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Introduction.

For our introduction, we begin with some examples of applications which motivate our
study of the notion of locally compact cones and their role in nonsmooth analysis. To do
this, we let X, Y be Banach spaces and X* and Y* their topological duals endowed with
the weak-star topology w* where (-, -) means the canonic pairing. The distance function

d(xz,C) to a set C' at x is defined by

d(z,C) = inf ||z —u].

A set K* C X* is said to be (weak-star) locally compact if for each point z* in K*
there exists a weak-star neighbourhood V' of * such that cI*V N K* is weak-star compact.
Here ”cl*” denotes the weak-star topological closure. Many important properties of these
sets are listed in section 2. We give one of them, because we use it in our examples. If
K* C X* is a locally compact cone and (z}) C K* is a net, then (Loewen [40])

(1.1) 210 <= || ¥ || 0.

Example 1. (Separation theorems). We know that in finite dimensional spaces every
proper convex set has a supporting hyperplane at given point of its boundary. In the
infinite dimensional case, this result is no longer true. Indeed in any infinite separable
Banach space we construct (Borwein [3]) such a set by taking a sequence (b,,) is dense in
the closed unit ball. Let

bn _bn
C = ClCO{Q—n, 2_n}

Then C' is a compact symmetric convex set. Moreover C' has no supporting hyperplane at
the boundary point 0 € C'. Indeed if there exists £* € X™* such that

(x*,u) <0, Vuel
we get z* = 0.

In [29], we showed that if there exist a locally compact cone K* C X* and a neigh-
bourhood W of x € C' such that

dd(u,C) C K*, YueWnCcC

we have that x is a boundary point of C' iff C has a supporting hyperplane at x. Here
Of(x) denotes the subdifferential in the sense of convex analysis of f at z. In fact we
established this result in the nonconvex case for the so called extremal systems by means
of an abstract subdifferential.

Example 2. (Closure of the sum).Given two closed convex cones K1 C X and Ky C X
denote by KY and K3 their negative polars. We know that in a finite dimensional space
the following equality holds true

(1.2) (K1 N Ky = K + K
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if K9 N (=K39) = {0}. This result is not valid in infinite dimensional situation. But if we
assume that K? is a locally compact cone and K9 N (—K9) = {0} then (1.2) holds. Indeed
it suffices to show that

(K + K9) = K9 + K9

since (K1 N K3)? = cl*(K? + K9). So let 2* € cI"(KY{ + K9) there are nets (u}) C K? and

(v}) C K9 such that u} + quim;*
We claim that (u;) is bounded. Suppose for some subnet (u}) of (u;) that || u} ||— oo,

*

= 4. Extracting subnets if necessary we may assume that
[

and set g} := Im %H and pj :

(qj)—>q and (p])w —q¢* and by (1.1) ¢* # 0 and ¢* € K{ N (—K3), a contradiction.

So (u}) is bounded and has a weak-star convergent subnet with limit «* and hence
some subnet of (v;) must weak-star converges to x* — u*.
Example 3. (Necessary conditions for optimality). Consider the following optimization
problem

(P) min{f(z): g(z) € D}

where f: X — IR and g : X — Y are differentiable mappings and D is a nonempty subset
of Y. In the case where Y is finite dimensional the following result holds for any closed set
D : if z¢ is a local minimum for (P) then there are A > 0 and y* € N(D, g(z¢)) such that

(1.3) (A ") # (0,0)

(1.4) Af'(xo) +y" 0 g'(z0) = 0.

Here N (D, g(xo)) denotes some normal cone to D at g(xg) (say, for example, Clarke normal
, approximate normal cone, etc- - -). This result is not true in the infinite dimensional case.
Let, for example (Brokate [9]), X = Y = [? be the Hilbert space of square summable
sequences, with (ey) its canonical orthonormal base and let the operator A : [? — [? be

defined by
A(Z xiei) = Z 21_i(17i6i

Then A is not surjective and Im(A) is a proper dense subspace of [?. The adjoint A* is
injectif but not surjectif. So let * ¢ Im(A*) and set f = x*, g = A and D = {0}. Then
0 is only the feasible point and it is the optimum for this problem. Moreover there is no
(A, y*) # (0,0) satisfying (1.4).

