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Abstract We propose a Moreau-Yosida regularization for maximal monotone op-
erators of type (D), in non-reflexive Banach spaces. It generalizes the classical
Moreau-Yosida regularization as well as Brezis—Crandall-Pazy’s extension of this
regularization to strictly convex (reflexive) Banach spaces with strictly convex duals.
Our main results are obtained by making use of recent results by the authors on
convex representations of maximal monotone operators in non-reflexive Banach
spaces.
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1 Introduction

Let X be a real Banach space, X* its topological dual and X** its topological bidual.
The norms on X, X* and X™* will be denoted by || - ||. The notation (-, -) stands for
the duality product in both X x X™* and X* x X**,

(x, x*) = x*(x), (& x™=x"x"), xelX, xfe X" x"eX™
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A point-to-set operator 7' : X =% X™* is a relation on X to X™*:
TCXxX*
and x* € T(x) means (x, x*) € T. The domain of T is defined as
Dom(7T) ={x € X | T(x) # 0}.
An operator T : X == X* is monotone if
(x =y, x*—y") >0, Vx,x*), (y,y) eT.

The operator T is maximal monotone if it is monotone and maximal in the family
of monotone operators of X into X* (with respect to order of inclusion). In a real
Hilbert space H, the Moreau—Yosida regularization and the resolvent operator of a
maximal monotone operator 7 : H = H, with parameter A > 0 are, respectively, the
operators

, R=0T+D" 1)

The operator T, is defined in the whole H, it is point-to-point and Lipschitz
continuous. For properties and applications of the Moreau—Yosida regularization of
maximal monotone operators in Hilbert spaces we refer [10].

The subdifferential of f: X — R U {oo} is the point-to-set operator f : X = X*,

If)={x"e X*| fO) = fO)+(y—x,x"), Vye X}

Moreau—-Yosida regularization has been extended for maximal monotone operators
in strictly convex reflexive Banach spaces with strictly convex duals by Brezis,
Crandall and Pazy in [1]. In this setting, the identity operator used in Eq. 1 is replaced
by the duality mapping

1
J=a=|-1%
Sl

which is point-to-point. Brezis—Crandall-Pazy’s regularization has some of the prop-
erties of the classical Moreau-Yosida regularization [1, Lemma 1.3] and in Hilbert
spaces coincides with the classical Moreau—Yosida regularization.

Our aim is to extend the Brezis—Crandall-Pazy’s version of the Moreau—Yosida
regularization for maximal monotone operators of type (D), in a general Banach
space, without re-norming it. In a reflexive Banach space any maximal monotone
operator is of type (D). Therefore, in particular, we will generalize Brezis—Crandall-
Pazy’s version of Moreau—Yosida regularization for maximal monotone operators in
reflexive spaces without re-norming the space to a strictly convex and smooth norm.

2 Basic Results and Notation

We use the notation R for the extended real numbers:
R = {—oc0} UR U {o0}.

A convex function f: X — Ris said to be proper if f > —oo and there exists a point
X € X for which f(%) < oo.
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The Fenchel-Legendre conjugate of f : X — Ris f*: X* — R defined by
fr(x*) = sup(x, x*) — f(x). 2)
xeX

Notice that f* is always convex and lower semicontinuous. If fis proper, convex and
lower semicontinuous, then f* is proper and its biconjugate function, f** := (f*)*,
is well defined and f**(x) = f(x), for all x € X. We will identify x € X with its
canonical inclusion into X**. Moreover, from the definition of f*, follows directly
the Fenchel-Young inequality: for all x € X, x* € X*,

fo) + ff(x*) = (x,x*)y and f(x) + f*(x*) = (x, x*) iff x* € f(x). 3)

In the particular case f(x) = ||x||>/(21), A > 0, we obtain a characterization of the
duality mapping J : X = X*

1 A
EIIXII2 + EIIX*II2 > (x,x%),
(4)

1 A
anxn2 + Enx*n2 = (x, x*) iff x* € 27T ().

An important tool that will be used in the next sections is the classical Fenchel
duality formula, which we present now.

Theorem 2.1 Let f,g: X — R be proper convex and lower semicontinuous func-
tions. If there exists X € X such that f(or g) is continuous at X € X and f(X) < oo,
g(X) < oo, then,

xig)f( f)+gx) = max —fM(=x") — g"(x").

