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1. Introduction

Let X be a real Banach space. We use the notation X* for the topological dual of X and
(-,-) stands for both duality products in X x X* and X* x X**

(x,2%) =a"(z), (25 2™)=a"(2"), zelX, 2"e X" ™ eX™
A point to set operator T : X = X* is a relation on X to X™:
TCXxX”
and z* € T'(x) means (x,z*) € T. An operator T : X = X* is monotone if
(x—y,2"—y") 20, V(z,2%),(y,y") €T

The operator T' is mazimal monotone if it is monotone and maximal in the family of
monotone operators of X into X* (with respect to order of inclusion).

In [11] Fitzpatrick has put in light the possibility to represent maximal monotone operators
by convex functions on X x X*. Before that, Krauss [12] managed to represent maximal
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monotone operators by subdifferentials of saddle functions. Fitzpatrick’s approach was
constructive: Given a maximal monotone operator 7" : X = X*, he has defined the lower
semicontinuous convex function 7 : X x X* — R as

pr(z,x") = sup (z—y,y" —a")+ (z,2%). (1)
(y,y*)eT
Follows directly from maximal monotonicity of 7', that ¢ majorizes the duality product
on X x X*. On the other hand, ¢t is equal to the duality product in the graph of T". In
this sense, it is said that o is a convex representation of T or the Fitzpatrick function
of T. It was also proved [11] that @ is the smallest function in the family of lower
semicontinuous convex functions on X x X* which have the above proprieties:

Theorem 1.1 ([11, Theorem 3.10]). If T is a mazimal monotone operator on a real
Banach space X, then (1) is the smallest element of the Fitzpatrick family Fr,

) h is convex and lower semicontinuous
Fr=1{ he R (g, 2) < h(z,2*), Y(z,7") € X x X* (2
(x,2*) € T = h(z,x*) = (z,z")

~—

Moreover, for any h € Fr,

(x,2") € T <= h(z,z") = (z,z").

Note that any h € Fr fully characterizes T'. Fitzpatrick family of convex representations
of a maximal monotone operator was recently rediscovered by Burachik and Svaiter [9]
and Martinez-Legaz and Théra [14]. Since then, this subject has been object of intense
research [9, 21, 10, 13, 1, 3, 18, 15].

In [9], Burachik and Svaiter also proved that this family has a biggest element:

Proposition 1.2. Let T' be a maximal monotone operator on a real Banach space X.
There exists a (unique) maximum element or € Fr,

o = Sup {h}7
heFr

which satisfies, in a reflexive and in a generic space, respectively
pr(e’, x) = or(z,2%), op(e”,z) = er(z,z%).
Moreover, or can be characterized as
or(z,x") = cleonv(m + dr)(z, z*),
where w denotes the duality product on X x X* and dr is the indicator function of T.
Beside that, a complete study of the epigraphical structure of the function o is also pre-

sented in [9] and it is proved that F7 is invariant under a suitable generalized conjugation
operator.

Such invariance can be expressed as: If T': X = X* is maximal monotone and h € Fr,
then

(3)
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for all (z,2*) € X x X*.

Condition (3) was proved [10] to be not only a necessary condition but also a sufficient
condition for maximal monotonicity in a reflexive Banach space.

Theorem 1.3 ([10, Theorem 3.1]). Let X be a reflevive Banach space. If h : X X
X* — R s proper, convex, lower semicontinuous and

(x,x*), V(r,z*)e X x X*
(x,x*), V(r,z*)e X x X*

then the operator T : X = X* defined as
T={(x,x") € X x X* | h(x,2") = (x,2")}

is mazimal monotone and T = {(x,z*) € X x X* | h* (%, 2) = (z,2")}.

Theorem 1.3 has been used for characterizing maximal monotonicity [19, 2] in reflexive
Banach spaces. It is an open question whether (3) is also a sufficient condition for maximal
monotonicity in a non-reflexive Banach space. A natural generalization of (3) in a generic
Banach space is

h(z,x*) > (x,2*), V(r,z*)e X x X* )
h*(x*,x** Z <.’,U*,SU**>, v(x*’x**) c X* X X**
In this paper, we prove that (4) is a sufficient condition for a lower semicontinuous convex
function h to represent a maximal monotone operator in a generic Banach space.

