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BOUNDARY HALF-STRIPS AND THE STRONG CHIP*

EMIL ERNST! AND MICHEL THERA?

Abstract. When the subdifferential sum rule formula holds for the indicator functions ¢ and
tp of two closed convex sets C' and D of a locally convex space X, the pair (C, D) is said to have
the strong conical hull intersection property (the strong CHIP). The specification of a well-known
theorem due to Moreau to the case of the support functionals o and op subsumes the fact that
the pair (C, D) has the strong CHIP whenever the inf-convolution of o¢ and op is exact. In this
article we prove, in the setting of Euclidean spaces, that if the pair (C, D) has the strong CHIP
while the boundary of C does not contain any half-strip, then the inf-convolution of o and op
is exact. Moreover, when the boundary of a closed and convex set C' does contain a half-strip, it
is possible to find a closed and convex set D such that the pair (C, D) has the strong CHIP while
the inf-convolution of o and op is not exact. The validity of the converse of Moreau’s theorem in
Euclidean spaces is thus associated to the absence of half-strips within the boundary of concerned
convex sets.

Key words. strong conical hull intersection property, convex programming with convex in-
equalities, Euclidean space, exact infimal convolution, qualification conditions
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1. Introduction. This study concerns an application of a geometrical notion
called the strong conical hull intersection property (strong CHIP) introduced by Deutsch,
Li, and Swetits (see [6]). We say that the pair (C, D) of closed and convex subsets
of some locally convex space X has the strong CHIP if the subdifferential of the sum
and sum of the subdifferentials of their indicator functions coincide:

(1.1) O(tc +tp) =0c + Oup.

As customary, ¢4 is the indicator function of a subset A of X and is defined by
ta(z) = 0if x € A, and t4(x) = +oo otherwise. We also recall that the convex
subdifferential is an operator from X into the topological dual X* of X, which assigns
to each extended-real-valued mapping ® on X a set-valued operator between X and
X* defined by

0P(xg) = {a* € X" : (x —xo,2") + P(xp) < P(x) Ve X},

where (-,) : X x X* — R is the duality pairing between X and X*.
Recalling that the normal cone N¢o(x) at © € X to a closed convex set C of X is
the set duo(x), the strong CHIP for the pair (C, D) amounts to saying that

(1.2) Nenp(z) = No(x) + Np(x) Ve e CnD;

i.e., every normal direction to C'N D at some point = can be expressed as the sum of
normal directions at x to C' and D.
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This property is important in convex optimization because when we consider the
problem of minimizing a convex functional ® on the intersection of two sets C' and D
which have the strong CHIP, the optimality condition for Z to be a minimizer becomes

0 € 0®(z) + N¢(Z) + Np(Z).
In the case of convex differentiable optimization, it becomes
—Vf(z) € No(z) + Np(z).

Let us quote only the result proved when X is a Hilbert space by Deutsch (see
[4]). It says that the strong CHIP is the weakest constraint qualification under which
a minimizer Z of a convex function ® : C1 N Cy — R can be characterized using the
subdifferential of ® at x and the normal cones of C; and Cy at x.

The existence of conditions ensuring that a pair of closed and convex sets has
the strong CHIP is based on a classical result by Moreau ([9, Remarque 10.2]); the
result initially published in [8] makes use of another key concept of convex analysis,
namely the notion of infimal convolution (inf-convolution). Recall that, if ® and ¥
are extended-real-valued lower semicontinuous convex functions over X (this class of
functions from now on is denoted by T'g(X)), the inf-convolution of ® and ¥ is the
extended real-valued function ®0¥ defined by

(1.3) oOY (z) = 1&1;[; (P(z—y)+T(y)).

y
The infimal convolution between ® and ¥ is said to be ezact if POV € I'g(X) and
the infimum is achieved in (1.3) whenever ®0OV(x) < +o0.

Let us also recall that given a convex closed set A in X, we note g4 : X* —
R U {+0c0}, the support function of A. It is defined by

oa(f) =sup(z, f).

r€EA

Using this concept, Moreau’s theorem states that the subdifferential sum formula
(1.1) holds, provided that the inf-convolution of the support functionals of C' and D
is exact. Remark that an equivalent way of expressing the exactness of the inf-convo-
lution of the support functionals o and op is to say that every linear functional
f € X* which is bounded above on C'N D may be expressed as the sum of two linear
functionals f; and fs, bounded above on C' and D respectively, such that

sup (x, f) = sup (z, f1) + sup (z, f2) .
xeCND zeC €D
Let us observe that relation (1.2), i.e., the strong CHIP, is equivalent to the
following property: Ewvery linear functional f € X* which achieves its maximum on
C' N D may be expressed as the sum of two linear functionals fi and fa, achieving
their maximum on C and D, respectively, such that

max (x, = max(x, + max (x, .
a:e(CmD)< f) = max (z, f1) + max (z, fz)
The importance of Moreau’s theorem comes from the fact that several very general
qualification conditions are known to ensure the exactness of the inf-convolution of
support functionals (the reader is referred for further information to the excellent
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articles of Zalinescu [13], Gowda and Teboulle [10], and, respectively, Simons [11], in
which he/she may find a clear picture of the topic, as well as self-contained proofs for
most of the concerned results).