Fitzpatrick proved [3] that associated to each maximal monotone operator T :
X =3 X* there exists a family F7 of convex, proper lower semicontinuous functions
which majorizes the duality product and coincides with it on 7"

| his convex and lower semicontinuous
Fr=1h: X x X" = R|h(x, x*) > (x,x*), V(x,x*)eXxX*}. (5)
(x,x*) e T = h(x, x*) = (x, x*)

Fitzpatrick also gave an explicit formula for the smallest element of Fr and proved
that for any h € Fp

x,x)eT < h(x,x*) = (x, x").

In view of the above equation, from now on we will call any & € Iy a convex
representation of T.

The next theorem is due to Marques Alves and Svaiter [5]. It has been proved for
reflexive Banach spaces by Burachik and Svaiter in [2].

Theorem 2.2 ([5, Corollary 4.4, Theorem 4.2]) Let X be a real Banach space. If h :
X x X* — Ris convex and

h(x,x*) > {x,x*), V(x*)eXxX*
h*(x*,x**) > (X*,X**>, V(x*,x**) e X* x X**
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then the operator T : X = X* defined by
T={xx%eXxX"|h&"x) = (x,x"}

is maximal monotone and g(x,x*):= h*(x*,x) is a convex representation of T.
Moreover, if h is lower semicontinuous, then

T={(xx)eXxX"|h(xx")=(x,x")}
and h is also a convex representations of T.
Next we enunciate a trivial consequence of the above theorem. To prove it, just

recall that the duality product is continuous and the conjugation is invariant under
the lower semicontinuous closure operation.

Corollary 2.3 For h and T as in Theorem 2.2, cl h, the lower semicontinuous closure
of h, is also a convex representation of T.

3 Gossez Type (D) Operators

Gossez defined the class of type (D) operators in order to extend to nonreflexive
spaces some properties of maximal monotone operators on reflexive Banach spaces.
Gossez’s monotone closure [4] of T : X = X* is the operator T : X™ == X*,

T={(x x") e X™x X*| (x* —y,x*—y*) >0, ¥(y,y")eT. (6)

The operator 7 is of type (D) if any element in T is the limit in the weak- xstrong
topology of X** x X* of a bounded net {(x;, x)} on T. Note that in a reflexive
Banach space any maximal monotone operator is of type (D). The next two theorems
are due to Gossez [4].

Theorem 3.1 If T is maximal monotone of type (D) then T is the unique maximal
monotone extension of T to X** x X*.

Theorem 3.2 If f: X — R is a proper, lower semicontinuous convex function then
af is of type (D) and

of = ("~

Fitzpatrick’s convex representations of maximal monotone operators can be used
to characterize maximal monotone operators of type (D).

Theorem 3.3 ([7, 8, Theorem 4.4], [6, Theorem 1.4]) Let T : X =% X* be maximal
monotone. Then the properties below are equivalent:

1. Tisoftype (D),
2. foranyh e JFr,

h*(x*7 x**) 2 <x*>k, x*>7 V(x*, x**) c X* X )(**7
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3. there exists h € Fp such that,
h*(x*7 x**) Z (x**’ x*>7 V(x*, x**) e X* X )(:k*7
Moreover, if any of these conditions holds and h € Fr, then

h* e 9:7~.—l

4 Moreau-Yosida Regularization in General Banach Spaces
If X is a strictly convex, smooth and reflexive Banach space, then the duality map
1
J=azl- 1P

is a bijection between X and X*. In this setting, for 7 : X = X* maximal monotone,
Brezis—Crandall-Pazy’s generalization of the resolvent and Moreau—Yosida regular-
ization of T, with parameter A > 0, are respectively

R,: X — X, T,: X - X*
defined as follows. Foreach x € X, A > 0, (z, x*) € X x X* is the unique solution of
Ax*+J(z—x) =0, x* e T(2), (7
and so that
R, (x) :=z, T)(x) ;== x*. 8

The first attempt to generalize Brezis—Crandall-Pazy’s version of Moreau—Yosida
regularization 7, Eq. 8 would be to substitute the first of these equations by

Ax*+J(z—x)30, x* e T(2).

In a nonreflexive Banach space J is not onto. Therefore, if T = x* and x* ¢ J(X), the
above inclusion would not have a solution for any x and we would obtain an empty
T,.To circum\@nt thig problem, we will work with Gossez’s monotone closures of T
and J, that is, T and J. Note that since J is a subdifferential, in view of Theorem 3.2
it is of type (D) and

T=x)™, )

where J x- denotes the duality map of X*.

Definition 4.1 Let X be a real Banach space and 7' : X = X* a maximal monotone
operator of type (D). The Moreau—Yosida regularization and the resolvent of T, with
regularization-parameter A > 0, are respectively 75 : X = X*and R; : X = X™*

Iz e X** s.t.