The theory of convex representations of maximal monotone operators is closely related to
the study of a family of enlargements of such operators [9] introduced in [20]. In particular,
an important question concerning the study of e-enlargements [6, 7, 8], T¢, of a maximal
monotone operator T is whether an element in the graph of T° can be approximated by
an element in the graph of T'. This question has been successfully solved for the extension
O.f, of Of, by Brgndsted and Rockafellar in [5]: Given € > 0 and z* € 0.f(x), for all
A > 0 there exists 73 € 0f(Z,), such that

— — % * 8
Iz =2l < A flz3 =27 < 1 (5)
It does make sense to ask if the same property is valid for maximal monotone operators,
that are not subdifferentials, with respect to its e-enlargements: Let X is a real Banach
space, T : X =% X* a maximal monotone operator and z* € T¢(z) for some ¢ > 0. Given
A > 0, does there exists T3 € T¢(Z,) such that (5) is valid?

The answer is affirmative in a reflexive Banach space setting [8] but is negative in a
non-reflexive Banach space [17]. From now on, we will refer to this fact as Brondsted-
Rockafellar property.

The major goal of this paper, is to show that (4) is a sufficient condition for a lower
semicontinuous convex function h to represent a maximal monotone operator in a generic
Banach space and that such operators satisfy a strict Brondsted-Rockafellar property (see
Theorem 4.2, item 4.).
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The manuscript is organized as follows: In Section 2 we establish some well known results
and the notation to be used in the article. In Section 3 we are concerned with preliminary
technical results and in Section 4 we prove our main results.

2. Basic Results and Notation

The norms on X, X* and X** will be denoted by || - |. We use the notation R for the
extended real numbers:

R = {—00} URU {oo}.

A convex function f : X — R is said to be proper if f > —oo and there exists a
point & € X for which f(#) < co. The subdifferential of f is the point to set operator
Of : X = X* defined at z € X by

Of(x) ={a" € X* [ f(y) = fx) + (y —x,2"), for all y € X}.

For each x € X, the elements x* € df(x) are called subgradients of f. Rockafellar proved
that if f is proper, convex and lower semicontinuous, then df is maximal monotone on

X [16].
Fenchel-Legendre conjugate of f: X — Ris f*: X* — R defined by

f(z") = sup{(z,2*) — f(x) | v € X}.

Note that f* is always convex and lower semicontinuous. If f is proper convex and lower
semicontinuous, then f* is proper and from its definition, follows directly Fenchel-Young
inequality: for all x € X, % € X*,

f@)+ [ (2%) = (z,2%) and  f(z) + [7(27) = (z,27) iff 2" € Of (x). (6)

Note that h(z,x*) := f(x) + f*(«*) fully characterizes Of.

The concept of e-subdifferential of a convex function f was introduced by Brgndsted and
Rockafellar [5]. It is a point to set operator O.f : X = X* defined at each x € X as

O.f(x)={x" e X*| fly) > f(x)+ (y —z,2") — ¢, for all y € X},

where € > 0. Note that 0f = 0yf and Of(x) C 0-f(x), for all € > 0. Using the conjugate
function f* of f it is easy to see that

€0 f(x) & [flx)+ (") < (z,27) +e (7)

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

Theorem 2.1 ([4, pp. 11]). Let us consider two proper and convex functions f and g
such that f (or g) is continuous at a point & € X for which f(z) < oo and g(Z) < oo.
Then,

Inf{f(z) +g(x)} = max {—f*(=27) — g"(«")}. (8)

r*eX*
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3. Preliminary Results

In this section we present some preliminary technical results which will be used in the
next sections.