Accordingly, the result proved by Moreau gives the possibility of systematically
specifying every qualification condition as a criterion for the strong CHIP (see for
instance [5, Proposition 2.3].)

Let us remark that the exactness of the inf-convolution of the support functionals
is stronger than the simple strong CHIP. Indeed, Moreau’s condition concerns all the
continuous linear functionals bounded above on the intersection C' N D, while the
strong CHIP is formulated only in terms of those elements from X* which achieve
their maximum on C'N D. The question is thus raised of the validity of the converse
to this theorem.

The converse to Moreau’s theorem obviously holds for sets C' and D such that
every linear and continuous map bounded above on any one of the sets C' N D, C,
or D necessarily achieve their maximums on this set. On this ground, a first partial
converse of the Moreau result has recently been proved by Bauschke, Borwein, and Li
for Hilbert spaces (see [1, Proposition 6.4]); the result was extended to the setting of
Banach spaces by Burachik and Jeyakumar [3, Proposition 4.2]. Their result states
that, if C' and D is a pair of closed and convex cones with the strong CHIP, then the
inf-convolution of their support functionals is always exact.

However, it is not necessary to impose to every linear and continuous map which
is bounded above on any one of the sets C' N D, C, or D, to achieve its maximum
on this set, in order to ensure the validity of the converse to the above mentionned
Moreau’s theorem. It is the aim of this article to clearly define the best conditions
under which the converse of Moreau’s theorem holds. More precisely, we characterize
all the closed and convex subsets C' of an Euclidean space X such that the following
converse of Moreau’s theorem holds: If, for some closed and convex set D, the pair
(C, D) has the strong CHIP, then the inf-convolution of o¢ and op is exact.

Our main result states that the validity of the converse of Moreau’s theorem is
ensured if and only if the boundary of the closed and convex subset C' of the Euclidean
space X does not contain any half-strip (by half-strip we mean, as customary, the
convex hull of two disjoint and parallel half-lines). Note that the class of closed and
convex sets without boundary half-strips is rather large, as it contains—the list is not
exhaustive—all the bounded sets, the strictly convex sets, or even the continuous sets
in the sense of Gale and Klee—sets such that their support functional is continuous
except at the origin (see [7]).

The outline of the paper is as follows. The case of closed and convex sets without
boundary half-strips is considered in section 2. We prove (Theorem 2.3) that, if the
pair (C, D) has the strong CHIP, and if the boundary of one of the sets, say C, does
not contain any half-strip, then the inf-convolution of the support functions of C' and
D must be exact.

The last section is concerned with convex sets which do admit at least one bound-
ary half-strip. If the boundary of a closed and convex set C' contains some half-strip,
then we give a construction of a closed and convex set D such that the pair (C, D)
has the strong CHIP, while the inf-convolution of o¢ and op fails to be exact.

2. Convex sets without boundary half-strips. Now let us first collect some
conditions ensuring in every reflexive Banach space the validity of the converse of
Moreau’s theorem.
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ProprosITION 2.1. Let C and D be a pair of closed and convex subsets of a
reflexive Banach space X. If C and D have the strong CHIP, and at least one of the
following conditions holds:

(i) CN D is bounded;

(i) CN D is a flat;

(iii) C N D is a half-line,
then the inf-convolution of the support functions of C and D is exact. In other words,
the converse of Moreau’s theorem is valid.

Proof of Proposition 2.1. We need the following standard convex analysis result.

LEMMA 2.2. Let C and D be two closed and convex subsets of a locally convex
space X, and consider an element y of X* expressed as the sum y = y1 + y2 of
two normal vectors y1 € Nc(z) and yo € Np(z), for some x € C N D. Then the
inf-convolution of the support functionals is exact at y, that is,

(2.1) ocOop(y) = oc(y1) + op(y2) = (z,y) .

Proof of Lemma 2.2. As y; € Ove(z) and yo € Oup(x), relation y = y; +yo implies
that y € duenp(x). Thus

oc(yr) = (x,y1), o2(y2) = (z,42), ocnp(y) = (2, ¥),

and hence

(2.2) ocnp(y) = oc(y1) + op(y2).

Recall that ocnp < ocop, which means that

(2.3) ocnp(y) < oclbop(y).

Finally, use the definition of the inf-convolution and the fact that y = y; + y» to
deduce that

(2.4) ocOop(y) < oc(y1) + op(y2).

Relation (2.1) follows from relations (2.2), (2.3), and (2.4). O

Let us now return to the proof of Proposition 2.1 and consider that case (i) holds;
i.e., we suppose that the pair (C, D) has the strong CHIP and C' N D is bounded.

