A new condition for maximal monotonicity via
representative functions
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Abstract. In this paper we give a weaker sufficient condition for the maximal
monotonicity of the operator S+ A*T'A, where S : X = X*, T : Y = Y* are two
maximal monotone operators, A : X — Y is a linear continuous mapping and
X, Y are reflexive Banach spaces. We prove that our condition is weaker than
the generalized interior-point conditions given so far in the literature. This con-
dition is formulated using the representative functions of the operators involved.
In particular, we rediscover some sufficient conditions given in the past using the
so-called Fitzpatrick function for the maximal monotonicity of the sum of two
maximal monotone operators and for the precomposition of a maximal monotone
operator with a linear operator, respectively.
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1 Introduction

The maximal monotonicity of operators defined on a Banach space has been
intensively studied since the beginning of this theory in the 60’s. We mention
here the papers of Browder ([8]) and Rockafellar ([21], [22]) who made the first
important steps in this field. Obviously, the sum of two maximal monotone
operators is monotone, but not always maximal. The challenge is to give as weak
as possible sufficient conditions in order to assure the maximality of the sum.
The literature is quite rich in such conditions, given in the framework of
reflexive Banach spaces (see [1], [4], [6], [7], [11], [15], [17], [22], [24], [26], [28]). A
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comprehensive study on this problem may be found in [23], where many sufficient
conditions are compared and classified. This book and the lecture notes ([20]) due
to Phelps are important references for the theory of maximal monotone operators.

A generalization of this problem is to find conditions to ensure the maximality
of the operator A*T'A, where T is a maximal monotone operator and A is a
linear and continuous mapping. In this case the number of conditions given in
the literature is relatively small ([4], [6], [11], [15], [17], [26]). Excepting the
condition given in [6], which is formulated using the conjugate of the Fitzpatrick
function of T (notion introduced in [12]), the other ones are generalized interior-
point conditions.

The most general case treated in the literature so far is referring to the max-
imality of the operator S + A*T' A, where S : X = X*, T : Y == Y* are two
maximal monotone operators, A : X — Y is a linear continuous mapping and
X,Y are reflexive Banach spaces. In this paper we give a weak sufficient condi-
tion that guarantees the maximality of this operator. It is stated in terms of the
representatives of the operators involved. The notion of a representative function
of a monotone operator has been introduced in [12] and it is intensively studied in
[4], [10], [14], [17], [19]. The most prominent example of representative functions
of a monotone operator is the Fitzpatrick function ([12]; for other examples see
[4], [10], [16], [17]). The sufficient condition we give in this paper turns out to be
weaker than the generalized interior-point conditions given by Pennanen in [15]
and by Penot and Zalinescu in [19]. The proof uses an idea due to Borwein ([4])
and shows once more the usefulness of convex analysis in treating the problem of
maximality of monotone operators. Other links between monotone operators and
convex analysis may be found in [2], [6], [7], [10], [13], [14], [16], [17], [23], [24],
[25]. As particular cases we rediscover the sufficient conditions given in [6] and [7]
using Fitzpatrick functions for the maximal monotonicity of the precomposition
of a maximal monotone operator with a linear operator, respectively, for the sum
of two maximal monotone operators. The conditions in [6] and [7] are the weakest
known so far in the literature for the maximal monotonicity in reflexive Banach
spaces. We close the paper by particularizing our condition for the case of the
subdifferential mapping of a proper, convex and lower semicontinuous function.

The paper is organized as follows. In the next section we present some defi-
nitions and preliminary results from the theory of convex analysis and monotone
operators that will be used later. In section 3 we give the announced constraint
qualification which ensures the maximality of the operator S + A*T'A, proving
that it is weaker than the ones given in [15] and [19]. In section 4 we treat
some particular cases of the main result. A short concluding section and a list of
references close the paper.



2 Preliminaries

In this section we give the necessary notions and results in order to make the
paper as self-contained as possible.

2.1 Elements of convex analysis

The main result of the paper (Theorem 2) is given in a reflexive Banach space.
However, as some preliminary results are valid in a more general setting, we
start by considering a non-trivial locally convex space X and its continuous dual
space X*, endowed with an arbitrary locally convex topology 7 giving X as dual.
Significant choices for 7 are the weak* topology w(X*, X) on X* or the norm
topology of X* when X is a reflexive Banach space. We denote by (z*,x) the
value of the linear continuous functional z* € X* at x € X. For a subset C
of X we denote by cl(C), aff(C), ri(C) and “C its closure, affine hull, relative
interior and intrinsic relative algebraic interior, respectively. In fact, ri(C) is the
topological interior of C' with respect to cl(aff(C')). Note that if C' is a convex
set, then an element € X belongs to *“C if and only if (J,., A(C' —z) is a closed
linear subspace of X (see also [28]). The indicator function of C, denoted by dc,
is defined as d¢c : X — R,

50@):{07 if x € C,

+00, otherwise.