Theorem 3.1. Suppose that h : X x X* — R is proper, convex, lower semicontinuous

and
h(z,z*) = (z
h*(z*, x**) > (a*

x,x*y, V(r,z*)€e X x X*
, oy, Y(at, ) € X ox X
")

Then, for any & > 0 there exists (Z,%*) € X x X* such that

~ o~ 1 ~ 1 ~ % ~ ~ %
W@, ) + 1217+ S1EF <e [3)F < h(0,0),  [l7*]* < A(0,0),
where the two last inequalities are strict in the case h(0,0) > 0.
Proof. If h(0,0) < ¢ then (Z,2*) = (0, 0) has the desired properties. The non-trivial case
1s
e < h(0,0), (9)
which we consider now. Using the first assumption on h, we conclude that for any (x, z*) €
X x X*,
x 2 |2 « 2 |2
Wz, a™) + 5zl + 52717 = (o 2%) + 5ll=l” + zll27])
. 2 |2
=l = + zll=l” + 3l (10)
«|[\2
= 5 (l=ll = l=[)” = 0.

v

The second assumption on h also gives, for all (z*, 2*) € X* x X*™,

R )+ A I 2 () A
> [+ S e ()
2
= L= ey 2 0

Now using Theorem 2.1 with f,g: X x X* — R,
* * * 1 2 1 *(12
we conclude that there exists (2%, 2**) € X* x X** such that

1 1 1 1
inf h(z,2*) + 5zl + Sl = —h (2%, 2) = S = Sl

As the right hand side of the above equation is non positive and the left hand side is non
negative, these two terms are zero. Therefore,

1 1
inf h(z,2) + 5ol + 5| = 0, (12)

and .
hr (2, 27) + —HA*H + 5 IIA**H2=0~ (13)
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For (z*,2**) = (2%, 2**), all inequalities on (11) must hold as equalities. Therefore,
124 = [|2||* = —h*(2*, ) < h(0,0), (14)

where the last inequality follows from the definition of conjugate.

Using (12) we conclude that for any n > 0, there exists (z,,2,") € X x X* such that
* 1 2 1 * (2
(g 2) + gl + 2l I < (15)

If 1(0,0) = oo, then, taking n = ¢ and (Z,7*) = (z,, z,") we conclude that the theorem
holds. Now, we discuss the case h(0,0) < co. In this case, using (14) we have

127 = 1271 < v/ 1 (0,0). (16)

Note that from (9) we are considering
e < h(0,0) < oco. (17)
Combining (15) with (13) and using Fenchel-Young inequality (6) we obtain

N> h(eg,xy") + gllegll” + gllag |® + Ar (20 27 + G2 + gl
> (g, 27) + (2", 27+ gl + Gl 17 + 312707 + 521
> Sllzall® = lallllz=) + 1217 + gl 1 = a2 0 + 3112+
= 5 (lzall = 112°10% + 5 (Il = N1271)* -

As the two terms in the last inequality are non negative,

lzall < W21+ v20, g™l < 1271 + v/2n.

Therefore, using (16) we obtain

lzgll < V/h(0,0) + /20, llay*[| < V/R(0,0) + /21,

To end the proof, take in (15)

0 18
=S 55(0,0) (18)
and let
h(0,0
= (0,0) , =7, T =T, (19)
Jh(0,0) + 25
Then,

12l < V/A(0,0),  [lZ"]| < V/A(0,0).

Now, using the convexity of h and of the square of the norms and (15), we have
~ 1 * (12
h(Z,27) + —H I” + 112"

< u_qauam+f(hum%>+§mmf+§mnW)

< (I=7)Rh(0,0)+7n
= Nh(0,0) — 7(h(0,0) — 7).
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Therefore, using also (18)

s—(h@z,x) L+ 5 H~*H> > e h(0,0) + 7(h(0,0) — 1)
> &= h(0,0) + 7(h(0,0) — 21)
- g—hmmy+¢mam(v%mﬁy—v%3

= &—+/2h(0,0)n > 0.

which completes the proof. O]