As, in addition, X is a reflexive Banach space, it is easy to see that, for every
y € X*, there is an © € C'N D such that y € dtenp(x). The pair (C, D) has the
strong CHIP, and thus y = y1 + y2, for some y; € dic(x) and yo € dip(x); we may
therefore apply Lemma 2.2 and deduce that

(2.5) ocOop(y) = oc(y1) + op(y2) = (z,y) .

On one hand, from relation (2.5) we observe that the T'o(X™)-functional ccOop is
real-valued on X* and thus, as X* is a reflexive Banach space, is follows that ccOop
is continuous. Taking into account that relation (2.5) implies, on the other hand, that
the infimum is always attained in the expression of the inf-convolution, we conclude
that the inf-convolution of the support functions o¢ and op is exact.

Case (ii). Let L be the closed subspace of X parallel to the flat C' N D (that is,
CND=uzy+ L for every g € C'N D), and factorize X with respect to L.

The quotient space X /L, say X, is again a reflexive Banach space. Since o+ L C
C for every xg € C, and zg + L C D for every xg € D, it follows that ¢ and D, the
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quotients of the sets C' and D are closed, and convex subsets of X; moreover, it is
straightforward to prove that the pair (C’, D) has the strong CHIP if and only if the
same holds for the pair (C, D), and that the inf-convolution of the support functions
of ¢ and D is exact if and only if the inf-convolution of the support functions of C'
and D is exact.

But the intersection between ' and D reduces to a singleton, and case (ii) is
proved by applying the conclusion of case (i) to the pair (C, D).

Case (iii). Set zg + R4+T for the half-line C'N D. Obviously, when y € X* and
(Z,y) < 0 we have y € dtcnp(xo). Use the fact that the pair (C, D) has the CHIP
to deduce that y = y; + yo for some y; € de(xg) and yo € dip(xg), together with
Lemma 2.2, to infer that

(2.6) ocop(y) = oc(y1) + op(y2) = (vo,y) Vy € X*, (T,y) <O0.

In order to obtain a similar relation for the case (Z,y) > 0, note that, for every
z € X* such that (Z,z) > 0 it holds that oc(z) = op(z) = +00. Moreover, the
inequality (Z,z + v) > 0 means that at least one of the inequalities (Z,z) > 0 and
(Z,v) > 0 holds. Combining these two facts, we deduce that

oc(z) +op(v) =400 Vz,v € X* such that (T,z+v) >0,
which means that
(2.7) ocOop(y) =400 Yy e X*, (T,y) > 0.
Combining relations (2.6) and (2.7) yields

JCDJD = l{yeX*: (z,y)<0} + <x07 > y

which means that the inf-convolution of o¢ and op is the sum between the indicator
function of a half-space and a linear and continuous functional, and clearly belongs
to To(X™). Use once more relation (2.6) to see that the infimum in the expression of
the inf-convolution is achieved, and conclude that the inf-convolution of o¢ and op
is exact. a

Apparently, Proposition 2.1 lists three completely disparate conditions, each one
being sufficient in its own way for the validity of the converse of Moreau’s theorem.
The geometric notion of a half-strip, that is, a convex hull of two parallel and disjoint
half-lines, allows us to spot a common property of cases (i), (ii), and (iii) in Proposition
2.1.

THEOREM 2.3. Let C' and D two closed and convex subsets of the Fuclidean space
X, and assume that the boundary of the set C' does not contain any half-strip. If the
pair (C, D) has the strong CHIP, then the inf-convolution of oc and op is exact (in
other words, the converse of Moreau’s theorem holds).

Proof of Theorem 2.3. When the intersection C'N D meets the interior of C, we
specify the well-known Moreau—Rockafellar internal point condition (see [9, Chap. 6,
section 6.8]) to prove that the inf-convolution of the support functionals is exact.

If CN D is a part of the boundary of C, use—as the boundary of C does not
contain any half-strip—the obvious fact that the only closed and convex subsets of an
Euclidean space which do not contain any half-strip are the bounded sets, the half-
lines, and the lines, and completely prove Theorem 2.3 by making use of Proposition
2.1. d
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X0 +A
« X0
X
X1
W
x0+E 3

Fic. 3.1. Closed and convex set with a boundary half-strip.

3. Convex sets with boundary half-strips. The following result completes
the analysis initiated in Theorem 2.3.

THEOREM 3.1. Let C be a closed and convex subset of the Fuclidean space X ;
assume moreover that the boundary of C' contains at least one half-strip. Then there
is a closed and conver set D such that the pair (C,D) has the CHIP while the inf-
convolution between oc and op is not exact.

In other words, the existence of at least one boundary half-strip prevents the
converse of Moreau’s theorem from holding.

3.1. Construction and properties of the set D. Our strategy in this section
is to construct the set D. The following easy result will be useful. It says that when X
is Euclidean, every closed and convex set with a boundary half-strip may be contained
within some half-space such that its boundary half-strip lies within the hyperplane
which delimits this half-space.