In infinite dimension, most of the authors assumed that D is a closed convex cone
with nonempty interior or D = D; x {0}, where D is a closed convex cone with nonempty
interior and {0} C R". The first result which gives condition in the case of closed sets is
due to Jourani and Thibault [30] where it assumed that the system g(z) € D is metrically
regular. This condition is expressed metrically in terms of g and D and implies that A
is not equal to zero. In [27] we showed that relations (1.3) and (1.4) subsist in the case
where f is vector-valued and D epi-Lipschitz-like in the sense of Borwein [3]. In [32-33]
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we gave general conditions ensuring (1.3) and (1.4). More precisely, we may show that if
xo 18 a local minimum for (P) and if there exist a locally compact cone K* C Y* and a
neighbourhood V' of g(x¢) such that

Oad(u,D) C K*, YueVnND
then there exists A > 0 and y* € R+0ad(g(x0), D), with (A, y*) # (0,0) such that

A0 f(x0) + Ba(y* o g)(xo)

where f and ¢ are locally Lipschitzian mappings at xo, with g strongly compactly Lips-
chitzian at zo ([30]). Here 04 f(x) denotes the approximate subdifferential of f at x (see
Ioffe [18-19)).

Our aim in this paper is to explore further properties of locally compact cones and to
examine the fundamental role that play these cones in the following situations :

. Subdifferential calculus for limiting Fréchet subdifferentials and approximate subd-
ifferentials;

. Relationships between limiting Fréchet subdifferentials, approximate subdifferentials
and other subdifferentials considered here;

. Metric inequalities;

. Normal cones formulae;

. Tangent cones formulae;

. Characterization of interior points of closed sets.

The limiting Fréchet subdifferentials [38] is obtained as a weak-star sequential upper
limit of e— Fréchet subdifferentials while the approximate subdifferential [18-19] is obtained
as a weak-star topological upper limit of (lower) subdifferentials. Both are infinite dimen-
sional extensions of the nonconvex construction by Mordukhovich [41-42] and Ioffe [17].
Note that this finite construction is minimal (as sets) among all possible subdifferentials
satisfying one or another set of conditions. This make it the finest possible instrument in
certain applications of nonsmooth analysis. The nonconvex limiting Fréchet subdifferential
construction in Asplund Banach spaces inherits these properties and is always contained
in the Clarke subdifferential [10]. The approximate subdifferential is defined for functions
on locally convex spaces, and can contain strictly the Clarke subdifferential and limit-
ing Fréchet subdifferentials. In Banach spaces, Ioffe [19] considered functions on Banach
spaces and for them he defined a generated approximate subdifferential (G-subdifferential).
This later construction is expressed geometrically, in the spirit of the original definition
of the Clarke subdifferential of non-Lipschitz functions, in terms of the weak-star closure
of the cone generated by the approximate subdifferential of the distance function of the
epigraph. It is always contained in the Clarke subdifferential and contains the limiting
Fréchet subdifferentials.

Chain rules for these subdifferentials have been established in the papers [36-37], [18-
19], [46-48], [31], [34], and references therein. In this paper, we give more calculus rules for
limiting Fréchet subdifferentials and approximate subdifferential by using locally compact
cones. Our approach benefits from Fabian’s characterization of Asplund spaces [15-16]
and the definition of the weak trustworthy spaces by Ioffe [20]. We establish more general
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formulae for limiting Fréchet subdifferentials by mean of metric inequality of sets which is
a consequence of the notion of metric regularity. These results include, in particular, those
of Kruger [36], Mordukhovich and Shao [47-48].