In Theorem 3.1 the origin has a special role. In order to use this theorem with an arbitrary
point, define, for h: X x X* — R and (z,2*) € X x X*,

ooy s X X X5 — R,

20
hizzy(x, ") = h(x + 2z, 2% + 2*) — [(x, 25y 4+ (z,2%) + (2, z*>] (20)
The next proposition follows directly from algebraic manipulations and from (20).
Proposition 3.2. Take h: X x X* — R and (z,2*) € X x X*.
1. If h is proper, convex and lower semicontinuous, then h, .+ is also proper, convex

and lower semicontinuous.
2. (hez)* = (W) ), where in the right hand side z is identified with its image by
the canonical injection of X into X**:

(W) ey (@, ™) = W™ (2™ + 2", 2™ 4+ 2) — [(x*, z) 4+ (2%, 2™) + (27, z>]
3. Forany (z,z*) € X x X*,
hizooy(x,2%) = (x,2") = Wz + 2,2" + 2°) — (v + 2,27 + 27).

4. If h majorizes the duality product in X x X* then h(. .-y also majorizes the duality
product in X X X*.

d. If h* magorizes the duality product in X* x X** then (h(..-))" also majorizes the
duality product in X* x X**.

Corollary 3.3. Suppose that h : X x X* — R is proper, convez, lower semicontinuous
and

h(z,2*) > (z,2*), VY(z,2*)€ X x X*
h*(x*, %) > (z*,2™), V(2% 2%*) € X* x X*.

Then, for any (z,z*) € X x X* and € > 0 there exist (Z,7*) € X x X* such that

h(Z, &%) < (2,3%) +e,
||j - Z||2 S h(Z, Z*) - <Z,Z*>,
||Z* — Z*H2 < h(z,2%) — (z,2%).

where the two last inequalities are strict in the case (z,2*) < h(z, z*).
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Proof. If h(z,2*) = (z,2*) then (Z,2*) = (z, z*) satisfy the desired conditions. Assume
that
0 < h(z,2") = (z,2%). (21)

Using Proposition 3.2 and applying Theorem 3.1 for the function A, .-y we conclude that
there exists (2, 2*) € X x X* such that

T ok 1 112 1 vt =112 #1(|2
hie o (22 + S IEIP 4 512717 <& N2 < by (0,0), 1277 < b2 (0,0). (22)

By (20), note that h(. .+ (0,0) = h(z, 2*) — (2, 2%). Let
T=Z24z, ="+ 2"
Therefore, using (22) and (21), we have
|2 — 2||* < h(z, 2%) — (2, 2%), |7° — 2*||> < h(z, 2%) — (2, 2%).
To end the proof of the first part of the corollary, use Proposition 3.2 and (22) to obtain

h(Z,z*) — (Z,T%)

]

Theorem 3.4. Suppose that h : X x X* — R is proper, convez, lower semicontinuous

and
h(x,x*) > (z,x2*), V(r,z*)e X x X*

Bt 2 > ey, (e € X* x X
If (x,2*) € X x X*, € >0 and
h(z,z*) < (x,x%) + ¢,
then, there ezists (Z,7*) € X x X* such that
hz,z") =(z,77), |e-zl<ve 2" -2 <Ve
Moreover, for any A > 0 there exists (Zx,z) € X x X* such that

3

Manad) = @53, sl < -t <

Proof. Let
h(z,xz*) — (x,2%) < gy < €. (23)
For an arbitrary § € (0, 1), define inductively a sequence {(xy, z})} as follows: For k = 0,
let
(l’o, IS) = (l‘, l’*) (24)
Given k and (zy,z}), use Corollary 3.3 to conclude that there exists some (wj11, 25, )
such that
h(@psn, ) = (@rpn, ) < 0 e (25)
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and
”xk-i-l - xk’”2 < h(flﬁk,ZEZ) - <xk’xl:>7 (26)
a0 = 23l < Ao, 2F) = (o, 7).
Using (23) and (25) we conclude that for all k,
0 < h(wg, x}) — (5, 2}) < 0%, (27)

which, combined with (26) yields

o0 o0 o0 o0
S lzea — ol < VE Y VO lan, — will < VEe Y VR,
k=0 k=0 k=0 k=0

In particular, the sequences {z;} and {z}} are convergent. Let

_ . . o
T = lim xy, " = lim zj.

k—oo k—oo

Then, using the previous equation we have

VEo o " VEo
, T o < .
1-v0 | I 1-v0

Since, by (23), g¢ < ¢, for 6 € (0, 1) sufficiently small,

Iz -2l < Ve 7 —a'll < Ve

17—zl <

Using (27) we have
lim h(xy, zy) — (zx, x5) = 0.

k—o0

As h is lower semicontinuous and the duality product is continuous,
h(z,z*) — (z,z*) <0.