We consider also the first projection, the function pr; : X x Y — X, for Y some
non-trivial locally convex space, pry(z,y) = z,V(z,y) € X x Y.

For a function f : X — R = R U {400} we denote by dom(f) = {z € X :
f(z) < 400} its domain and by epi(f) = {(z,r) € X xR : f(z) < r} its
epigraph. We call f proper if dom(f) # 0 and f(x) > —oo,Va € X. For z € X
such that f(x) € R we define the subdifferential of f at x by 0f(z) = {z* € X*:
fy) = f(x) > (x*,y — x),Vy € X}. The Fenchel-Moreau conjugate of f is the
function f*: X* — R defined by

[ (x*) = sup{(z*, z) — f(z)},Va* € X"

reX

We have the so called Young-Fenchel inequality
(@) + f(x) > (", x),Vo € X, V2™ € X"

Consider also the identity function on X, idyx : X — X,idx(z) = z,Vx € X.
Given two functions, f : M; — M, and g : Ny — Ny, where My, My, N1, Ny are
nonempty sets, we define the function fxg : My x N — Myx Ny by fxg(m,n) =
(f(m),g(n)),¥(m,n) € My x N;. Given a linear continuous mapping A : X — Y,
we denote by Im(A) its image-set, Im(A) = {Az : x € X} and by A* its adjoint

3



operator, A* : Y* — X* given by (A*y*, x) = (y*, Az),Vy* € Y* Va € X. For the
proper function f : X — R we also define the infimal function of f through A as
Af Y =R, Af(y) =inf{f(z) : x € X, Az = y},Vy € Y. When an infimum or a
supremum is attained we write min, respectively max instead of inf, respectively
sup.

Definition 1. A set M C X is said to be closed regarding the subspace Z C X
fMNZ=cd(M)NZ.

It is worth noting that a closed set is closed regarding any subspace.
The following result has been proved in [6] and will play later an important
role.

Proposition 1. ([6]) Let X, Y and U be non-trivial locally convez spaces,
A: X =Y a linear continuous mapping and f 1 Y — R a proper, convex and
lower semi-continuous function such that foA is proper on X. Consider moreover
the linear mapping M : U — X*. The following statements are equivalent:

(a) A* xidg(epi(f*)) is closed regarding the subspace Im(M) x R in the product
topology of (X*,7) X R,

(b) (f o A)*(Mu) = min{f*(y*) : A*y* = Mu},Yu € U.

Theorem 1. ([5]) Let X and Y be non-trivial locally conver spaces, A : X —
Y a linear continuous mapping, f : X — R and g : Y — R proper, convex and
lower semi-continuous functions such that A(dom(f)) Ndom(g) # 0. Then

(i) epi(f*) + A* x idr(epi(g*)) is closed in the product topology (X*,7) x R if
and only if

(f+goA) (") =min{f*(z" — A"y" )+ ¢"(y") : y* € Y}, Vo™ € X™.

(i) If epi(f*) + A* x idr(epi(g*)) is closed in the product topology (X*,7) X R,
then Yx € dom(f) N A~ (dom(g)) one has

O(f+goA)(zx) =0f(z)+ A*0g(Ax).
Remark 1. In [5] the authors proved that the condition
epi(f*) + A" x idr(epi(g*)) is closed in the product topology (X*,7) x R
is equivalent to

epi(f+go A)* =epi(f*) + A* x idg(epi(g")).



The following corollary can be obtained by taking in Theorem 1 X =Y and
A=idy.

_ Corollary 1. ([5]) Let X be a non-trivial locally convez space and f,g: X —
R proper, convex and lower semi-continuous functions such that dom(f) () dom(g)
# (). Then

(i) epi(f*) + epi(g*) is closed in the product topology (X*,7) x R if and only if

(1) If epi(f*) + epi(g*) is closed in the product topology (X*,7) X R, then Vz €
dom(f) Ndom(g) one has

(f +g)(x) = 0f(z) + Og(x).
Remark 2. The condition
epi(f*) + epi(g”) is closed in the product topology (X*,7) x R
is equivalent to

epi(f +g)" = epi(f”) + epi(g”).

2.2 Monotone operators

In the following we recall some notations and results concerning monotone oper-
ators. Consider further X a Banach space equipped with the norm || - ||, while
the norm on X* is || - ||,

Definition 2. The multifunction S : X = X* is called a monotone operator
provided that for every z,y € X one has

(y* — ",y —x) > 0,Va* € S(x),Yy* € S(y).
For the multifunction S : X = X* we have
e its effective domain D(S) = {x € X : S(x) # 0},
e its range R(S) = U{S(z) : z € X},
o its graph G(S) = {(z,2*) v € X,z* € S(x)}.

Definition 3. A monotone operator S : X == X* is said to be mazimal when
its graph is not properly included in the graph of any other monotone operator
on the same space.



A classical example of a maximal monotone operator is the subdifferential of
a proper, convex and lower semicontinuous function on X ([21]). We introduce
also the duality map J : X = X* defined as follows

1 * * * *
J(@) = 0(Flal?) = {a* € X" 2]]* = " |2 = (", 2) } Vo € X.