Ax 4+ T2 —x) 20, x*eT@™) } ’ (10)

T, = {(x,x*) e X x X*

Ix* e X*s.t.

sz{(x’Z)EXXX Ax* 4+ J(z% —x) 30, x*eT(z**)}' D
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In a strictly convex, smooth and reflexive Banach space, the above definition
trivially yields Brezis—Crandall-Pazy’s version of Moreau-Yosida regularization.
The main tools for proving maximal monotonicity of 7, will be the Fitzpatrick’s
convex representations of 7, Theorems 2.2 and 3.3.

Define for h: X x X* - Rand » > 0

1 A
Y i f * o _ 2 M~ 2' 12
;. (x, x*) inf {h(z,x )+ 57 llz =l } + 51X (12)

Lemmad4.2 Let h: X x X* — R be a convex, proper and lower semicontinuous
function. Then

. 1 A

¥ e X +* 2A 2
and h3, h, are convex and proper functions, being h lower semicontinuous. Moreover,
if X is reflexive, then h; is also lower semicontinuous and the inf in Eq. 12 is a min.

Proof Direct calculation yields

1 A
B (", x*) = sup (y, XF) + () —h(z, ) — —llz = yI* = Zlly*II?
0 y5,2) 2\ 2

1 A
= sup { sup(y, x*) — ﬁlly - ZIIZ] +(y*, ™) — h(z, y*) - Elly*ll2
(z,y%) y

)" £ £ 3 )\' *
= Enx*n2 + sup (z, ) + (y*, x7) = h(z, y) = 2y |12
(z.y*)

Define g(z, y*) = %H y*||?. Then, the sup on the last term of the above equation is
(h+ 8" (x", x™).

As g is convex and continuous and / is convex, proper and lower semicontinuous, the
above conjugate is the (exact) inf-convolution of the conjugates of 4 and g. Hence

A
2 (w*,u*)

= Zlx* inf A¥(x* — u*’ DA PP So(u*
SIIP o+ inf B )+ o P o S (u)

A * 12 . ok ok skok 1 sk (12
=S I¥l +inf AT, X —u )+ ol
Using the substitution z** = x** — u** we get Eq. 13, which proves the first part of
the lemma.

It is easy to check that 4, is convex. Since 4 is finite at some point, 4, is proper.
The function 4} is convex and lower semicontinuous, because it is the conjugate of
h;. Using that A, is proper we conclude that 4} > —oo. Moreover, from Eq. 13 it
follows that 4} < oo at some point. So, 4} is proper. Now suppose that X is reflexive.
For proving that 4, is lower semicontinuous and that the inf in its definition is a
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min, apply the first part of the lemma to the function Z(x, x*) = h*(x*, x) to obtain
(h;)* = hy. O

Theorem 4.3 Let T : X = X* be a maximal monotone operator of type (D). For any
A > 0, the operator T, is maximal monotone of type (D). Moreover, if h is a convex
representation of T and h;_ is defined as in Eq. 12,

1 A
h , *Y 3 f /’l , * o _ 2 -~ * 2’
2 (x, x7) Inf (Zx)+2)L|IZ x||}+2I|xI|
then

T, ={(x,x") e X x X*|h} (x*, x) = (x,x")}

and the functions clh; and g(x, x*) := h3 (x*, x) are convex representations of T,. If X
is reflexive, then hy,_is also a convex representation of T).

Proof Let h be a convex representation of 7. Since /& majorizes the duality product,
for any x, z € X, x* € X* we have
* 1 2 A %12 * * *
hz,x7) + o llz = xI7 4 ST 2 (2, 20) + (0= z,07) = (1), (14)

Therefore h; majorizes the duality productin X x X*. Using Theorem 3.3, item 2, we
have that #* majorizes the duality product in X* x X**. Therefore, for any x* € X*,
x**’ Z** c X
x*, — —x —[lx*)* > X — X" x
Z 2 Z ) Z Z
, X", (15)

Combining the above equation with Lemma 4.2, Eq. 13, we conclude that A} also
majorizes the duality product.

According to Lemma 4.2, h;, and h are convex and /7 is lower semicontinuous.
Since A; and A} majorizes the duality product in their respective domains, defining

S={(xx") e X x X*|hj(x*, x) = (x,x")}

and using Theorem 2.2 and Corollary 2.3 we conclude that S is maximal monotone
of type (D) and g(x, x*) = hj(x*, x), cl h; are convex representation of S.