Therefore, h(z,z*) — (z,z*) = 0, which ends the proof of the first part of the theorem.

To prove the second part of the theorem, use in X the norm

lelll = % e,

and apply the first part of the theorem in this re-normed space. O]

4. Main Result

In this section we present our main result, Theorem 4.2. Before that, we recall a well
known result of theory of convex functions.

Lemma 4.1. Let E be a real topological linear space and f : E — R be a convex function.
If g : E — R is Gateaux differentiable at xq, f(zo) = g(xo) and f > g in a neighborhood
of xo, then g'(zo) € Of(xo).
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Theorem 4.2. Suppose that h : X x X* — R is proper, convez, lower semicontinuous

and
h(z,z*) > (z,2*), V(r,z*)e X x X*
h*(x*,x** 2 <.fl§'*,f]3**>, V(l'*,l'**) c X* X X**
Define
T={(x,z") € X x X" | h(z,2") = (x,2")}.
Then
1. T={(z,2") e X x X*| h* (2", 2) = (z,2")}.
2. T is maximal monotone.

3. Let pr be the Fitzpatrick function associated with T', as defined in (1), that is,

or(r,2") = sup (2,y") +(y,2") — (¥, ¥").

(yy*)eT
Then
QO;(ZL‘*,ZE**) > <{L‘*,I**>, ‘v’(x*,x**) e X* x X**.
4. The mazimal monotone operator T satisfies a strict Brondsted-Rockafellar property:

If n > ¢ and x* € T¢(x), that is,
<'T - y,ﬂi* - y*> Z -, v(ya y*) € Tv
then, for any X\ > 0 there exists (), z5) € X x X* such that

BeT@m) lr—aml <A o -z <.

Proof. To prove item 1., denote by 7 : X x X* — R the duality product. This function
is everywhere differentiable and

7' (x,x*) = (¥, x).
Suppose that h(x,z*) = (z,2*) = w(x,z*). Then, by Lemma 4.1
(x*,x) € Oh(x,2"), thatis, h(z,z")+ h" (2" x) = ((z,27), (", 2)),
which implies h*(z*, z) = (x, 2*). Conversely, if h*(z*, x) = (x,z*), then by the same rea-

soning h**(x,z*) = (x,z*). As h is proper, convex and lower semicontinuous, h(x,z*) =
h**(z, z*), which concludes the proof of item 1.

Take (z,x*), (y,y*) € T. Then, as proved above
(%, x) € Oh(x, z%),  (y",y) € Oh(y,y").

As Oh is monotone,
<($,ZE*) - (y’y*)’ (l‘*,fb) - (y*’y» > 07

which gives (z — y,z* — y*) > 0. Hence, T is monotone.
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To prove maximal monotonicity of 7', take (z,2*) € X x X* and assume that
(x —z,2" = 2") >0, Y(x,z%)eT. (29)

Using Theorem 3.1 and Proposition 3.2 we know that
: * 1 2 1 %12
inf ooy (0,0) + 5 [l + 5 [ = 0.

Therefore, there exists a minimizing sequence {(ug, u})} such that

1

o k=12 (30)

* 1 2 1 * |12
e )+ 5 P+ g <
Note that the sequence {(ug,u})} is bounded and

h(Z,z*)(ukaZ) - <ukaul:> < h(Z,Z*)(ukaUlt) + ||Uk|| HUZH

. 1 s 1. .0
< ey (i) + S llull” + 5 gl

Combining the two above inequalities we obtain

1

h(z,z*)(uk,uZ) < <uk’u;;> + ﬁ

Now applying Theorem 3.4, we conclude that there for each k there exists some (uy, u})
such that

Rz (i Ug) = (U, W), Uk — uiel| < 17K, [Jag — ]l < 1/k.
Then,
(T, Ty) = (Un + z,uy, + 27) € T,
and from (29)
(Ug,uy) = (Tp — 2,25, — 2%) > 0.
The duality product is uniformly continuous on bounded sets. Since {(ux,uj)} is bounded

and limy_, o ||up — x| = limg_o ||ujp — @}]| = 0 we conclude that

h;fn inf (uy, uy) > 0.

