B) = D(A) N D(B) reduces to
{0}), A+ B is clearly not a maximal monotone operator.

However, as observed by Brézis, the above “pointwise” sum is quite satisfactory when
at least one of the two operators is everywhere defined and Lipschitz continuous. So, a
natural idea is, when dealing with two maximal monotone operators, to regularize them,
then to take the pointwise sum and to pass to the limit. A good candidate for this
approximation procedure is the Yosida approximation. We recall that, for any A > 0 the
resolvent of index A of B is defined by

JP .= (I+\B)™L.
It is a contraction which is everywhere defined. The Yosida approximate of index X\ of B

1
By = (I - JY)

As noticed by Lapidus [44], if {r,| n € IN} stands for an enumeration of the rational
numbers and if o is a nonnegative function which belongs to L2([0, 1]) and is non integrable

1
near the origin, then, f(z) := > ° | —7(z —ry), where
n

— fo(ly]) iffyl <1
7(y) {O elsewhere

is in L'(IR) and is not in L?(2) for all open set  in R.
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is everywhere defined and Lipschitz continuous (with Lipschitz contant 1/\ ). So, for any
A >0, > 0, such that A + p # 0, we consider the pointwise sum Ay + By, where Ay
(respectively Bp) denotes A (respectively B). Note that since A + pu # 0, at least one
of the two operators Ay, B, is Lipschitz continuous and the pointwise sum Ay + B, is
maximal monotone according to Brézis [29; Lemma 2.4]. So it is natural to address the
general question:

Does the filtered family {Ay + B,| (A, i) € R%, XA+ u # 0} graph-converges as A — 0 and
pw—07

At this point, a few words are necessary in order to explain what is graph-convergence.
It is nothing but the topological set-convergence of the graphs of the operators in the
product space H x H equipped with the product topology. This has been proved to
be the right concept for the convergence of sequences of maximal monotone operators.
Indeed, it has been shown to be equivalent to the pointwise convergence of the resolvents
of the operators (cf. H. Brézis, Ph. Benilan, H. Brézis and A. Pazy, H. Attouch). Note
that the Yosida approximation B) of an operator B graph-converges to B as A goes to
zero which justifies our convention By = B (the pointwise convergence only provides, for
any x in D(B), the element of minimal norm of Bz). So, we are led to the following
definition: In the sequel we note F the filter of all the pointed neighbourhoods of the

origin in the set Z:= {(\, ;) € R} A > 0,0 > 0, A+ p # 0} and li]I__n for . lém .
—0,u—
A+p#0
A>0,u=>0

The sum (see section 4) of two maximal monotone operators A and B is defined as

A+ B = liminf(Ay + B,),
v F

where the limit inferior is taken in the sense of Kuratowski-Painlevé, when we identify

the operators with their graphs. The interesting case is when A+ B is still a maximal
v

monotone operator, in which case the limit inferior is in fact a limit. This is a situation
which is considered in sections 4, 5, 6. The graph-convergence A+ B = li]r__n(A A+ B,) can
v

be equivalently formulated in terms of resolvents: for any y € H, the family {uy ,| (A, ) €
7} of solutions of
upy + Axun + Buuy, 2y

converges with respect to the filter F to the solution u of

u+ (A+B)usy.
v

When the pointwise sum A+ B is a maximal monotone operator, then, by an argument ex-
tending the Brézis-Crandall-Pazy theory, the two above notions (classical and variational

sum) coincide. More generally, as proved in section 6, when the graph-closure A 4+ B of
A+ B is maximal monotone, then li}n(A A+ B,,) exists and we have the following equality:

A+B = A+ B.

The case of subdifferential operators, which is completely understood, shows that the
variational sum is quite an involved concept, which, in general, cannot be reduced to
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elementary operations like pointwise sum and closure operation. Indeed, as shown in

section 7, if A = 0f and B = dg then
0f +09 =0(f +9g).

We give a formula for 0f + dg which makes clear that the variational sum involves 0 f and
v

dg not only at the point x but also at nearby points. Similar type results can be obtained
in the case of subdifferentials of closed convex-concave saddle functions. We conclude the
paper by giving the example of the Schrodinger equations for which our theory applies.
Recent contributions on “generalized” sum of maximal monotone operators have been
obtained by several authors in different areas: let us mention M. Lapidus in the study
of the Feynman integral via the Trotter formula [44], Ph. Clément and P. Egberts in
connection with semilinear elliptic systems [37], F. Kubo in the study of electrical networks
via the parallel sum of operarors [43], H. Attouch in the variational averaging of operators
and applications to stochastic homogenization of composite media . . .

2. Set-convergence, Graph-convergence, Epigraphical convergence

We first recall some basic definitions and results on set-convergences (in the Kuratowski-
Painlevé, Mosco and Attouch-Wets sense), just enough in order to make the paper self-
contained. The interested reader may find a fairly complete account on these notions in
3], [17], [24], [64] and the preface of the Marseille Meeting on “Convergences en Analyse
Multivoque et Unilatérale” [11]. When applying these concepts to operators which are
identified with their graphs, we obtain the graph-convergence of sequences of operators.
In a parallel way, when real extended-valued functions are identified with their epigraphs,
we obtain the epi-convergence of sequences of functions.

In the sequel we will write “>7, “%” and “5”, to denote respectively, the strong (norm)
convergence, the weak convergence and the convergence with respect to a topology 7.

2.1. Set-convergence

Definition 2.1. Let (X, 7) be a first countable topological space. Given a sequence
{Cy, € X|n € IN} of subsets of X, the 7-lower limit of the sequence {C)|n € N},
denoted by 7 — lim inf C), is the closed subset of X defined by

n—oo

7 —liminf Gy, == {z € X|3(2n),cN, V2 € N 2, € Cpand x, Lol (2.1)
n—oo

The 7-upper limit of the sequence {C,|n € IN}, denoted by 7 — limsup C), is the closed
n—oo
subset of X defined by

7 — limsup C), :=
n—00 . (2.2)
{z € X| 3(ni)peN> Hortpew, Vo € N oy € Cpy and o — o }.