Using the duality map one can give a necessary and sufficient condition for
the maximality of a monotone operator, as follows.

Proposition 2. ([23]) A monotone operator S on a reflexive Banach space
X is mazimal if and only if the mapping S(z+-)+J(+) is surjective, for allz € X.

Consider that X is a reflexive Banach space. For a function f : X x X* — R,
we denote by £ the transpose of f, namely the function f' : X*x X, fT (2%, z) =
i(a:, x*). In a similar way one can define the transpose of a function f : X*x X —

R. The pairing function on X x X* is denoted by ¢, c(z,x*) = (z*, ). Also we
identify the dual of X x X* with X* x X by the pairing

(W), (z,27) = (¥, x) + (2%, ).

Having a maximal monotone operator S : X == X* we associate to it the
functions cg 1= ¢+ dg(s) and g := cocg, that is the closed convex hull of cg.
They have been intensively studied by Burachik and Svaiter in [10] and by Penot
in [16], [17]. We consider also the Fitzpatrick function of S, defined by

ps: X x X* = R, pg(z,2%) = sup{(y*,z) + (z*,y) — (v, y) 1 y* € S(y)}.

Introduced by Fitzpatrick ([12]), it proved to be very important in treating the
problem of maximality of the sum of maximal monotone operators, via convex
analysis. The most important results concerning these functions are given in the
following proposition.

Proposition 3. ([17], [19], [24]) Let S be a mazimal monotone operator on
a reflexive Banach space X. Then

(a) ps is conver and lower semicontinuous;
(b) for each pair (z,z*) € X x X* we have
ps(at, x) = ps(a,a”) = (27, x).
Moreover, p&(a*,x) = pg(x,x*) = (*, x) if and only if (x,x*) € G(S);

(c) ps=c5", Ys =5 and Ys > @5 > c.



Definition 4. Let S : X = X* be a maximal monotone operator. We

call a representative function of S a lower semicontinuous convex function fg :
X x X* — R fulfilling

fs>cand G(S) ={(z,2") € X x X*: fo(z,2") = (", x)}.

We observe that a representative function of a maximal monotone operator is
proper. The next result is a direct consequence of Proposition 1 and Proposition
4 in [19].

Lemma 1. Let fg: X x X* — R be a representative function of the mazimal
monotone operator S. Then f%>c' and

G(S)={(z,z") € X x X*: fi(z",x) = (¥, x)}.

By Proposition 6 in [19], the lower semicontinuous convex function f : X x
X* — R is a representative function of the maximal monotone operator S if and
only if pg < f < 1)g. In particular, g and g are representative functions of S.
It follows that f*T is a representative function of S when f is also a representative
one (see also [27]).

One can see that if f: X — R is a proper, convex and lower semicontinuous
function, then a representative function of the maximal monotone operator 0f :
X = X* is the function (z,z*) — f(x)+ f*(z*). This follows by the Young-
Fenchel inequality and from the definition of the subdifferential of f.

According to Example 3 in [18], if f is a sublinear lower semicontinuous func-
tion, then the operator df : X = X* has a unique representative function,
namely the function (z,2*) — f(x) + f*(2*). This result is true even if X is
non-reflexive (see Theorem 3.1 in [9]).

If X is a Hilbert space, then there exists a unique representative function
of the maximal monotone operator d(d¢) : X = X, where C is a nonempty
closed convex set in X. Indeed, by Example 3.1 in [3], the Fitzpatrick function
of 0(0¢) is wa(se)(x, %) = dc(x) + 65(2*). This implies by Proposition 3(c) that
Vo) = gog&c) = Qo) As faee) is a representative function of d(d¢) if and
only if Y.y < faee) < Yooy, we get that the unique representative function is
(x,2%) — 0c(z) + o5 (x").

3 Maximal monotonicity of the operator S +
AT A

Throughout this section X and Y are reflexive Banach spaces. Consider A :
X — Y alinear continuous mapping, S : X = X*and T : Y = Y* two maximal
monotone operators with representative functions fg, respectively fr, such that
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A(pry(dom(fs)))Npr,(dom(fr)) # 0. The operator S+ A*TA : X = X*, defined
by (S+A*TA)(x) = S(x)+(A*oToA)(z),Vx € X, is monotone, but not always
maximal. Next we prove, using an idea due to Borwein ([4]), that this operator
is maximal, provided that the following constraint qualification is fulfilled,

(CQ)  {(@" + Ay a,y,1) : f3@", @) + fiy',y) < 7} is closed regarding the
subspace X* x A4 x R,

where AY = {(z, Ar) : v € X}.

Theorem 2. If (CQ) is fulfilled then S + A*T'A is a maximal monotone
operator.