PROPOSITION 3.2. Let C' be a closed and convex subset of an Euclidean space X
such that its boundary contains a half-strip. Then, there is an orthonormal basis of
X, B = {b1,ba,...,b,}, a positive parameter a > 0, and xg, an element of X, such
that

ro+ACC Cxg+ Es,
where A is the half-strip defined as
A={zeX:0<z-b, 2a<z-b3<2a,0=z-b; Vi>3}
and the half-space E3 is given by the relation
Es={reX: z by <0}

Proof of Proposition 3.2. Let 1, x2, T in X be such that |Z|| = 1 and the half-
strip spanned by the half-lines 1 + R4T and z9 + R, T lies within the boundary of
the set C. Assume (if necessary after changing x; into x3) that o - T > x1 - T, and
set x3 = x1 + [(z2 — 21)T|T.

Clearly, x3 € x1 + Ry T; as the half-lines 1 + R4 T and z9 + R4 7T are disjoint, it
follows that x3 and x5 cannot coincide. Set

_ |lws — o
4

d 7 r3 — T2 T3 — T2
an = = .
y 1a 23 — 22|
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Note that
(3.1) @]T:l{m-f—@-@zwi@yf+ﬁm—zﬁfif—xyf%:0
4a 4a
Finally, put
T3+ Zo

_ 1 1 _

xTo = +ax:§(x3+ax)+§(x2+ax);
as x3 +aZ € x1 + R T and (22 + aT) € (x2 + R4+ T), we deduce that zy belongs to the
half-strip spanned by the half-lines z; + R+ Z and x5 + R4 7T, and thus belongs to the
boundary of C.

Since xg is a boundary point of a closed and convex subset of an Euclidean space,
it is well known that there is some linear mapping z € X, ||Z|| = 1, which achieves its
maximum on C' at xg,

(3.2) Z-xg>Z-T vV e C.

Apply relation (3.2) for = z¢ — aT = 222 to deduce that z -7 > 0, and then for
T =29+ aT = %(.Tg + 2aT) + %(ch + 2aZ) to obtain Z - T < 0 and therefore conclude
that

(3.3) z-T=0.

Similarly, put o — aT — 2ay = x9 for z in relation (3.2), and using also relation (3.3),
deduce that Z -y > 0. Finally, putting x = ¢ — aT + 2ay = x3 in relation (3.2), and
also taking into account relation (3.3), we infer zZ -y < 0, that is,

(3.4) Z.5=0.

Relations (3.1), (3.3), and (3.4) prove that it is possible to complete the set {Z,7,z}
up to B = {by,bs,...,b,}, an orthonormal basis of X.

The proof of Proposition 3.2 will be completed if we remark that the set zo+ A is
nothing but the half-strip spanned by the half-lines (z3+ aZ) + R4+7 and (x2 + aT) +
R, T, and thus lies within the boundary of C', while relation (3.2) implies that C is a
part of the half-space zg + Fs. ]

The basis B, the parameter a, and the element xq thus defined allow us to proceed
to the construction of the set D. Let us first define the set F',

F=PFP+5N(P+T),
where P; C P, are the sets bordered by two plane parabolae:

a(z - by)?

Plz{SUGXZQC'b1<— 1

,x-b;=0 W>3}7

_a(z- by)?
8

IN

Pg:{xeX:x~b1 ,x-b;=0 VizB},

S is an orthogonal box in X:

S={reX:z-0<0,-1<azx-by<1,z-b3<0},
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bs3

Fic. 3.2. Sets needed in constructing the set D.

T is a closed and convex subset of S:

2 b 2
T:{%GXZ~T‘b1SO,—1<(1:U~I)2<1,35.1)33_M}7

1—a?(x-b)?
and, as customary, Z* means the polar set of some subset Z of X,
Zr={zxeX:z-y<1l VyeZ}
Set now
D=xg+F =xz0+(PL+S)N(P+T))".

This definition grants to the set F' (and thus D) several geometrical properties
which are crucial for our purpose.

Let us first notice that F is contained in the half-space By = {z € X : z-b; <0}
accordingly, the half-line R, by lies within F'*, and thus the half-line zg + R4b; is a
part of both sets C and D = xg + F*. It follows that

oc(x) =op(z) =400 Va € X such that z-b; > 0.