The sequence {Cy|n € IN} is declared Kuratowski-Painlevé convergent for the topology
7, or briefly 7-convergent, if the following equality holds :

7 —limsup C,, = 7 — lim inf C),.
n—00 n—0oo
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Its limit, denoted by C = 7-lim C,, is the closed subset of X equal to this common value

C=7—liminfC,, =7 —limsupC,, =7 — lim C,,.
n—00 n—00 n—00

When X is a normed linear space, the sequential weak upper limit of a sequence {C),|n €

IN} of subsets of X is defined by

seq — w—limsup C, := {r € X| 3(ng) N> (k) peN> Vh € N, 1, € Oy and 22}

n—oo

Definition 2.2. A sequence {C,,|n € IN} of subsets of a normed linear space X is said
to Mosco converge to a set C, and we write C' = M— lim C, , if :
n—oo

seq —w — limsup C), C C' C s — liminf C,,.

n—00 n—0oo

Equivalently, C' = M- lim C,, , if and only if both of the following conditions hold:
n—oo

(i) for each x € C, there exists a sequence {z,|n € IN} norm converging to = such that
Ty € C), for each n € IN ;
(ii) for each subsequence {n;|k € IN} and {x;|k € IN} such that x, € C,,, the weak

convergence of {zi| k € IN} to x € C forces z to belong to C.

It is an immediate consequence of these definitions that the Mosco convergence implies the
Kuratowski-Painlevé convergence and that the two notions coincide whenever X is finite
dimensional. It turns out that the Mosco-convergence is a basic concept when considering
sequences of convex sets in reflexive Banach spaces. For instance, the mapping which
assigns to every f its Fenchel conjugate f* is an homeomorphism from the set of convex
lower semicontinuous functions on X to the set of convex lower semicontinuous functions
on X* ([47], [11], [25]).

Let us now turn our attention to the concept of p-Hausdorff distance which has been
recently introduced by Attouch-Wets [14] and further developed by Beer [24], Azé-Penot
[21], Beer-Lucchetti [26]. Let X be a normed space with norm ||.|| and unit ball B. For
any C, D C X, the excess of C' on D is defined as

e(C, D) := sup d(x, D),
zeC

where d(z,C) = ;relg ||z —y|| is the distance from = to C. We adopt the convention that
if C =0, then d(z,C) = oo and e(C, D) = 0.
For any p > 0, the p-Hausdorff distance between C' and D is given by :
haus,(C, D) := max{e(C,, D),e(D,,C)}
where C), (resp.D,) is defined by C, = C'N pB (resp. D, = D N pB).

Definition 2.3. A sequence {C), € X|n € IN} of subsets of X is said to converge with
respect to the p-Hausdorff distances to a set C if for each p > 0,

lim haus,(C,,C) = 0.
n—oo
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It can be checked, when restricting our attention to convex sets, that lim haus,(C,,C) =

n—oo
0 forces C' = M— lim C), (see [14]).
n—oo

2.2. Graph-convergence of operators

Definition 2.4. Let (X, 7) and (Y, /) be two first countable topological spaces. A
sequence {Ay|n € N} of operators A, : X = Y, is said to be 7 x 3—graph convergent
to an operator A : X = Y if the sequence of sets {graph A,|n € IN }, 7 X S-converges in
X x Y, in the Kuratowski-Painlevé sense, to the set graph A.

We then write
7 x 3 —graph — lim A, = A.
n—oo

In other words, {A,|n € N} 7 x (- graph-converges to A if and only if the following
inclusions hold :

T X B — limsup graph A, C graph A C 7 x § — liminf graph A4,,,
n—00 n—oo
with

T X 3 — liminf graph A,, =
n—oo
{(z,y) € X x Y| I (zpn,yn), ¥Yn € Ny, € Ap(xy), zn Sz, yn LN v}, (2.3)

T X 3 — limsup graph A,, =

n—oo

{(z,y) € X x Y| 3 (nk), Ik, y), Yk € N,y € Ap, (1), 21 — T, Ys A v} (24)

When X and Y are normed spaces and 7 = sy and [ = sy are respectively the strong

topologies on X and Y, which is often the case of interest, we shall adopt a simplified

terminology and notation: we shall write briefly graph- lim A, = A or even simpler
n—oo

A =G— lim A, in order to denote the sx X sy—graph-convergence of the sequence
n—oo

{An|n € IN} to A. We shall say that the sequence of operators {A,|n € IN} graph-
converges or briefly G-converges to A.
We may equally define, for any p > 0, the p-Hausdorff graph-distance between two oper-

ators A; and Ay : X = Y
haus, (A1, A2) := haus,(graph Ay, graph As)

where X and Y are two normed spaces and X x Y is equipped with the box norm defined
by [[[(xy)[I] = max{[|x[|,[[y[}.

Definition 2.5. A sequence of operators {A, : X = Y|n € IN} converges with

respect to the p-Hausdorff distances to an operator A : X = Y, and we write graph-dist-
lim A, = A, if for each p > 0,

n—aoo

lim haus,(4,,A) = 0.

n—oo
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Note that this notion is independant of the choice of the product norm on X x Y.

2.3. Epigraphical convergence of functions

Definition 2.6. Let {f, fs| X — R,n € IN} be a sequence of extended real-valued
functions. If the sequence {epi fp|n € IN} Kuratowski-Painlevé converges to epif in
X X R for the product topology, then we say that the sequence { f,,|n € IN } epiconverges
to f and we write epi—&i_}n;o fn=1r

Definition 2.7. Let X be a normed space and { f, f,| n € IN } be a sequence of functions

from X into RU{+o00}. We say that f is the Mosco-epi-limit of the sequence { f,|n € IN },

and we write f = M —epi lim f,, if the sequence {epi f,|n € IN} Mosco converges to
n—oo

epi f.
This is equivalent to say that, for any z € X, the two following statements hold:
(i) for any {z,} = z then f(z) < liminf f,(x,)
n—oo
and

(ii) there exists {z,} = = such that limsup f,,(z,) < f(z).

n—oo

Definition 2.8. For any p > 0, the p-Hausdorff epi-distance between two extended
real-valued functions f,g: X — IR is defined by :

haus,(f, g) :== haus,(epif, epig)

where the unit ball of X x R is the set B := Bx x R = {(z,a) : ||z|| < 1,|a] < 1}.