Proof. Let us consider z € X and z* € X* some fixed elements. According
to Proposition 2, the main idea is to prove that there exists ¥ € X such that
2z € (S + A*TA)(T + 2) + J(T). Consider the functions F,G : X x X* — R
defined by

F(z,z*) = inf {fs(z+ z,u") + fr(A(z + 2),y") — (u*, 2) — (y*, Az)}
(wgr)eX xy
’lL*+ *y*:x*_,’_z*

and 1 ]
Gl a*) = Sl + 5”2 = (=, 2), Y(w,27) € X x X"

In the following we compute the conjugates of F' and G. For (w*,w) € X* x X
we have

Frw'w) = sup {(w*,x) + (x*,w) — inf {fs(x + z,u*) +
(z,x*)EX X X* (u*,y*)EX* XY™
u*-i—A*y*:x*—i—z*

fr(Ale+2),y7) — (u*, 2) - <y*,Az>}} - sup {(w2) + (u" + Ay~ -

$€X,(U*7y*)EX* xY*

25 w) — fs(x + z,u*) — fr(A(z + 2),y%) + (U, 2) + (y*, Az) } }

— sup {(w*, u—z) + (u* + A%y* — 25 w) — fs(u,u*) — fT(Au,y*) +
zeX,(u*y*)eX*xY™*
u=z+z€X
(u*, 2)+(y*, Az) } = sup {{w u)+{u*, wtz)+(y*, A(w+2))— fs(u,u*)—
ueX

(u*y*)EX* XY™

fT(Au,y*)} —(w*, 2) — (2%, w).

Considering the functions h : X x Y x X* x Y* — R, h(z,y,z*,y") =
fs(z,2*) + fr(y,y*),B : X x X* xY* - X XY x X* x Y* B(z,z*,y") =
(v, Az, z*,y*) and M : X x X* = X* x X XY, M(w,w*) = (w*,w, Aw), we have
that

F*(w*,w) = (ho B)*(M(w + z,w")) — (w*, 2) — (", w).
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One can see by direct computation that the Fenchel conjugate of h is h* :
X*xY*x X xY — R, h*(z*,y*,2,y) = fé(z*,2) + f+(y*,y) and the adjoint
operator of the linear continuous mapping B is B* : X* x Y* x X xY —
X* x X xY,B*(p*,q¢*,a,b) = (p* + A*q¢*,a,b). Hence B* x idg(epi(h*)) =
{(B*(z*,y*, z,y),r) : h*(z*,y", z,y) < r} = {(@*+ Ay, 2,yr): filz"z)+
fi(y*,y) < r} and because Im(M) x R = X* x A4 x R, the constraint qual-
ification (C'Q) is nothing else than B* X idg(epi(h*)) is closed regarding the
subspace Im(M) x R. By Proposition 1 we have that (h o B)*(M(w + z,w*)) =
min{h*(a*, b*,a,b) : B*(a*,b*,a,b) = M(w + z,w*)} (the properness of the func-
tion h o B is assured by the assumption A(pr,(dom(fs))) N pr;(dom(fr)) # 0).
This shows that

F* *7 — : * *7 _"_ * b*7b _ *, _ *7 .
(W) (a*+A*b*,a,b)g%iur’},w+z,A(w+z)){fS(a a) + fH(0 D)} = (W', 2) = (<7 w)

For the conjugate of G, we have

Gwtw) = sup {(a)+ (@) = sl = Slle I+ (00 )
zeX, 2 2
rreX™

1 1
= Sl Sl

For every (z,z*) € X x X* and (u*,y*) € X* x Y* such that u*+ A*y* = * 4 2*,
we obtain by the definition of the representative function that

fs(x+z,u") + fr(Alz + 2),y") — (u*, 2) — (y*, Az) + G(z,2*) >
(W o+ 2) + (", Al + 2)) — (u*, 2) — (y*, Az) + G(z,2") =
(u*z) + (A"y" x) + Gz, z") = (u",x) + (" + 2" —u*, 2) + G(z,2") =
(" + 2", 2) + G(z,2") = %HIHQ + %Hx*Hz + (z*,x) > 0.
This implies F'(z,z*) + G(z,2*) > 0,V(z,2*) € X x X*, that is

inf  {F(z,2")+ G(z,z")} > 0.

(z,x*)eXxX*

One can see that the functions F' and G are convex and the latter is contin-
uous. Thus, by Fenchel’s duality theorem ([28]) there exists a pair (T*,Z) such
that

B AP G} = (P 0) = G ()
= —F"(z",7) - G'(—-7", 7).