Using (30) and the fact that A majorizes the duality product, we have

* 1 2 1 * (12 * 1 2 1 * (12 1
0 < (i) + 5 e + S ? < B Cn, ) + 5 el + 5 ) < -
Hence, (uy,u}) < 1/k* and limsup,_, ., (ug, u}) < 0, which implies limy_ o (ug,u}) = 0.
Combining this result with the above inequalities we conclude that
klim (ug,uy) = 0.
Therefore, limy_.o (uy, uy) = 0 and {(Zx, T})} converges to (z, 2*). As h(Zy, T}) = (Tk, T})
and h is lower semicontinuous,

h(z,2*) < (z,z%).
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which readily implies h(z, z*) = (z, z*). Therefore (z,2*) € T and T is maximal monotone.

For proving item 3., note that as 7T is maximal monotone, Fitzpatrick function @7 is
minimal in the family of functions which majorizes the duality product and at T are
equal to the duality product. In particular, the first inequality in item 5. holds and
h > 7. Hence,

pr = 17,
which readily implies the second inequality in item 3.

For proving item 4., assume that n > ¢ > 0 and

(x—y, 2" —y") > -, V(yy)eT.
Fitzpatrick function of T' is

or(z,2") = sup (z,¥") + (y,2") — (y,y")
(y,y*)eT
= sup —(x—y, 2" —y")+ (x,z").
(y,y*)ET

Therefore
or(z,z*) < (z,z") + e < (z,2%) + .
Now, use item 3. and Theorem 3.4 to conclude that there exists (Z,,Z}) such that

— - _ - _ _ n
QOT(I%"EX) = <:L‘)\,CL’§>, ||JZ - ZL’)\H <A, ||ZE* - J]/\H <3

A
The firs equality above says that (z,,z}) € T, which ends the proof of the theorem. [

Corollary 4.3. Let T : X = X* be mazimal monotone. If there exists h € Fr, that is,
h: X x X* — R proper, convez, lower semicontinuous and

h(z,z*) > (x,z*) VY(z,z")e X x X~
with equality in (x,2*) € T, such that

then, T" has the strict Brgndsted-Rockafellar property and the conjugate of or, the Fitz-
patrick function associated to T, majorizes the duality product in X* x X™**

on(a® ™) > (2, 2™) V(" 2™) e X* x X,

The duality product is continuous in X x X*. Therefore, if a convex function majorizes
the duality product then the convex closure of this function also majorizes the duality
product and has the same conjugate. This fact can be used to remove the assumption of
lower semicontinuity of h in Theorem 4.2.

Corollary 4.4. Suppose that h: X x X* — R is conver and
h(x,x*) > (z,x*), ¥V(zr,z*)e X x X*
h*(x*,a:**) Z <.CU*,Z'**>, V(SE*,I**) c X* X X**
Define
T={(x,z") e X x X* | h" (2", 2) = (x,2")}.
Then
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T is maximal monotone.
Let or be Fitzpatrick function associated with T'. Then

or(x,x*) > (z,2*), V(zr,z*)e X x X*

x
31
*,.T**) 2 <JJ*,.T**>, V(x*,x**) c X* X X** ( )

8

o7 (

The maximal monotone operator T satisfies a strict Brgndsted-Rockafellar property:
If n > e and x* € T%(z), that is,

<CE - y,ﬂ?* - y*> > —&, v(yuy*> € T7
then, for any A > 0 there exists (T, Z5) € X x X* such that

BeT@), lle-ml<r [o" -zl <1
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