Note that we may equally consider any equivalent norm on the product space X x R. It
turns out that, for practical purpose and computation, the box norm is more convenient.
Let us now state some basic facts about the topology induced by the pseudo-distances
{haus,| p > 0} on the space of extended real-valued functions.

Definition 2.9.  Let FX be the space of extended real-valued functions defined on

the normed linear space X. The topology on EX generated by the pseudo-distances
{haus,| p > 0} is called the epi-distance topology or the bounded Hausdorff topology or
the Attouch-Wets topology. In other words, for a sequence {f,|n € IN}:

[ =epi—dist lim f, & lim haus,(f,, f) =0 forall p > 0.
n—oo n—oo
Proposition 2.10. [14, 24] When X = R™ is a finite dimensional space, the epi-
distance topology coincide with the topology of the epi-convergence. When X is a Banach
space and { f, fn,: X = RU{+00}, n € N} is a sequence of lower semicontinuous convex

proper functions, the following implication holds:

lim haus,(f, fn) =0 forall p sufficiently large, implies that f = M — epi lim f,.
n—oo n—oo
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3. Graph-convergence of maximal monotone operators and Yosida
approximation

From now on, unless specified, we work in a Hilbert space setting. Let us denote by H
a real Hilbert space and || - || the norm generated by the scalar product (-,-). Given an

operator A : H = H, possibly multivalued and not everywhere defined, it is identified
with its graph. Let us first review some basic facts about such operators. A: H = H is

monotone, if for each x1 € D(A),z2 € D(A) and y; € Axy,y2 € Axa we have
(Y2 —y1, 02 — 1) > 0.

It is said to be mazimal monotone if its graph is maximal for the inclusion among all
monotone operators. From Minty’s Theorem, this maximality property is equivalent to
say that the range of the operator I + A is the whole space, that is R(I + A) = H. The
resolvent of index A > 0 of the maximal monotone operator A is the operator

J = (I+2A)7L
It is a contraction which is everywhere defined. The resolvents are tied by the so-called

resolvent equation:

M Hy 1A
When A = 9f (the subdifferential of a lower semicontinuous convex proper function
f:H— RU/{+400}) we will write J )Jf instead of Jff . The Yosida approximate of index

A>00of A, Ay = %(I —Jy) is a Lipschitz continuous monotone operator (with Lipschitz

forany A >0, u >0, Jfﬁsz[

constant 1/)) which is everywhere defined. The following relation will be quite useful in
the sequel:

for any = € H, forany A >0, Az e A(J{z). (3.6)

(see [29] for further details). For any x belonging to D(A), the filtered family { Ayz| A — 0}

norm-converges to A%z, the unique element of minimal norm of the nonempty closed
convex subset Az of H.

Let us now review a few facts about the graph-convergence and the graph-distance con-
vergence of maximal monotone operators (see [3]):

Proposition 3.1.

(i) The class of mazximal monotone operators on a finite dimensional space H is closed
with respect to the Kuratowski- Painlevé set-convergence, the space H x H being equip-
ped with the product topology; in other words, if a sequence {Ay|n € N} of maximal
monotone operators is such that

s x s— lim graph A, = A,

n—oo
then A is the graph of a maximal monotone operator and graph- lim A, = A.
n—oo
(ii) For any sequence {A, Ap|n € N } of mazimal monotone operators on a general Hilbert
space H the following equivalence holds:
graph — lim A, = A < graph A C s x s — liminf graph A,,.
n—oo

n—oo
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In other words, the sequence {Ap|n € N} graph-converges to A if and only if, for
any (x,y) € graph A, there exists a sequence {(xn,yn)|n € N} such that for all
n €N y, € An(x,) and {z,|n € N}, {y,|n € N} norm-converge respectively to x
and y.

(iii) For any sequence {A, Ap|n € N} of mazimal monotone operators the following im-
plications hold:

graph — lim A, = A
n—oo
= s X w — limsup graph A,, C graph A
n—oo
= w X s — limsup graph A,, C graph A.
n—oo
In other words, for any strictly increasing sequence n; < ng < n3 < ... and any sequence
{(zk,yr)| k € N} such that for all k € IN y, € Ay, (xr), the strong convergence of
{zx| k € N} to x and the weak convergence of {yx| k € IN} to y force (z,y) to belong to
graph A. The same property holds by exchanging strong and weak convergences.

This last property is related to the fact that a maximal monotone operator is closed in
s—Hxw—Handinw—H xs—H.

Let us now describe the graph convergence of sequences of maximal monotone operators
with the help of their resolvents [3]:

Proposition 3.2.  For any sequence {A, Ap|n € N} of mazimal monotone operators
the following equivalences hold:

(i) graph— lim A, = A;
n—oo
(i) for any A > 0, for any x € H, the sequence Jf”x norm-converges to J)’fl:c asn — 0o;

(iii) for some Ag > 0, for any x € H, the sequence JfO":c norm-converges to J;f‘ox as
n — oo.

So, the graph-convergence of maximal monotone operators is equivalent to the pointwise
convergence of their resolvents, which is clearly equivalent to the pointwise convergence of
their Yosida approximates®. Let us now examine the graph-distance convergence of such
operators and show that it is equivalent to the uniform convergence on bounded subsets
of H of the resolvents. To that end, following Attouch & Wets [14] let us introduce a
second type of distance between maximal monotone operators expressed with the help of
the Yosida approximates. For all A > 0, p > 0,

dy (A, B) ;== sup [J{z — JPz|| = X sup ||Ayz — Byzl|,
llzll<p llzll<p

Note that the class of maximal monotone operators on a general Hilbert space H is
closed with respect to the topology of the pointwise convergence of the resolvents, see
[3]. Compare with Proposition 3.2 (i), where a similar property holds with respect to the
Kuratowski-Painlevé convergence, but with dim H < +o0 !
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see also B. Lemaire [45], P. Tossings [68], H. Attouch & A. Moudafi & H. Riahi [10], A.
Moudafi [49].

Proposition 3.3. [10; Prop 1.1] Let A and B be two mazimal monotone operators.
Then for every A > 0 and p > 0,

1
haus,(A, B) < max(1, X)'dhp’(A B)

where
= (14 M)p.

By taking A = 1, we have haus,(A, B) < di2,(A, B).