Using the last two relations we get F*(T*, %) + G*( —7*, —7) < 0. So there exists
(@,a,b,b) € X*x X xY* x Y such that (a*+ A*b’ Eb) (5, T+ 2, A(T+2))
and

¥ (—k — * (1 7T — r— 1 —x * 1 —
fo(aa) + f(FB) — (2 — () - 2 L - al <0

Taking into account that b = A(T + z) = Aa, T = a — z and T* = @* 4+ A*D we
obtain

0 > (fi@ a>)+(f;:(5* b) - (®'.5) + @)+ (5.5)
— @) B T 2R g -7 = (73 ) - )
+ (FED-@ b>) (@, a) + (0,0 — (@ + A, 2) — (=, a — 2)

b3l -7 = (3T - @)
+ (FED =08 + @)+ (0 Aa) — (@) — (7, A2) - (0)

* —% * 1 — * =k — —k  —
b bl T R gl -EP = (f@ ) - @ @)

* 7 1 —x% *7¥ * (12 1 = 2
+ (fTb B) = F.B) + 5l - - AT + 2+ Sl -+
+ (=T = AD 42, —a+2) >0,

where the last inequality follows from Lemma 1. Hence the inequalities above
must be fulfilled as equalities, that is

f;(a*>a) = <5*,a>, f%(g*’l_)) = <B*’E>
and
1 —x *7 ¥ *(|2 1 — 2 —x *7 ¥ * —
§||—a — A*D +z||*+§||—a—|—z|| +(—a"— A +z2",—a+2z2)=0.

Using Lemma 1 and the definition of the duality map J, the last three equalities
are equivalent to a* € S(a@), b € T(b) and, respectively, 2" —a” — A% e J(a—=z).
Employing once more the relation (a* + A*b ,a,b) = (z5,7 + 2, A(T + 2)), we
get 2* —7* € J(T) and T* = a* + A*D € S(a ) + A*T(Aa) = (S + A*TA)(a) =
(S 4+ A*TA)(T + z). Finally, we have

=T+ =-T)e (S+ATA(T+2)+ J(T).

As z and z* have been arbitrary chosen, Proposition 2 yields the conclusion. [

Remark 3. In the literature one cannot find many conditions for the maxi-
mal monotonicity of the operator S+ A*T'A. We can mention here the one given
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by Pennanen ([15])
(cQr) 0 eri(A(D(S)) — D(T)),
and, respectively, the one given by Penot and Zalinescu ([19])

(cQr?) 0€ iC(A(prl(dom(fS))) — prl(dom(fT))), where fg and fr are
representative functions of S and T, respectively.

According to Corollary 14 in [19], the conditions (CQT) and (CQF%) are
equivalent. We show that our condition is implied by the aforementioned ones.

We assume that (CQT#) is fulfilled. Consider the following functions: s : X x
X*xY* = R, s(z, 2*y") = folw,x*),t: Y x X* xY* = R, t(y, 2", v*) = fr(y,y")
and C: X X X* xY* - Y x X* xY* C(z,2*,y*) = (Az,2*,y*). One can see
by direct computation that

* * ™ % * f*l'*,l'7 lfy:(]?
st X ><X><Y—>R,S(x,$,y):{+so(o ) otherwise

* * T gk [k f* y*7y7 lf‘rzo’
Y x X xY >Rt (y,%y):{ +TO(O ) otherwise

and C* :Y*" X X XY — X* x X xY,C*(y*, x,y) = (A*y*, z,y). As

U A[A(pry(dom(fs))) — pry(dom(fr))] x X* xY* = U A[C(dom(s)) —dom(t)],

A>0 A>0

it follows that (J A[C(dom(s)) — dom(t)] is a closed linear subspace in Y x
AS0
X* x Y*. By Theorem 2.8.3 in [28] it follows that for all (z*,z,y) € X* x X X

Y, (s+toC)*(z*,z,y) = min {s*((z*, z,y) —C*(u*, v, 2)) +t*(u*, v, 2) : (u*,v,2) €
Y*x X x Y}. On the other hand, by Theorem 1, the last relation holds if and only
if epi(s*)4+C* xidg(epi(t*)) is closed in X*x X xY xR. Asepi(s*) = {(z*, z,0,r) :
f5(z*,z) < r}and C* x idg(epi(t*)) = {(A*y*, 0,y,7) : fr(y*,y) < r}, we have
in conclusion that {(z* + A*y*,x,y,7) : f&(a*, ) + f7(v*,y) < r} is closed and
hence closed regarding the subspace X* x A% x R, that is (CQ) is fulfilled.

The fact that (CQ) is indeed weaker than (CQF) and (CQT?) is showed by
an example in the next section.
4 Particular cases

In this section we treat some particular cases of the main result given in the
previous section. We obtain sufficient conditions for the maximality of the op-
erators A*T'A and S + T. Then we give an example which proves that these
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conditions are indeed weaker than the others given so far in the literature. The
subdifferential case is also considered in this section.