We investigate relationships between all these subdifferentials and some other ones
considered here. Indeed, invoking recent results by Jourani and Thibault [35] which use
weak-star sequential compactness theorem by Borwein and Fitzpatrick [4], we show that,
under some assumptions expressed in terms of locally compact cones, the limiting Fréchet
subdifferentials, approximate subdifferential, G-subdifferential and sequential approximate
subdifferential constructions coincide for non-Lipschitz functions on weakly compactly gen-
erated Asplund spaces.

We establish the corresponding normal cones formulae. We show, in particular, that
the notion of the b—normal cones to a set, introduced jointly with Thibault in [25], co-
incides with the previous ones in the case where the set satisfies a condition which is
formulated in terms of locally compact cones. Therefore we show that under this condi-
tion, the approximate normal cone, which can be in general greater than the Clarke normal
cone in infinite dimension, is equal to the so called G—normal, i.e., the cone generated by
the approximate subdifferential of the distance function and this allows us to show that
the Clarke normal cone is the closed convex hull of the approximate normal cone. This
result has been established by Ioffe [18-19] for sets which are epi-lipschitz and our condi-
tion is automatically satisfied for these sets. The metric inequalities are the key in the
establishment of these formulae.

We use the Ekeland variational principle [14] to show that, when the space is Asplund,
the Clarke tangent cones [10] contains the limits inferior of the closed convex hull of the
weak contingent cones. This result has been established by Borwein and Strojwas [7] in
the case where the space is reflexive and by Aubin and Frankowska [2] in the case where
the space is uniformly smooth and the norm of its topological dual is Fréchet differentiable
off the origin. Note that both situations imply that the space is Asplund. We prove that
the equality holds under conditions expressed in terms of locally compact cones. More
precisely we show that these conditions ensure that the Clarke tangent cone is exactly the
limits inferior of the closed convex hull of the contingent or Bouligand cone and the limits
inferior of the closed convex hull of the weak contingent.

Our notation is basically standard. For any Banach space X and its topological dual
X* we denote by Bx and Bx~ their closed unit balls. The abbreviations “cl*”, “int” and
“co” are for weak-star closure, interior and convex hull. As usual, domf and epif of an
arbitrary extended real-valued function f stand for the domain and the epigraph

domf ={z: f(x)<+4oo}

epif = {(z,r):  f(z) <r}.
The indicator function of an arbitrary set C is defined by Veo(z) = 0 if z € C and
Ueo(x) = 400 if ¢ C. The negative polar of a set K is the set

K'={z*cX*: (2h)<0 VheK}

2. Some properties of locally compact cones
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Recall that a set K* in X* is weak-star locally compact (for short locally compact) if
every point of K* lies in a weak-star open set V' such that ¢/*(V)N K is weak-star compact.
We begin this section by recalling the following important results concerning these cones.

Proposition 2.1 (Borwein 3]). Let X be a normed vector space. Let Q be a closed convex
subset of X and suppose that ) contains zero. The following assertions are equivalent :
(a) 0 € int (4 H) for some (pre-) compact convex set H ;
(b) 0 € int(QL+ X) for some finite dimensional compact convex set % ;
(c) the polar set Q° is locally compact.

Proposition 2.2 (Loewen [40]). Let K* C X* be a locally compact cone. For a net (z})
m K*, one has

2t 250 < ot || — .

Remark. In fact this result is given by Loewen in reflexive Banach spaces and for
sequences instead of nets. But its proof works in general Banach spaces and for nets.

In [40], Loewen gave the following important example of locally compact cones.

Proposition 2.3 (Loewen [40]). Let H C X be a norm-compact set. Then the following
cone

— * * . * < *
c(H) = {z" € X" :|| 2" ||< max{a™, h) }
18 weak-star closed and locally compact.

Proposition 2.4 (Jourani [28]). Let K C X be a closed convex cone. Then the following
assertions are equivalent :

(a) K° is locally compact ;

(b) there exists a norm compact set H C X such that K° C ¢(H) ;

(c) there exists a norm compact set H' C X such that 0 € int(K + H').