Proposition 3.4. [10; Prop 1.2] Let A and B be two mazimal monotone operators.
Then, for every A >0, p >0

d)\7p(A, B) S (2 + /\)hauspu(A, B)

where

1
" =max{p-+ 150l 3o+ 01D}

Proposition 3.5. [10; Prop 1.3] Let B, B’ be two mazximal monotone operators. Then
forany A >0,p>0

dy,(B,B) < (1+1— )\])del(B,B )

where,

' 1
= — 1= AL JBo|)).

P = g+ = ALl

The following result shows that the Yosida approximations A, graph-distance converge

to A (and hence graph-converge) as A goes to zero. This property and the key role played

by this approximation in the definition of the variational sum, justifies our interest for the

graph-distance convergence of sequences of maximal monotone operators.

Proposition 3.6. Let A be a maximal monotone operator. Then, for every p > 0, the
following approximation result holds:

lim h A Ay) = 0.
lim aus,(A, Ay) =0

In other words, Ay converges to A , as \ goes to zero, for the p-graph distance. More
precisely, the following estimation holds:

2\
A A < ——(2 .
oA, A3) < 52+ [170])
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4. The variational sum of maximal monotone operators. Defini-
tion.

We denote by Z:= {(\, 1) € R%[A >0, 0> 0, \+u # 0}. For any (), 1) € Z, we consider
the pointwise sum C) , := Ay + By, where Ay by convention (respectively By) denotes
A (respectively B). Note that, since A + p # 0, at least one of the two operators Ay, B,
is Lipschitz continuous and therefore C) ,, is maximal monotone (c.f [29]). In the sequel,
we denote by F the filter of all the pointed neighbourhoods of the origin in Z, and by
graph — lim finf C)p (respectively graph —lim ;up Cy . ) the lower limit (respectively upper

limit) of the family {graphC) ,| (X, p) € I} along the filter F with respect to the box

topology on H x H. Recall that

e (x,y) belongs to graph — lim ]__inf C) i, whenever for every neighbourhood Q of (z,y),
there is F' € F such that for (A, ) € F, graphC) , N Q # ()

while,

e (z,y) belongs to graph—limsup C ,, if for every neighbourhood @ of (z,y) and every
f

F € F, there is (A, i) € F such that graph C , N Q # 0.

The filtered family {C) ,| (X, ) € I} is declared graph-convergent to C' and we note
graph—lijr__n Chu=0C, it

graph — limsup C ,, = graph — lim}_inf Chu=0C.
f

Definition 4.1. The variational sum of two maximal monotone operators A and B is
defined as
A+ B := graph — lim}_inf(A)\ + B,,).
v
Since the box topology on H x H is first countable and the filter F is countably based, it
amounts to say that:
(z,y) € graph (A+ B), if and only if, for every sequences {\,|n € IN}, {un|n € N} with
v
An >0, i, > 0, A + gy # 0, lim Ay, = lim p, = 0, there exist sequences {x,|n € N}
n—oo n—oo
and {yn|n € N} such that lim z, =z, lim y, =y and y, € (Ay, + Bu,)(xn).
n—-+00 n—-+00

Equivalently, in terms of resolvents this means that, for any y € R(I + (A+ B)) (in
v

particular, by Minty’s Theorem whenever A + B is maximal monotone for every y € H),
v

the family {uy .| (A, 1) € I} of solutions of
Un g+ Axuyy + Buuyy 3y
converges for (A, u) € Z to the solution u of

u+ (A+B)usy.
v
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Proposition 4.2. Let A, B be two maximal monotone operators. Then,

(1) If D(A)N D(B) # 0 then D(A+ B) # 0;
(2) A+ B is monotone;

(3) If A+ B is mazimal monotone, then the family { Ax+ By| (A, 1) € I} graph-converges
v
with respect to the filter F;
(4) A+ B = B+ A (commutativity).
v v

Proof. (1), (2) and (4) are a direct consequence of the definition. For (1), notice that
Az + Byx — A%z + B%. Let us prove (3). If A+ B is maximal monotone, then by
v

virtue of Proposition 3.1 part (ii), we have that A+ B C graph— lim}_inf(A/\ + B,,) implies
v
that A+ B = graph—li}n(A)\jLBu). O
v

5. The case A + B maximal monotone: A+ B = A+ B

In this section, some classical results on the maximal monotonicity of the pointwise sum
of two maximal monotone operators are revisited from the approximation and graph-
convergence point of view. Given two maximal monotone operators A and B, the pointwise
sum A+ B is still monotone. From Minty’s Theorem, the maximal monotonicity of A+ B
is equivalent to the solvability for any y in H of the equation:

u+ Au+ Bu>y. (5.7)

The Brézis-Crandall-Pazy approach, which will be our guideline in this paper (even in the
case where A+ B is not maximal monotone) consists in solving the approximate equation

uy + Auy + Byuy 2 v. (5.8)

The equation (5.8) has always a solution because of the maximal monotonicity of the
operator A+ B), , which follows from the fact that B) is everywhere defined and continuous
[29]. So doing, the problem of the maximality of the sum has been converted into a
convergence problem: Under what conditions can one pass to the limit in the equation
(5.8) as A goes to zero?

Theorem 5.1. [31; Theorem 2.1] The equation
u+ Au + Bu>y

has a solution if and only if the family { Byuyx| A\ — 0 } remains bounded. When this
condition is satisfied, the family { uy| A > 0} norm-converges to u as A goes to 0 and the
family { Byux| A > 0} norm-converges to the element of minimal norm of the convex set
Bu N (y—u—Au) as X goes to 0.

We are led to introduce the following definition:
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Definition 5.2. A pair (A, B) of maximal monotone operators A and B satisfies the
Brézis-Crandall-Pazy condition, if for any y in H the family {Byuy| A > 0}, which is
defined by (5.8), remains bounded in H.

We can reformulate the Brézis-Crandall-Pazy theorem as follows:

Proposition 5.3. For any pair (A, B) of mazimal monotone operators A and B the
following statements are equivalent:

(i) The pair (A, B) satisfies the Brézis-Crandall-Pazy condition;
(i) A+ B is a mazimal monotone operator;

(ili) graph— li]I__n(A + B,) = A+ B;

(

iv) graph— li]I__n(A + B,,) = graph— li]I__n(A)\ + B) = graph— li]I__n(A)\ +B,)=A+DB;

and then the following equality holds: A+ B = A+ B.
v

This proposition says more than the initial result of Brézis-Crandall-Pazy and we need
Theorem 6.1 below to conclude that graph— R l(i)m . Ay+B,=A+B.