4.1 Maximal monotonicity of the operator A*T A

An important special case of Theorem 2 follows by taking S : X = X* S(x) =
{0},Vz € X. In this case G(S) = X x{0} and S+ A*T A = A*T' A. We show that
the operator S has a unique representative function. To this end, we compute
first the Fitzpatrick function pg. We have

ps(x, ) = sup{(y", x) + (z*,y) — (¥, y) 1 y* € S(y)}

0, ifa*=0,

+00, otherwise 0xx{0}-

= sup{(z",y) : y € X} :{

Let fs be a representative function of S. By Definition 4 we get {(x,z*) :
fs(z,x*) = (z*,2)} = G(S) = X x {0}, hence fs(x,0) = 0,Vx € X. Let
r € X and z* € X*, x* # 0 be arbitrary elements. Taking into account that
fs(x,2%) > pg(x,2*) = +00, it follows that fs = dxx0y-

As f&7 is again a representative function of S, we obtain that fi' =§ Xx{0}>
that is f§ = d0yxx. The condition A(pr,(dom(fs)))Npr,(dom(fr)) # 0 becomes
A=Y (pry(dom(fr))) # 0 and the constraint qualification (C'Q)) can be written as

(CQY) {(A*y*, x,y,r):z € X,yeY,y* € Y* fi(y*,y) <r}is closed regarding
the subspace X* x A§ x R.

We prove that (CQZX) is equivalent to the following condition

(CQa) {(A*y*,y,7) : fr(y*,y) <r} is closed regarding the subspace
X* % Im(A) x R.

The conditions (CQ%) and (CQ,4) are nothing else than
{(Ay* z,y,r) iz e X yeY,y e Y fily",y) <N X x AY xR =
(A  z,y,r) iz e X,yeY,y e Y™ faly',y) <r}nX* x A xR
and, respectively,
{(A%"y,r) : fr(y"y) < b N X7 x Im(A) xR =

(A" y,r) : fr(y"y) <rpnX® x Im(A) x R.

"(CQX) = (CQ4)” Take an element (2%, Az, s) € cl{(A*y*,y,r) : fi(y*,y) <
r}NX*xIm(A) xR. Then there exist some sequences (¥ )nen € Y™, (Yn)neny C Y
and (rp)ney € R such that A*y* — 2%y, — Az,r, — s (n — 4o00) and

12



fryt yn) < rp,Vn € N Thus (A*y:, 2, yn, 1) — (2%,2,42,5) (n — 400).
Using that (A*y!, z,yn,rn) € {(A*y*, z,y,7) cx € X,y € Yy* € Y™, fi(y*,y) <
r},¥n € N, we obtain (2%, z,Az,s) € c{(A*y* z,y,r) : v € X,y € Y,y* €
Y5 iy y) < b0 XTx Ay xR = {(A%2,y,1) 1z € X,y € Yy €
Y*, fi(y*,y) < rpnX*x Af xR. This implies that 2* = A*y* and fi(y*, Az) < s,
so (2%, Az, 8) € {(A*y*, y,7) : fr(y*,y) < r}NX*xIm(A)xR. Hence the inclusion
(A" y,r) « fi(y"y) < rbnXT xIm(A) x R C {(A"y"y,7) : f7(y",y) <
r} N X* x Im(A) x R is true, and because the reverse inclusion is trivial, we get
that (CQ4) is fulfilled.

"(CQa) = (CQX) Let (2%,2,Az,8) € c{(A*y*,z,y,7) 1w € X,y € Y,y* €
Y* fiy,y) < rknX* x Af x R be fixed. Then there exist some sequences
(Y )nen € Y™, (2n)neny € X, (Yn)nen C Y and (7)neny € R such that A*yl —
25T — 2,Yn — Az,ry — s (n — +00) and f1(y), yn) < 7, V0 € N We have
(A*Y% Y, 1) — (2%, Az, 8) (n — +00). Using that (A*y, yn, ) € {(A*y*,y,7) :
frly*y) < r},Vn € N, we obtain (z*, Az,s) € cl{(A*y*, y,r) : fr(y*,y) <
r}NX* xIm(A) x R = {(A*y*,y,7) : fr(y*5y) < r}nX* xIm(A) x R. We
get z* = A*y* and fi(y*, Az) < s, so (2%, 2,Az,s) € {(A*y*, z,y,7r) :z € X,y €
Y,y* € Y* fi(y*,y) <r}NX* x A4 x R. Thus (CQY) is fulfilled.

Corollary 2. If (CQa4) is fulfilled, then A*T A is a mazimal monotone oper-
ator.

Let us notice that the interior-point condition (CQF?) in Remark 3 becomes
in this case (see [19])

(CQL?) 0 € “(pry(dom(fr)) — Im(A)).

Obviously, (CQ ) is implied by CQ%Z; this fact was proved in [6] for the case fr is
the Fitzpatrick function of 7. The constraint qualification (CQ 4) and Corollary
2 extends the corresponding results given in the paper [6].

4.2 Maximal monotonicity of the operator S + T

A second important special case of Theorem 2 is obtained by taking ¥ = X and
A =1idx. Then A* =idx«, 5,7 : X = X* and S+ A*T'A = S+T'. The condition
A(pr, (dom(fs))) N pry(dom(fz)) # O becomes pry(dom(fs)) Npr,(dom(fr)) # 0

and the constraint qualification (CQ) is in this case

(CQ4) {(@* +y* 2,y,7)  f3(@%,2) + f1(y*,y) < r}is closed regarding the
subspace X* x Ax x R,

where Ax = {(z,z) : z € X}.
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Corollary 3. If (CQ.) is fulfilled, then S+ T is a maximal monotone oper-
ator.