Let x € X be such that x - by = 0; if y is such that y - b; # 0, then either - b; > 0 or
(x—y)- b1 >0,s0

hence for every element x € X such that x - by = 0 it results that

(3.6) oclop(x) = oc(y) +op(z —y).

in
yeX, y-b1=0
The hyperplane L1 = {z € X : x-b; = 0} thus plays a very important role in
computing the inf-convolution of the support functions oc and op. The following
lemma describes the intersection between the set F' and Lq; for convenience, we state
the result in terms of

. 1
vr(x) :;gg{g D sx € F},
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b3
b1 0
b
a F
/TnL]
2
¥

Fi1G. 3.3. Intersection between F and L.

the gauge function of the set F'.
LEMMA 3.3. The set F is a closed and convex subset of the Fuclidean space X .
Moreover, FN\ Ly =T N Ly, and thus

(3.7) vr(z) > alz - be| Va € Ly,
(3.8) vr(z) >1 V€ Ly such that alz - ba] = 1,
and
(3.9) I B2 ) =1
: )\igloo F a )T

Proof of Lemma 3.3. Recall that the sum Z; + Z5 of two closed and convex
subsets Z; and Zs of an Euclidean space is always convex. This sum is moreover
closed, provided that Z; and —Z5 do not contain two parallel half-lines (see [12,
Corollary 9.1.2] ). This is obviously the case for the pairs of closed and convex sets
P, and S, as well as P, an T, and thus the sets P + .S and P, + T are closed and
convex, and the same clearly holds also for the set F', which is their intersection.

It has already been noticed that all the sets Py, P>, S, and T lay within FEj;
accordingly, the sum of two elements x; and zo from either P, and S, or P, and T,
is contained within the delimiting hyperplane L; if and only if both elements z; and
T2 belong to Lp. In other words,

(PL+S)NLy=(PiNL)+ (SN Ly),

(P2 + T) NL = (P2 n Ll) + (Tﬂ Ll),
and note that Py N Ly = P, N L1 = {0} to deduce that

FﬂLlZ((Pl—l—S)ﬂLl)ﬂ((Pg‘i‘T)le)
=(SNL)N(TNL)=(SNT)N L.
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Recall that T' C S, and deduce that FN Ly =T N L.
This relation may be used in order to compute the value of vr(z) for elements
x € Ly, since it obviously holds that

vr(x) = YraL, () = yraL, (v) Vo € Ly
Use the fact that
TNIhcSNLicM={zeX:2-by=0,-1<ax -by<1}
to deduce that

YroL, () > yu(z) = alz - by| Vo € Ly,

that is, relation (3.7).

In order to prove relation (3.8), note that, for every x € TNL; we have a|z-by| < 1.
Accordingly, relation a|z-be| = 1 implies that 2 ¢ TNLy. Let us now use [12, Corollary
9.7.1], which says that TN Ly = {y : yrnr, (y) < 1}, and deduce that ypnr, (x) > 1.

Finally, if A > 1, standard computation shows

VAN +1—1 (b
H(;—/\bg,) €TNL;

2\
thus
bo 2\
3.10 = A3 | < ————.
( ) 7T0L1<a 3)_m_1

Use relation (3.8) for z = (2 — \b3) to see that

b
(3.11) 1< YTNL, (; — )\bg) N

relation (3.9) simply comes from relations (3.10) and (3.11). O

An important step in proving that the pair of closed and convex sets (C, D) has
the strong CHIP is to determine their intersection C'N D.

LEMMA 3.4. It holds that

(3.12) CND=uzy+ (F+ Rbs)™.

Proof of Lemma 3.4. Use the fact that Ry(—b3) C T C S to deduce that
R, (—b3) C F, and thus that F* C (—F3). Accordingly, D C zy + (—E3), and
as C' C xg + F3, we obtain that

CNDC (xg+ E3)N(xo+ (—FE3)) =z + L3,
where by L3 we mean
L3:{.Z‘EXI $b3:0}

In other words,

(313) rg-bg=x-b3 VreCnND.
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Consequently,
(3.14) CND=CnNn(DN(xo+ L3)) =CnN(xg+ (F*NLs)).

Recall (see [2, Chapter 4, section 1, Corollary of Proposition 3]) that, for every
closed and convex sets A and B containing 0, it holds that (AN B)* = co(A* U B*),
where ¢6(A) denotes the closed convex hull of the set A.

Thus, by using the bipolar theorem (see [2, Chapter 4, section 1, Proposition 3])
applied for the set F', and the obvious fact that L = Rbs, we deduce that

(3.15) (F* A Ls)* = co(F** U L%) = co(F U Rby).

It is well known that for every convex set A and flat W, co (AUW) =co (A+W).
Apply this relation to the convex set F' and the one-dimensional flat Rbs to prove
that €6 (F' U Rbs) = €o (F' + Rb3); by virtue of relation (3.15) it follows that

(F* N L3)* = ﬁ(F + Rbg)

Accordingly, F* N L3 = (F* N L3)*™ = (co(F + Rb3))"; as the polar of any set
coincides with the polar of its closure, we have

(3.16) F*N Ly = (F + Rb3)*.

Let us prove that the set (F 4 Rb3)* lies within C. Indeed, after an easy compu-
tation it results that

(3.17) (T + Rb3) = S + Rbs
=N={reX: z-b<0,-1<azx-by<1};

thus N C (F + Rbs), which means that (F + Rbs)* C N*.
But as

N ={zeX:0<z b,—-a<z-by<a,0=zx-b; Vi>3}
we have (see Proposition 3.2) N* C A, and thus
(318) To + (F + Rbg)* C (l’o + N*) C ((Eo + A) cC.