—0,u—

A>0,u>0
In view of Proposition 3.6, which states that A, converges to A , as A goes to zero,
for the graph-distance, it is a natural question to know if the convergence (iii) holds
too for the graph-distance. To answer this question, we need to introduce a reinforced
Brézis-Crandall-Pazy condition (see [10; Theorem 3.1] for further details): Denote by
mya B H — R the finite valued function

map(y) = limsup || Byl
A—0,A>0

Definition 5.4. A pair (A, B) of maximal monotone operators A and B satisfies the
uniform Brézis-Crandall-Pazy condition if for any p > 0

Ma,p(p) := sup myp(y) < +oc.
llyll<p

In other words, the bound on the family { Byuy| A > 0} has to be independant of y when
y remains in a bounded subset of H.

Theorem 5.5. [10] Suppose that a pair (A, B) of mazimal monotone operators A and
B satisfies the uniform Brézis-Crandall-Pazy condition. Then

A+ B = graph — dist— )1\11%(14 + B)).
Moreover, the following estimation holds:

A
dip(A+B,A+ B)) < §MA,B<I))-

Indeed, in most practical situations where the sum is maximal monotone, the uniform
Brézis-Crandall-Pazy condition is satisfied. Let us illustrate this fact in the case of the
acute angle condition:



14 H. Attouch, J.-B. Baillon, M.Théra / Variational sum of monotone operators

forallv € D(A) and all A >0 (Av, Byv) >0,

Proposition 5.6. Suppose that A and B are two maximal monotone operators such
that D(A) N D(B) # 0 and which satisfy the acute angle condition. Then they verify the
uniform Brézis-Crandall-Pazy condition with

1/2
Ma.p(p) = [2(P+ [vol ) + 1€+ Hmll|
where v, € D(A) N D(B), & € Av, and n € Bv, have been taken arbitrary.

Proof. Let us multiply the equation (5.8) by Bjuy and use the acute angle condition.
We obtain
2
[IBxuxll” < [lyll + [fuxll-

On the other hand, taking an arbitrary point v, in D(A) N D(B) and using the accretivity
of A+ B, we infer
[lux = vol| < [ly — (vo + & + Bywo)||-

Hence, [|Byux||* < 2(|lyll + [lvoll) + [€]] + [[m]]- O

6. The case A + B maximal monotone: A+ B = A + B

Theorem 6.1. Let A and B be two mazimal monotone operators such that A+ B is
mazimal monotone. Given any y € H, let us denote, for each (A, ) € I, by uy, the

solution of
Ux p ~|>AAU)\“u + Buu)\,,u SRNTR (69)

Then, the filtered family {uy ,| (X, ) € I} converges to the solution u of u+A+ B(u) 3 y.

In other words,
graph— li]r__n (Ax+ B,)=A+B.
Proof. Take arbitrary v € D(A)ND(B), £ € Av and n € Bv. By virtue of (3.6) we have
BHUNM € B(JEU)\7M),
and from the monotonicity of B we obtain
(n — Buupy, v — JPup,) > 0. (6.10)

Similarly we also have
(€= Ayuy v — qu)\m > 0. (6.11)

Using the relations qu;w = uy, — - Buuy,, and qu%u = Uy, — A Ayuy , we rewrite
(6.10) and (6.11), as
(n — Buuy v —up, + pBuuy ) > 0 (6.12)
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(€ — Ayuy v —uyy, + AAyuy ) > 0.

Then adding (6.12) and (6.13) we derive

(n+&— (Ayup, + Buuy ), v — uy )

+(n — Buuy i, By ) + (€ — Axuy s Ayuy ) >0

If we combine (6.9) and (6.14) we obtain:

that is

(M+&+ (uny —y),v—uru)

+(n = Buu s Bt ) + (€ — Axun s Ayuy ) 2 0,

[l 2+ M Ayur ol + pl [ Buu ol

<(unpy — 0 —E+0) + (n, pBuun . ) + (§ NA\un ) + (0, €+ 1 —y).

From (6.16) we obtain the existence of a constant C' such that

and

lusull < €

1
|2 Buupull < €

A2 Ay ]| < C.

15

(6.13)

(6.14)

(6.15)

(6.16)

(6.17)

(6.18)

(6.19)

Let @ be a weak limit point in A of the family {uy ,| (X, p) € Z}. Clearly by (6.18) and
(6.19), li}n By, = lij;_n AAyuy ,, = 0. Hence, on passing to the limit in (6.16), and using

the lower semicontinuity of || -

that is

||? for the weak topology we obtain
1al1* < @,y — € —n+v) + (0.6 +n—y),

(v—u,E+n—y+u)>0.

This being true for any £ +n € (A + B)uv, it follows that for any 6 € (A + B)(v)

(v—1u,0 —y+a) >0.

From the maximal monotonicity of A+ B, we infer y — @ € (A + B)(u), that is

i+ A+ B(i)>y.

Hence, o = J;\4+B(y) and the whole family {uy ,| (A, p) € Z} weakly converges to this
element. Returning to (6.16) we derive

1inr1fsup|lm,u|l2 <(iu,y—&—n+v)+ (v, E+n—y).