The interior point-condition (CQF#) in Remark 3 becomes in this case (see

[19]) '
(CQL?) 0 € “(pry(dom(fs)) — pr, dom(fr)).

Obviously, (CQY?) implies (CQ-). For fs = pg and fr = 7 in (CQ) one ob-
tains the constraint qualification given in [6] and [7] for the maximal monotonicity
of the sum of two maximal monotone operators.

Another possibility to get (CQ,) is by deriving it from (CQ,) when Y =
XxX,A: X - XxX, Az = (z,z) and (5, 7T) : XxX = X*xX* (5,T)(x,y) =
(S(z),T(y)). In case S and T are maximal monotone operators, (S,7) is also a
maximal monotone operator and it holds A*(S,T)A(z) = S(x) + T'(z),Vr € X.
After some minor calculations one can see that (CQ4) becomes in this case

(CQ4).

4.3 An example

The example we give in this subsection presents two maximal monotone oper-
ators for which (CQ) is fulfilled and (CQ%#) is not fulfilled. It shows that the
constraint qualifications we have introduced in this paper in the general case, but
also both for the precomposition of a maximal monotone operator with a linear
continuous mapping and for the sum of two maximal monotone operators, are
indeed weaker than the other ones given in the literature. Let us notice that since
the functions f and g are not both polyhedral, the subdifferential sum formula
I(f +9g) =9f +dg (and, as consequence, the maximal monotonicity of df + dg)
does not follow automatically.

Example 1. Take X = R?, equipped with the Euclidean norm | - |2, f, ¢ :
R =R, f=1"]+ (SR?N g = 5_Rgr and S = df, T = dg. Since f is proper,
lower semicontinuous and sublinear and g is the indicator function of a non-empty
closed convex set, the operators S and T" have unique representative functions,
namely

fs(z,z*) = f(x) + f*(z%),V(z,2") € R? x R?

and, respectively,
fr(z,z*) = g(x) + g*(z*),V(x, 2*) € R* x R%

One can see that ¢* = dg2 and f* = 0p 1) g2 , Where B(0,1) is the closed unit
ball in R?. We note that for the set involved in (CQ ) one has

(@ +y5zyr): flo)+ (@) +g(y) + g (y) <r} =
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R? x {(z,y,7) : x € R}y € —RY, ||z[ls < 7}
As this set is closed, we conclude that (C'Q.) is fulfilled.
Since pr;(dom(fs)) = R and pry(dom(fr)) = —R?%, the condition (CQ%Y%)
becomes: Ri is a closed linear subspace in R?, which shows that this condition
fails in this case.

4.4 The subdifferential case

Let us consider f: X — Rand ¢ : Y — R two proper, convex and lower semicon-
tinuous functions such that A(dom(f)) () dom(g) # 0. Consider also the maximal
monotone operators df : X = X* and dg : Y = Y™ and their representative
functions (z,2*) — f(z) + f*(2*), respectively, (y,y*) — ¢g(y) + g*(v*). The
condition (C'Q) becomes

(CQ%) {(e"+ Ay 2y, ) f(2) + [(27) + 9(y) +g7(y") <} is closed
regarding the subspace X* x A4 x R.

By Theorem 2 we obtain the following result concerning the subdifferential
sum formula of a convex function with the precomposition of another convex
function with a continuous linear mapping.

Corollary 4. If (CQ?) is fulfilled, then Of + A*0gA is a mazimal monotone
operator. Hence

If+goA)=0f + A*0gA.

The second assertion of the previous corollary is a direct consequence of the
fact that O(f + go A) D df + A*0gA, which is always the case. The operator
O(f + g o A) being monotone, the equality must hold.

Next we prove that the condition (CQ?) is equivalent to

epi(f*) + A" x idr(epi(g”)) is closed in X* x R. (1)

To this end we make the following notations

U= {(a"+ A%z y,r) « flz) + F1(@7) +9(y) + 9" (y") <7}
and V := X* x A4 x R. Hence (CQ?) can be written as cl(U)NV =UNV,

"(CQ?%) = (1)” Take an element (u*,r) € cl(epi(f*) + A* x idg(epi(g*))).
There exist some sequences (7)nen © X, (47 )nen S Y7, (r)nen € R and
(tn)nen C R such that

x4+ A*yy — u*(n — +00)
rn+tn, — r(n — 400)

[ (@) <r,,VneN

g (y:) < t,¥n € N.
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By the hypothesis, there exists xy € dom(f) (A~ (dom(g)) # 0. We get
f(@o) + g(Awo) + [ (2) + 97 (yn) < 7+ tn + [ (o) + g(Az0), V0 € N,

so (x), + A*yk, xo, Axg, n +tn + f(20) + 9g(Axo)) € U,Vn € N, which implies that
(u*, 2o, Azg, 7+ f(x0) + g(Axg)) € l(U)NV = UNV. It follows that there exist
x* € X* and y* € Y* such that u* = 2* + A*y* and f(z) + f*(z*) + g(Axg) +
g (") <r+ f(xo) + g(Axo), that is f*(z*) + g*(y*) < r. The element (u*,r) can
now be written in the following way

(u*,r) = (z%r —g"(y")) + (A"y", 9" (y")) € epi(f*) + A" x idr(epi(g")),

and so cl(epi(f*)+A* xidr(epi(g*))) C epi(f*)+A* xidr(epi(g*)). As the reverse
inclusion is obvious, the relation (1) is fulfilled.