Relation (3.12) follows now from relations (3.14), (3.16), and (3.18). ad

It thus becomes necessary to determine the sum between the closed and convex
set F' and the line Rbs.

LEMMA 3.5. It holds that

(319) {ZE S (P1 +S) cx-by <0}+Rb3 CF+Rb3 C (P1+S)+Rb3;
accordingly,
(3.20) CND=uxzy+ (P + S+ Rb3)*.

Moreover, the gauge functions vrp and Yyp,+stRrp, fulfill the following property:
For every © € X such that x - by <0, there is 0(x) > 0 such that

(3.21) VPi+5+Rbs () = YF (2 — 0(2)bs) .
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3 (P, +S+Rb3) nL,

FiG. 3.4. The sum between F and the line Rbs.

Proof of Lemma 3.5. On the basis of formula (3.17), we claim that S + Rbs is
a closed and convex set. Moreover, there are no parallel half-lines within P; and
—(S+ Rbs), so, using again [12, Corollary 9.1.2], we deduce that the set P, + .S+ Rbg
is closed and convex.

Let us prove the second inclusion in (3.19). As F' C (P + 5), it clearly follows
that

(322) F + Rbs C P, + 5+ Rbs.

To establish the first inclusion in relation (3.19), we prove and use the fact that, for
every x € P; + .5 such that x - by < 0, there is A(x) > 0 such that (z — A(x)b3) € F.
When —1 < ax - by < 1, it is easy to see that the value

a?(x - by)?

)\(l‘)zm-bg,"‘m

does the job. Indeed, the element y = (z - b1)b; lies within both P; and Ps, while

=2 —y— Az)bs = (z-ba)b _Mb +zn:( b;)b;
Z2=T—Y )03 = (T - 02)b2o ]_—0,2(1"172)2 3 i=4x i )04

is obviously contained in 7', and thus in S. Accordingly,
I*)\(:C)bg :y+(l’*y7/\(x)bg) € (Pl +S) ﬂ(P2+T) =F.

Let x € (P; +.5) such that x-b; < 0 and a|x - by| > 1; to fix the ideas, admit that
az - by > 1. In order to define A\(z) in this case, use the fact that x can be expressed
as the sum = = y + z of two elements y and z such that y € P; and z € S.

As y € Py, it follows that

aly - ba)* .
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since for every z € S it holds that z - by < 0, we deduce that thus z - b <y -b;. We
may accordingly infer from relation (3.23) that

a(y - by)?
=

Use once more the fact that z € S, to conclude that —1 < az-by < 1. Recall that
ax - by > 1, and deduce that

(3.24) z-b < —

(3.25) (y'b2)2:(l"b2*Z'b2)22 <:c'bg(ll>2;

from relation (3.24) and (3.25) it follows that

2

by L

(3.26) b < _W_
Combine the fact that x - by # 0 with relation (3.26) and deduce that

by — 1)2

.’Ii'b1<——a($ ; a);

accordingly, for some parameter a such that 0 < aa < 1, we have

a(z by —a)

(3.27) zoby < — :
We can now define A(z) as
a’a?
A@) = T

Inequality (3.27) proves that the element (z —aby — Y .-, (x - b;)b;) belongs to the
set Ps; as obviously

2.2

a“o -

we deduce that

(3.28) = — A(x)bs

= (x — aby — ;(aﬁ . bi)bi> + (Oébz T a2a? bs + ;(w . bi)bi>
e Ph+T.

Remark that the case ax - by < —1 is similar to the case ax -by > 1. Indeed, when
ax - by < —1, one has

1\ 2
(y'b2)2 > <$'b2+a>
instead of relation (3.25). The parameter o now lies between —1 and 0, and fulfills

a(z-by+a)?

r-b < — 3 R
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and not relation (3.26).

As in the case ax-by > 1, x is the sum of two elements: one in Py, the other in T
However, when az - by < —1, the element belonging to Py is (z+abs — Y i, (x - b;)b;),
and the one lying in T' is —aby — % by + >0 (@ b;)b;.

Noticing that S + Ry (—b3) =5, we have (P; + S + Ryb3) = (P; + S). Thus, as
r € Py + S, we deduce that

(329) T — )\bg cPi+S VA> 0;
from (3.28) and (3.29) it follows that
(z = A@)bs) € (P + S)N (P +T) =F,
and therefore for every x € P; + S such that = - by < 0, there is A(z) > 0 such that
x— ANxz)bs € F.
Use this observation to prove that

{reP+S:2-b <0}+ Rbs C F + Rb3,

which, together with relation (3.22), yields relation (3.19).