(6.20)
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This being true for any v € D(A) N D(B), by letting v tend to @, we infer

im sup [ < . (6.21)

(6.21) yields li]I__n |ux,ul| = ||2|| and therefore, the family {uy ,| (A, 1) € Z} norm converges

TP (y).
To conclude the proof, we need also to consider the two cases Ay + B and A + B, for A

and p strictly positive. Indeed, in theses cases the proof works in the same way (c.f Brézis
[29], Clément & Egberts [37]). 0

tou =

7. The case of subdifferentials of convex functions

Let us first recall that for any convex lower semicontinuous function f: H — R U {oo},
dom f := {x € H| f(x) < 400}

is called the domain of f and that f is declared proper if dom f # (). It is well-known
that for any convex lower semicontinuous proper function f : H — R U {oco} its sub-
differential operator df is a maximal monotone operator (see [60] for further details).
Graph-convergence of sequences of subdifferential operators has been first investigated in
the case of the set-convergence of the corresponding graphs, the set-convergence being
taken in the Kuratowski-Painlevé sense (equality between the topological limsup and lim-
inf), which corresponds to the pointwise convergence of the resolvent operators. Denoting
by “s” the topology of the norm in H and by “sxs “ the product topology on H x H and
recalling that the Mosco epiconvergence is the set-convergence of the epigraphs both for
the strong and the weak topologies of H x H (see [47], [4]) this result can be stated as
follows (indeed it is formulated below in a slightly more general setting, the space being
only assumed to be reflexive):

Theorem 7.1. [2, 4] Let X be a reflerive Banach space. For any sequence {f, fn:
X — RU{+oo}n € N} of lower semicontinuous convex proper functions, the two
following properties are equivalent :

() f=M=—epi— lim fo
n—oo
(ii) graphdf = s x s — lim graphdf, and the “normalization condition (NC)”.
n—oo

The normalization condition comes from the fact that f is determined by Of up to an
additive constant and is described below :

such Sthat

{ I(zo, xj) € graph 0f, I(xon, x(,) € graphdf,, for every n € N
Top — L0, L(), = xy and fn(xon) — f(20).

The recent monograph of Aubin and Frankowska [17] gives a convenient access to this re-
sult. The extension of Theorem 7.1 to arbitrary Banach spaces has been recently obtained
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by Attouch & Beer [8] and requires the introduction of the notion of slice convergence for
sequences of convex functions, a notion which has been introduced by G. Beer precisely
to extend the Mosco convergence to general Banach spaces.

We recall that, given X a normed linear space and f a proper extended real-valued function
from X into RU {400}, the Moreau- Yosida approxzimation of index X of f is the function
f) defined by:

fa(e) = inf {(u) + o5l — ul P} (7.22)

When X is an Hilbert space and f is a convex lower semicontinuous proper function,
then f) is a continuously differentiable function which derivative is precisely the Yosida
approximation Ay of the maximal monotone operator A = df (see [29], [13-15]):

(Of )x = 0. (7.23)
We can now state the following result:

Theorem 7.2. Let A = 0f and B = 0g be the subdifferential operators of two convex
lower semicontinuous proper functions f and g : H — R U{+o0c}. If dom f Ndom g # 0,
then the variational sum of Of and Og is a mazximal monotone operator and is equal to

o(f +9):
0f +09 =0(f +g).

Equivalently,

graph — m{(0) + (99),) = graph — lm (/s + g.) = O(f + 9).

Proof. We first notice that, because of the assumption dom f N dom g # (), the function
f + g is a convex lower semicontinuous proper function, and its subdifferential operator
J(f+g) is therefore by Rockafellar’s Theorem a maximal monotone operator. By definition
of the variational sum, we need to prove that hjr__n[(@ f)x+ (0g),] exists. Let us examine

the operator (0f)y + (9g),. Since the mappings f and g, (A > 0, 4 > 0) are everywhere
continuous since CY', we know by the Moreau-Rockafellar Theorem that Ofy + 0g, =

I fr+gu) (A p) € Z). Since by (7.23), (0f)x = Ofx (vespectively (9g), = dg, ) we

derive,
(Of)x + (09) = O(fx + gu)-

Since the filtered family {fx| A\ — 0}, (respectively {g,|x — 0}) monotonically increases
to f, (respectively to g) as A, (respectively p) decreases to zero, by [11; Theorem 3.20]
the family {f\+ gu| A — 0, 1 — 0} Mosco-converges to f + g as A and p decrease to zero.
We conclude thanks to Theorem 7.1 that limz O(f\ + g,) = 9(f + g), which yields the
desired result. 0

In the following result we give a formulation of O(f + ¢) in terms of df and dg only
assuming, as in Theorem 7.2, that dom f Ndom g # (). In particular, the pointwise sum
Jf 4+ 0g is not assumed to be maximal monotone.
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In the sequel, it is convenient to use the notation lim {Jf(uy,) + dg(v,)} for lim (u) +
n—oo n—oo
vy) with uy € 0f(up), vy, € 0g(vy,)

n

Theorem 7.3. Let f and g : H — R U {+00} be two convex lower semicontinuous
proper functions such that dom f Ndomg # 0. Then, for any x € domd(f + g), the
following equality holds:

of +9)(x) =
{ lim {af(un) + 0g(vp) } = = llm Up = llm v, and lim inf(dg(vy,), up — vy) > 0} :
Proof. Set A:= O(f + g) and
B := { lim {af(un) + dg(vp)} == hm Up = hm v, and lim inf(Dg(vy), up — vy) > 0}

a) Let us first prove the inclusion B O A. We know from Theorem 7.2 that
graph — Hm O(fx + g,) = 9(f + g)-
As a result, for any x € D(O(f + g)) and y € I(f + g)(z), there exists some net

{xxul (A, 1) € T} norm converging to = such that y = li}n O(fx + gu)(xy ). Since fy,

(respectively g,,) is everywhere defined and continuous, by the Moreau-Rockafellar Theo-
rem on the additivity of the sum of subdifferentials,

y = Um[0f(z ) + Igpu(za)],
which by relation (3.6) gives

y =1m[0f () + 09(Jfwa,). (7.24)

Set uy , = J/J\Ix/\w and vy, = Jg:p)\yu. Let us first verify that x = li]r__nu/\w = li]r__nv/\w.