7(1) = (CQ%)” Let (2*,2,Az,r) € cl(U) NV be fixed. There exist some
sequences (22)nen € X* (45 )nen C Y™ (20)nen € X, (Yn)neny C Y and (7,)nen C
R such that

o+ Aty — 2 (n — +00)
Ty — 2,Yp — Az, 1y — 1r(n — +00)
f(@n) + f5(x) + 9(yn) + g°(y) <70, VR €N,

A simple computation using the definition of the conjugate function shows that
the following inequality is true

(f +g0A)(z, + A%yp) < f(2) + 9" (y,), Vn € N.
Combining the last two inequalities we get
f(@n) +9(yn) + (f + g0 A) (2, + A'y;) <, Vo € N.
The lower semicontinuity of the functions involved yields the inequality
f(2) +9(Az) + (f +go A)' (") <.

This shows (see Remark 1) that (2*,r — f(2) — g(Az)) € epi(f + go A)* =
epi(f*) + A* x idr(epi(g*)). Hence there exist z* € X*, y* € Y* r;,ry € R such

that
{ (2",r = f(2) = 9(A2)) = (z",71) + (A"y", 1)
fr(@) <, g% (y*) <o

The last relations imply f*(z*) + ¢*(v*) < r1 + 1 = r — f(2) — g(A2) &
f(z)+ f(x*) + g(Az) + g*(y*) < r. Finally, (2%, 2z, Az, 1) = (2" + A*y*, z, Az, 1)
and since by the last inequality we obtain (z*,z, Az,r) € U NV, the inclusion
c(U)NV CUNV is true. The reverse inclusion is always true, hence (CQ?) is
fulfilled.

16



In conclusion, we rediscover a sufficient condition for the subdifferential sum
formula of a convex function with the precomposition of another convex function
with a continuous linear mapping, given in [5] in the framework of locally convex
spaces. For the special cases of the precomposition with a linear continuous op-
erator and for the sum we get the following two results.

Corollary 5. If (CQ9) is fulfilled, then d(g o A) is a mazimal monotone
operator. Hence
d(go A) = A*0gA,

where

(CQ3%) {(A*y*, y,7) = g(y) + g*(y*) < r} is closed regarding the subspace
X* xIm(A) x R.

The condition (CQY) is equivalent to
A* x idg(epi(g¥)) is closed in X™* x R. (2)

Corollary 6. If (CQ?) is fulfilled, then Of + Og is a mazimal monotone
operator. Hence

of +g)=0f + 9y,

where

(CQY) {(=* +y*,2,y,7) : f(z) + f*(z%) + g(y) + g*(y*) < r} is closed regarding
the subspace X* x Ax x R.

It turns out that (CQ7) is equivalent to

epi(f*) + epi(g*) is closed in X* x R. (3)

5 Some open questions

As we can see, there exist two types of conditions for the maximality of monotone
operators, given so far in the literature: interior point-conditions and closedness
conditions.

The new conditions introduced in this paper are obviously of closedness type.
As the reader can easily observe, we have in fact a family of sufficient condi-
tions, which can be obtained by considering different representative functions.
Let us denote by CQ(fs, fr) the constraint qualification we get by taking the
representatives fg and fr of the operators S and T, respectively. It could be
an interesting research subject to find out what kind of relations exist between
the different conditions. One should take here into consideration the sufficient
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conditions that ensure the maximal monotonicity of S + T" written by using the
Fitzpatrick function and its conjugate:

CQi(ps,or) {(x*+y* x,y, 1) pi(z*, x) + ©5(y*,y) < r}is closed regarding
the subspace X* x Ax x R,

CQyi(ps,or) (@ +y*,z,y,r): o5(x*, z) + or(y,y*) < r}is closed regarding
the subspace X* x Ax x R,

CQ+(¢s ¢3) {@@*+y* z,y,r) ps(z,2*) + or(y,y*) < r}is closed regarding
the subspace X* x Ax x R.

If they are not comparable, it would be important to provide some relevant
examples proving this fact.

As one can see, the interior point-condition (CQFZ) in [19] is written also
in terms of the representative functions of the operators involved. Nevertheless,
it makes no sense to raise a similar problem as above, since for every pair of
representative functions (fs, fr), the condition (CQF#) is equivalent to (CQF)
and this is written in terms of the operators S and 7.
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