To prove that T, = §, use Eq. 13 to conclude that (x, x*) € Sif, and only if, there
exists z** € X** such that

1 A
WO, 27 + 12 = x|* + S Ix I = (x, x%). (16)
Using Theorem 2.2 we have
(Z*, x) e T & h(x*, %) = (™, x*).

Combining the two above equations with Eq. 15, the fact that #* majorizes the duality
product, Eqgs.9 and 4 we conclude that Eq. 16 is equivalent to

x* e T(z**), —Ax* € f(z** —X).
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Therefore, T, = S is maximal monotone and g, cl 4, are convex representation of S.
As (clhy)* = h} and ki majorizes the duality product, using again Theorem 2.2 we
conclude that 7; is of type (D). Finally, if X is reflexive, use Lemma 4.2 to conclude
that 4, is lower semicontinuous and so that 4, = cl ;. O

We have proved that if 7 is maximal monotone of type (D), the T; is also
(maximal monotone) of type (D). Therefore is natural to search for expressions
of T)L.

Corollary 4.4 If T : X == X* is maximal monotone of type (D), then
T, = (T Aty _1)71 . Ty = (7‘ ety ‘1)71 X x Xx*.
If X is reflexive, then
7= (T ' +27'7 )"
and if X is a Hilbert space, then T, = (T~ +17'1)~L.
Forh: X x X* — Rand (z, z*) € X x X* define [5, 9]
gy, x°) = h(x + z,x" + 2%) — [{x, 2%) + (2, x*) + (z, 2)]. 17)

Lemmad4.5 Let T : X = X* be a maximal monotone operator of type (D). Then for
any A > 0, Dom(T;) = X.

Proof Take xy € X. Choose h € Fr and let
B = inf h(xo,x%) = (x0,x7),
where 4, is defined as in Eq. 12. Define also f : X x X* — R,
f.y") =h(y +x0. y*) = (x0, 7).
Note that f is convex, lower semicontinuous and
FrO5 YT =G5 Y™+ x0) = (X0, 7).

Since h and h* majorizes the duality product, f and f* majorizes the duality product
in their respective domains and 8 > 0.
Direct use of Eq. 12 yields

1 A
— inf _ , * _ 2 2
B inf  f(z —xo,x )+72k lz —xoll” + 2||x I

zeX x*e X*
1 A
_ inf * 2 0 T2
xeXl,g(l*eX* oo 2 + 2A el + 2 Il

Using Theorem 2.1 we conclude that there exist w* € X*, w** € X*™* such that

£ * EE3 A *12 1 k%12
= — - <
B [f(w,w )+2||w l +721”w ll]_O
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where the last inequality follows from the fact that f* majorizes the duality product.
As g > 0 we conclude that the above inequality holds as an equality. Therefore, using
also Egs. 9 and 4 we have

B (w*, w* 4 x0) — (X0, w*) = (W, w*), —Aw* € J(w™)

Defining z** = w** 4+ xo we conclude that A*(w*, z**) = (z**, w*). Since h* is a
. ~ -1 =~
convex representation of 7, we conclude that w* € T'(w*) and

0 € Aw* + J(z** — xo)

which means w* € Ty (x). O

Theorem 4.6 Let T : X = X* be a maximal monotone operator of type (D). Then,
for all » > 0, the following statements holds:

1. T, is maximal monotone operator of type (D),

2. Dom(T;) = X,
3. T, maps bounded sets on bounded sets.

Proof Item 1 is proved in Theorem 4.3. Combining Theorem 4.3 and Lemma 4.5 we
obtain item 2. For ending the proof, it remains to prove item 3. Fix some (y, y*) € T.
Take (x, x*) € T;,. By the definition of T there exists z** € X™* such that

x* e T(z*) and — Ax* € J(z* — x). (18)

Let (y, y*) € T. Using both inclusions in Eq. 18 and the fact that T C T we obtain
_ A *112 1 *k 2 * *k
0= SIxI"+ S 127 = X7+ (7, 27 — x)

A 1
= I+ 2™ =X+ =y T =)+ =y y =X+ (0 2

2 21
> &IIX*IIZ + illz** —x|P+ (= Yy —x) + (2 —x)
-2 20
A A
> Ell)c*ll2 - Elly*ll2 + =y y—x)
A A
> a2 = Iy = x = S0y = Iy*illy — xII.
2 2
Therefore,
* 112 2 * *112 2 *
0= [x*|I” — Xlly—XIlllx ={y -+ Xlly Iy — xI
and so that
x|l < glly—XIl + 1yl < EIIXII + %Ilyll + 1"l
A A A ’
O
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