To that end, we notice that, from the contraction property of .J3,
iz = Jhxl] < ey, — ]

and that the limit of Jjz, as yu goes to zero, is equal to the projection of z on the closure
of the domain of ¢, that is x. Hence, li]I__n uy,, = = and similarly, li]r__n vxu = 2. Let us now

consider,

(Og(va), wrp — vap) = (Ogu(@a ), Ji xk,u TR )

= (Dgu(r,), (T ar, — oa,) + (ma, — Jhaa )
@%(mw) 109 (x ) — ANOfa(Ta )

~MOgu(Ta ), Ofa(TAp))

—MOgu(ap) + Ofx (@A), Ofa(map)) + NOfr(zr)]?
—NAgu(xx) + Ofa(@xw) [ 1Of(@r )| + NOfA(zr )P

AVARAVAR VAN
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Now use the elementary minorization:

2
a
2 —at > ——
ar="7
to obtain (take t = [0fx\(x) ,)])
A 2
(Og(vap) uap — vap) = _ngu(f"/\,u) +Ofa(er W)l

Since by assumption, dg, () +0fr(x) ) norm-converges to y € 9(f + g)(z), and hence
remains bounded, we eventually infer

b) Let us now prove the inclusion A O B. Take u, € D(0f),v, € D(0g) such that

Bz = lim [0f(uy) + dg(vy)],

V—00

with x = lim u, = lim v, and liminf(dg(v,), u, — v,) > 0.
V—00 V—00 V—00

The subdifferential inequality yields that for any £ € H

(&) > fluy) + (0f (uy), € — uy)
9(§) = g(vy) + (9g(vy), § — vu).

By adding these two inequalities we obtain

f(€) +9() ;(uy) (vy) + (Of (up), & — uy) + (9g(vy), & — vy)

> +g
> fluy) + g(vy) +(0f (uy) + 9g(vy), & — up) + (9g(vy), uy — vy).

Then passing to the limit and using the definition of Bx we obtain

F(6) + (€)= limint F(u,) + g(0,)] + (0 () + Dg(0,),6 — )+
linT_l)i;}f(@g(?},/), Uy — Ul/)
> f(z) +g(x) + (Bz,§ — x).

The above inequality being true for any & € H, we infer Ax = O(f + g)(z) 2 Bx which
completes the proof of the theorem. O

Remark 7.4. Let us notice that the sign condition “ liminf(dg(vy,),u, — v,) > 07
which at a first glance is not symmetric is indeed quite symmetric.

Let us write

(Of (uy), vy — uy) = (0f (uy) + 9g(vy), vy — uy) + (0g(vy), Uy — vy).
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Hence,

liminf(0f(uy), v, —uy) = lim (0f(uy) + 0g(vy), vy, — uy) + liminf(dg(vy ), uy — vy)
V—00 V—00 V—00
is nonnegative (the first term of the right hand side is equal to zero and the second term
is nonnegative).
Let us now state the following result from Attouch, Ndoutoume and Théra that relates
the convergence for the epi-distance of a sequence of convex functions to the convergence
for the graph-distance of the associated sequence of subdifferentials.

Theorem 7.5. [12; Theorem 2.3] Let X be a Banach space. For any sequence { f, fn|
X — RU{+o0}} of lower semicontinuous convex proper functions, the following impli-
cation (i) = (ii) holds :

(i) f = epi—dist—limfy;

(ii) Of = graph-distlimdf,, and the “ normalization condition (NC) 7.

If furthermore X is super-reflexive, then the converse implication holds, that is, (i) and
(ii) are equivalent.

Theorem 7.4 is a topological result. Indeed, in the Hilbert space setting one can give a
metric (quantitative) version of it and prove an Holder continuous type estimate which
extends the result of Schultz :

Theorem 7.6. [15; Theorem 5.2] Let f and g be two convex lower semicontinuous
proper functions from H into R U {+oc}. To any p > max[d(0,epi f),d(0,epig)| there
correspond some constants v and k (that depend on p) such that

haus,(0f, 0g) < x[haus,(f, g)]l/Q.

In turn, Theorem 7.5 has been extended to the case of general Banach spaces by Riahi
[57] and by Aze & Penot [20] , the main ingredient of the proof being the Ekeland’s
e—variational principle.

Theorem 7.4 and the estimation below of independant interest show the convergence
property of the Yosida approximation (Proposition 3.6) in a different light :

Proposition 7.7. [15; Lemma 3.6] Let X be a normed linear space and f a proper
extended real-valued function from X into R U {+oo}, minorized by —a(1 + || - ||?) for
some o > 0. Then, for any 0 < A < ﬁ and p > 0,

haus,(fy, f) < CA\/2

where the “constant” C' is given by

O 2(2ap? + p + ) 1/2
- 1 —4daX '
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8. The role of the approximation

It is a natural question to ask whether the Yosida approximation plays a particular role
in this theory. In other words, what happens when we replace A (respectively B,,) in the

definition of the variational sum by A, (respectively By) such that:

1) A =graph — lim A,, (respectively, B = graph — lim By);
v——+00 o0

li
60—+
2) A, and By are everywhere defined and Lipschitzian.

Figure 1

For example, if we take for A, A, (respectively B, By) the subdifferentials of some convex
proper lower semicontinuous extended real-valued functions, then the previous question
may be formulated as follows:

Let {®,|n € N}, {V,|n € N} be two sequences of convex functions everywhere defined
on an Hilbert space H and Mosco-converging respectively to the functions ® and ¥. Does
the sequence {®,, + ¥, | n € N} Mosco-converge to ¢ + ¥?

The answer is generally negative as the following example shows:

Take H = R? and define C,, and D,, as in the Figure 1.

Cp= {(z,y) e R?*|2 <0, y < —tpx} and D, := {(z,y) e R}z >0, y < t,z}.
Let {t,|n € N} be a sequence of real numbers tending to +oco. Set

1
dist?(., C) = (Ig, ), and ¥,, = ——dist?(., D,,) = (Ip, ),

1
(I) [
" 2,

2,
where I, (respectively, Ip, ) stands for the indicator function of the sets C), (respectively,
D). Since, ®,, (respectively, ¥,,) is the Moreau-Yosida approximate of I, (respectively,

Ip,), it is C11| hence continuous on R%. Set k := lirf Ant2. An easy calculation shows
n—-+0oo

that: {®,|n € IN} (respectively, {U,|n € IN}) epiconverges to the indicator ® = I
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(respectively, ¥ = Ip) of the set C:= {(z,y) € R*|z < 0} (respectively, D: = {(x,y) €
R?|z > 0}), and

1) if k = +o0, then ®,, + ¥,, epiconverges to lonp;
2) if k = 0, then ®,, + ¥, epiconverges to Ly,_g,<o};
3) if ke (0, +00), then &, + ¥,, epiconverges to a mapping which depends on k.

The limit function is equal to +oo outside {0} x IR and its restriction to {0} x R has the
profile (which depends on k), as described in Figure 2.