Relation (3.19) implies that the set P; + .5+ Rbs is the closure of the set F'+ Rbs.
Recalling that the polar of any set coincides with the polar of its closure, we deduce
that

(3.30) (F + Rbs)* = (P, + S + Rbs)*,

and relation (3.20) follows from formulas (3.12) and (3.30).
It remains to prove relation (3.21). To begin with, notice that, from relation
(3.19) it follows that F' C P, + S + Rbs, and thus

(3.31) VP +S+Rbs < VF-

Let us first prove that vyp, 45+ rp, () is real-valued for every z € X such that
2 - by < 0. In this respect, note that from relation (3.17) it results that {z € X :
x-by=x b3 =0} C S+ Rbs, and thus that

(3.32) Pl—l—{l‘GXlx'blzl"bQZO}C(Pl—i-S—l-Rbg,).

On the other hand, the set P, + {x € X : by = x - by = 0} contains all the
2
elements x € X such that z-b; < —%. As

2
4x-b
Cwen N, e o) n)
a(z - bg)? YTz by)? 4 ’
which means that

4(E'b1

————F—x € P €eX:xz-by=x- by =0}.
a(x.b2)2x 1+ ro s J
Combine the previous relation with formula (3.32) to deduce that

a(z - by)?
< — =
'7P1+S+Rb3($) = |4I’ R b1|
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Consequently, for every z € X such that z-b; < 0 we have vp, 454 b, () < +00.

Let us first consider the case when vp, 454 g, () = 0, that is, when = belongs to
a ray completely contained in P; + S + Rbs. Taking into account the definitions of
the sets P; and S, we have

(VP +5+Rbs(2) = 0] & [2-by <0 and z- by = 0];
similarly,
[yr(z) =0l < [2-b; <0,z-by=0and z-bs <0].

In this case, 0(z) = xb%lxb‘”" obviously does the job.
Let us now turn to the case vp, 45+ rbs () > 0 and write that
T

——— e P+ S+ Rbs.
YPy+5+Rbs (T)

We deduce that there is a A(z) € R such that

T Na)bseP +S
YPy+5+Rbs (T)
Accordingly,
x ~ x ~
—— —Aa)b3 )| — A ————~ — A(x)b3 | b3 € F,
(7P1+S+Rb3(x) ( ) 3) (7P1+S+Rb3(x) ( ) 3) °

which means that

339 e (o= vmrsemn@ (o) 3 (o2 =M ) ) )

YPy+S5+Rbs

< VP +S+Rbs (T)-

Relations (3.31), (3.33) and the obvious fact that

VPi+5+Rbs (T) = VP +5+Rbs (¥ +1b3) Vv ER

prove relation (3.21) with

0(x) = P, +5+Rbs (T) <;\(x) + A (“”(x) - X(@@)) ,

YP1+S+Rb3
completing in this way the proof of Lemma 3.5. O

3.2. The main result. We claim that the pair of closed and convex sets C' and
D has the strong CHIP.

PROPOSITION 3.6. The pair of closed and convex subsets C' and D of the Fu-
clidean space X has the strong CHIP.

Proof of Proposition 3.6. Let x; € CND and y € dtenp(z1), y # 0. Our aim is
to express y as the sum of two elements y; and yo from Ove(z1) and Oep(x1).

Let us first remark that, since (zg + A) C C C (xo + E3) (see Proposition 3.2), it
follows that

(3.34) Ribs C Oue(x)
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for every x € xg + A, in particular for every z € C' N D (see Lemma 3.4 and relation
(3.18)). Similarly, we deduce that

(335) R+(—b3) C aLD(LL')

for every x € CND. The flat {x € X : x-b; =0 V1 < i < 3} obviously lies within T,
and thus in S, hence in F. Thus D is contained within the flat zo+{x € X : z-b; =
0 Vi > 4}, and we deduce that

(3.36) {reX:z-by=x-bg=x-b3=0} COp(x) VxeD.
From relations (3.34), (3.35), and (3.36) it follows that

(3.37) {reX:z-by=x-bp=0} C (Oc(z)+dp(x)) Vze(CND).
We address first the case when y - b; = 0. A standard computation shows that

(3.38) (P, + S+ Rby)*

(x-b2)”
a— |x - byl

—{IEX:I'b1> ,—a<x-by<a,r-b;=0 Vi23}.
From the previous relation it follows that the set (P; 4+ .5+ Rbs)* is contained within
the plane spanned by b; and by. For every y € X such that y - by = 0 it follows that

(3.39) x-y=(x-b2)(y-b2) Vxe(P+ S+ Rbs)".