In the case of reflexive Banach spaces we obtain the following characterization.

Proposition 2.5. Let K be a closed convex cone of a reflexive Banach space X. Then the
following assertions are equivalent :

(a) J(K) is weak-star locally compact ;

(b) K is weak locally compact ;

(c) there exists a norm compact set H* C X* such that

K C c¢(H™).

Here J denotes the canonical injection from X into X™**, where X** denotes the topological
bidual of X.



It is easy to verify the following result.

Proposition 2.6. Let K C X be a cone. Then the following are equivalent :
(a) intK° # 0.
(b) there exists x* € X* such that

Kc{zxeX: |z|<(ax)}.

Note also that the negative polar of any closed convex cone with nonempty interior is
weak-star locally compact.

A subset K of X is called a Bishop-Phelps cone if there are some z* € —K°, an
equivalent norm || ||" and « € (0, 1] such that

K={reX:alz|'<(z" )}

It is easy to see (via Proposition 2.5) that when X is a reflexive Banach space then
the Bishop-Phelps cone is weak locally compact.
Note that this cone may have non interior.

Example. The cone
C ={z € Ly[a,b] : z(t) > 0 a.e. on [a,b]}

has an unbounded base

b

B:{:IJEC:/ x(t)dt = 1}.

So, by Theorem 3.2 in [51], C is not representable as a Bishop-Phelps cone. But if we
consider (Jahn [23]) the cone generated by the set

b
By—{zcB: / ((t))2dt < o},
a
then it is representable as a Bishop-Phelps cone and its interior is empty.
We may also establish the following proposition by using the result in [51].

Proposition 2.7. Let K be a closed convex cone in X with K # {0}. Then the following
assertions are equivalent :

(a) int K© # (;

(b) K is representable as a Bishop-Phelps cone.

Proof. (b) = (a): is obvious.
(a) = (b) : Let z* € X* be such that z* + Bx+~ C K°. Then

Kc{zeX: |z <(—z* ).

7



Set B={x € K : (—z*,z) = 1}. Then B is a closed bounded base of K and hence, by
Theorem 3.2 in [51], K is representable as a Bishop-Phelps cone.

To end up with this section let us establish the following theorem which gives complete
characterization of locally compact cones.

Theorem 2.8. Let K* C X* be a cone and consider the following conditions :
(a) K* is locally compact;
(b) there exists a finite dimensional space L C X such that L+ N K* = {0};
(c) there exist hy,---,hi € X and an integer n such that

Krc{zreX": |a"|| < nzzrrllaxk\(x*,hlﬂ}

Then (a) = (b). If K* is closed we have (a) < (c).
where Lt is an annihilator of L, i.e., L+ = {x* € X* : (z*,h) = 0,Vh € L}.

Proof. (a) = (b) : Suppose the contrary. Then for all finite dimensional space L C X
there exists 3 € Lt N K* such that || 2% ||= 1. So (z}) is a net in K* which is locally

compact and extracting subnet we may assume that x7, Wt As x5 € LY, for all finite
dimensional space L C X we conclude that * = 0. Thus, by Proposition 2.2, || 7} ||— 0
and this contradiction completes the proof of this implication.

(¢) = (a) : follows from Proposition 2.3.

(a) = (c) : since (a) = (b) there exists a finite dimensional space L with basis
hi,-- -, hg such that L+ N K* = {0}. We claim that there exists an integer n such that

Krc{zreX": |z"|<n _Erllaxk|<x*,hi>|}.

- )

Suppose the contrary. Then for all integer n there exists x; € K* such that
a5l > nl(zy, hi)|,  Vi=1,--- k.

We may assume that ||z} || = 1, for all n, and (x%) has some subnet converging to x* € K*
with x* # 0 (since K* is locally compact and closed). Thus for all n

1
- . hi7 .:17"'7]{
Lo el v

and hence (z*,h;) = 0 for i = 1,---, k, or equivalently z* € L' and this contradicts the
fact that Lt N K* = {0}.