In terms of operators, set A, := 0®,, and B, := 0V¥,,. By virtue of the Attouch Theorem
on the continuity (for convex functions) of the operation f = 0f, A, (respectively,
By,) graph-converges to 09 := A (respectively, OV := B). Hence, A, + B, which is a
maximal operator since it is equal to 9(®,, +W,,) necessarily graph-converges to a maximal
monotone operator Cy. According to Rockafellar’s Theorem ([60]), C} is therefore the
subdifferential of a convex function F},, which depends on the parameter k, linked to the
chosen approximation. We have Cj, = 9(®+¥) = A+ B = A+ B only whenever k = +oo0.
v

As a result, the Yosida approximation plays a central role in the theory developed in this
presentation.

Figure 2

9. An example: The Schrodinger equations

The motivation for the introduction of various generalizations of the concept of sum for
operators comes in particular from the Schrodinger equations and problems arising in
quantum theory ([30], [61], [62], [66]). Let us briefly recall the mathematical setting of
these equations. Let € C R” be an open subset of RY (possibly unbounded). Let
V :Q — R™ be a locally integrable function with some singularities (for example, V (z) =
1/||x||P). The differential operator attached to the Schréodinger equations can be formally
written as

Au = —Au + V.

This operator, clearly appears as a “sum” of two operators

Bu:= —Au and Cu:= Vu.
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A natural objective is to define adequately the domain of A in order to obtain an operator
A which is maximal monotone, self-adjoint. Equivalently, this amounts to define in which

sense one has to add the two operators B and C. Take H = L%(Q), B = 0®, and C = 0¥
the subdifferential operators of the convex lower semicontinuous proper functions

%/Q\Du\2d:c if u e H}(Q)

O(u) =
+00 on L3(Q)\ H ()
and
‘W@ﬁz{%@vm%x if Vu? € L'(Q)
+o00 elsewhere.
Bu = —Au with
{D@)==H%mﬂﬂﬁm
and
Cu = Vu with
{D(C) = {ue LQ(Q)\ Vu e LQ(Q)}.

A naive approach which consists to take for A = B + C' the pointwise sum of B and C'is
not well adapted to the situation. If u belongs to D(B)ND(C), then u € H?(Q) and Vu €
L?(9), these two conditions are usually incompatible. For example, if N = 2,u € H?(Q)

implies v continuous and Vu € L?(Q) with u continuous and V() requires

B 1
ERE
that u(0) = 0. This is a too strong requirement with respect to the physical conditions.
On the opposite, the variational approach developped in this paper consists in taking

A=B4+C.
v

Since B = 0P and C' = 0V are subdifferential of convex lower semicontinuous proper
functions, by Theorem 7.2

A=0(+ ).

Let us compute A. Indeed, if we follow the approximation method which led us to the
above concept

~

A = graph— /l\ir%((?q) + 0V¥)) = graph— )l\in%)(B +C)y).

An elementary computation gives

%
Chu = )
M=
Let us introduce T : R™ — R" the truncation mapping defined by Th(r) := 1 :)\ and
r

set K\(r) := inf(r, 1/X).
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Figure 3

Then, Cyu = T)\(V)u is a continuous linear operator on L?(€2), and in order to pass from
C to C), we have “smoothly” truncated V', so that T)\(V) belongs to L*°(Q); indeed,
0 < T)(V) < 1/A. This method is very closely related to the direct truncation method
of V by K)(V) = inf(V,1/)) followed by Brézis [30]. Note that T) and K, satisfy
0 < Ty < K) and they are tangent at zero and +o0o. Using the resolvent formulation of
the graph-convergence, we have to compute the limit u of u), where u) is the solution of

uy + Buy + Chuy = f.
Note that we know that u) converges to u which satisfies

u—+ (B—L—C’)(u) = f.

So we have just to identify the limit equation satisfied by w. In the following, in order to
simplify the expository, we suppose that €2 is bounded. We have

uy — Auy + Th(V)uy = f on
{uA =0 on 0f). (9.25)

Multiplying (9.25) by u) and integrating by part classicaly yield the following estimations:
luxllr o) < €
and

/ ()l < C.
Q

On relabeling (we still denote by u) the extracted subnet) uy tends weakly to u in H3 ()
and almost everywhere (by the Rellich-Kondrakov compact embedding of H& into L?).
Using Fatou’s lemma, and noticing that T\(V) — V a.e., we derive

/ Vu? < lim inf/ T\(V)u3 < +oo.
9 A—=0 Jq

From,

/ Vu < / V(1 +u?)de < +oo,
Q Q
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we infer Vu € LY (Q) if V € L'(Q) and Vu € L (Q) if V € L] (). Hence, T\(V)uy —
Vu a.e. . The difficulty is to prove that the convergence holds in the distribution sense.
To that end we use the argument from Strauss [66] and prove, in order to apply the Vitali

Theorem, that the net {T)\(V)uy| A — 0} is equi-integrable. Indeed,

TA(V)ual

IA

==
S
£

Hence, for each A C 2 we have

[ Dl < g ATV + § [y TV)
A R (9.26)

<—+= | W
<5pt3 Av

The equi-integrability of the net {T)(V)uy| A — 0} follows easily from (9.26). By passing
to the limit on (9.25) we obtain:

u—Au+Vu=f on{
{u =0 on 02, (9.27)

with u € H&(Q),/ Vu? < +oo,Vu € LL (Q) and —Au+ Vu € L*(). Let us summarize
Q

the above results in the following theorem:

Theorem 9.1. Given V € L] (Q),V >0 a.e., let us define

loc

Au =—-Au+Vu
D(A) = {u € H} Q)| Vu? € LYQ), —Au+ Vu € L*(Q)}.

Then A is a self-adjoint linear mazimal monotone operator in L2(Q), and A = 8O + oW
v
1 1
=0(® + V), where ®(u) = —/ |Du|? and U (u) = —/ Vu?.
2 Jo 2 Jg

As aresult, the variational sum approach provides the same operator than the one obtained
by Simon [61, 62], Kato [41] and Brézis [30].

Note, in this direction, the following result obtained by Brézis in the case where 2 = RY:
A = A? with

{ Ay = —Au+Vu
D(AY) = {u e L2(Q)|Vu e LL_(Q), —Au+Vu e L*(Q)}.

loc
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