The elements 7 and xg are both in C'N D; in view of relation (3.20) it appears
that (x1 — z) € (P1 + S + Rbs)*.
From relation (3.38) it follows that |(z1 — zg) - ba| < a. Set

—20) b § i
a= a+|(x1 — o) 2\’ = — b —aby, 2= —
2 e—a e

b1 + abs;

thus 21,29 € (P1 + S + Rb3)* and z1 - by < (21 — x0) - by < 22 - ba.
Recall that, as y € dicnp(x1), the linear functional X 5>  — (z-y) € R achieves
its maximum on C N D at x1. Thus, on one hand,

(xo+21) -y <71y,
that is, in view of relation (3.39),
(21 - b2)(y - b2) < (w1 — o) - b2) (y - b2);

combine this relation with the fact that zy - by < (x1 — @) - b2, and deduce that
y - ba > 0. On the other hand,

(zo+22) -y < w1 -y,
that is, once more by virtue of relation (3.39),
(22 - b2)(y - b2) < (w1 — o) - b2) (y - b2);

in addition, as (z1 — xg) - ba < 23 - b2, we get y - by < 0.
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We may thus conclude that, when y-b; = 0, it results that y - b, = 0, and formula
(3.37) proves that y is the sum of two elements from Jdic(z1) and dup(xy).

Consider now the case when y - by # 0, which, taking into account the fact that
the half-line (zg + R4b1) is contained (as already remarked) within C' N D, amounts
to saying that y - b < 0.

It is well known ([12, Theorem 14.5]) that, for every closed and convex set Z
containing 0 it holds oz = 7z+. Use this relation for the set (P; + .5+ Rbs)* to obtain

O(P1+S+Rb3)* = YP1+S5+Rbs;

as (see 3.20) (P, + S + Rb3)* = (C'N D) — xg, it follows that

(3.40) O(CND)—z0 = VPi+S+Rbs-
Similarly,
(3.41) OD—zy = VF-

From relations (3.21), (3.40), and (3.41) it follows that there is some 6(y) > 0
such that

o(cnD)—=20(Y) = -2, (¥ — 0(y)b3);
thus
(3.42) ocnp(y) = op(y — 6(y)bs) + 0(y)zo - bs.
Asy € Ouenp(x1), it results that ocnp(y) = 21 - y; use relation (3.42) to see that
(3.43) op(y —0(y)bs) +0(y)zo - bs = x1 - y.
Relation (3.13) reads zq - bs = x1 - b3. Equality (3.43) may thus be stated as
op(y —0(y)bs) + 0(y)z1 - b3 = x1 -y,
that is,
op(y — 0(y)bs) = 21 - (y — O(y)bs).

This means that (y — 6(y)bs) € dip(x1).

Recall (see relation (3.34)) that Abz € dve(x1) for every A > 0, and express y as
y = 0(y)bs + (y — O(y)bs), that is, the sum of an element from dic(x1) and the sum
of another element from dvp(z1). ad

We finally claim that the inf-convolution of the support functionals oc and op is

not exact at %2, a fact which completes the proof of Theorem 3.1.
ProPoOSITION 3.7. It holds that

b -b
(3'44) UcljUD <2> = M + 17
a a
while
) b
(3.45) oo(y) +op(z) > 222 41 Wy 4= 52
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Proof of Proposition 3.7. Use the fact that (xo+2abs) and (z¢ —2abs) both belong
to g + A, and thus to C, to deduce that

(3.46) oc(x) > max ((zg 4 2abg) - x, (xg — 2abs) - ) = xg -  + 2alx - by].
From relation (3.7) it follows that
vr(x) > alz - by| V€ L.
Relation (3.41) reads op_,, = yr; hence, it results that
(3.47) op(x) =z -z + vr(z).
It follows that
(3.48) op(x) > xo -z +alr-ba| Ve L.

From relations (3.46) and (3.48) it results that

(3.49) oc(z)+op ((f - x)

Y

b
xo -« + 2alx - ba| + g - <2—x)+a
a

b
a
(EO'bQ

> ——=+14alx-by] VrelX, xz-bp=0.
a

By taking into account relations (3.6) and (3.49) we prove that

b b
(3.50) ocOop (2) >20%2 4
a

a
As zg € C C (xp + E3), it follows that
Uc()\bg) = )\J}O . b3 VA Z 0.

Use relation (3.47) to deduce that

b
oc(Mbs) + op (; - )\bg)

b b
— Ao - by + 0 2—Ax0-b3+7F(;—Ab3).

a

From the previous equality, together with relation (3.9), it yields that

lim (0’0()\()3) +op <% — )\bg)) — To - by + 1,

—00 a

which, combined with inequality (3.50), proves relation (3.44).
Finally, let © € L; be such that « - by = 0. Then (see relation (3.8))
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and, as obviously o¢(z) > xg - x, it results that
ba
(3.51) oc(x)+op | ——=x
a
xg - b b
>30T+ 2 — @9 T+ VF (2—m>
a a

To-b
S o %

+1 VzeX,xz-by=z-by=0.

Use relation (3.49) to deduce that, for every z € X such that z - b = 0 and
x - by # 0, it holds that

a a

(3.52) oc(xz)+op (b2 - :I:) > o bz +1.

Relation (3.45) follows from relations (3.5), (3.52), and (3.51). ad
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