Remark. Let K* be a closed convex locally compact cone. Set K* = KY where K is a
closed convex cone. Then [28] the following are equivalent

(a) L+ N K* = {0}

(b)) L+ K =X
where L is a finite dimensional subspace of X.
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3. Subdifferential calculus

It is well known in the litterature that some spaces can be characterized or expressed
in terms of fuzzy sum rules related to some subdifferentials. Let us give two examples
of such spaces. The first one concerns Asplund spaces [1], i.e., Banach spaces on which
every continuous conver function is Fréchet differentiable at a dense set of points. We refer
the reader, for example to the papers by Fabian [15-16], and references therein. One of
the most characterizations is the following one which is expressed in terms of the Fréchet
e-subdifferential 0L f(x) of some extended real-valued function f on X at x

Of f(x) = {a* € X*: liin_j(r)lf fle+h) _H];"L(:ﬁ) — e > —¢}

if v €dom f and 8% f(z) = 0 if x ¢ domf. The following assertions are equivalent (Fabian
[15-16])

(1) X is Asplund;

(7i) for any € > 0,8 > 0,7 > 0 and any extended real-valued lower semicontinuous
functions f1 and fo on X and zg € dom fi N dom fo with f1 locally Lipschitzian at x,
one has

O (fr + f2)(wo) C {5Ff1(371) +(9Ff(332) : w1 € x9 + 0Bx,
|fi(xi) — fi(zo)| < 0,i=1,2} + (e +7)Bx~.

where 0f () is equal to 8F f(x) for e = 0.

Note that this class of spaces includes all spaces with Fréchet differentiable renorms
as well as those of separable duals (see Diesel [13]). The second example, which is also
very interesting, is the weak-trusworthy spaces (for short WT-spaces) introduced by Ioffe
[20]. The definition of these spaces is given in terms of the Dini e-subdifferential 0= f(z)
of extended real-valued functions f on X at x

07 f(w) = {a* € X*: (&, h) < liminf ¢~ (f(z +tw) — f(x) + | b [|;Vh € X}

if x € dom f and O-f(x) =0 if x ¢ dom f. A space X is said to be a WT-space if for each
extended real-valued lower semicontinuous functions f1 and fo on X, x € domfi; N domfs
and € >0

(3.1) 0z (fi + fo)(z) C limsup(9; f1(x1) + O fa(x2)).

1
i=1,2

This class of spaces contains the previous one and every Banach space with Gateaux
differentiable renorms is a WT-space (see Ioffe [20]). So these fuzzy sum rules give us an
idea in the introduction by Kruger and Mordukhovich [38] of the notion of the limiting
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Fréchet e-subdifferential Op f(xo) and by Ioffe [18-19] of the notion of the approximate
subdifferential 04 f (xo) which have exact calculus rules

O f () = seq- lim sup O f(x)

7
Tr——x(
e——0t

and

Oaf(zo) = () lmsupd frir(z)

LEF(X) =Liag
e—0T

where fg(z) = f(x) if x € S and fs(x) = +o0 otherwise and F(X) denotes the collection
of all finite dimensional subspaces of X. In the case where X is Asplund, we easily show
that when f; is locally Lipschitzian at x¢ and f5 is lower semicontinuous

(3.2) Or (f1 + f2)(w0) C Or fi(z0) + OF f2(w0).

When X is a WT-space we obtain (Toffe [18]) the following simple definitions of approxi-
mate subdifferentials for an extended real-valued lower semicontinuous function f on X

94 f(wo) = limsup o f(x).
f

Tr——x(
e—0T

As for the limiting Fréchet e-subdifferential, the approximate subdifferential obeys to
the following : if f; is locally Lipschitzian at xy and f5 is l.s.c. then

(3.3) 0a(fr + f2)(x0) C 0afi(zo) + 0afa(wo).

To see the difficulty in the case where neither f; nor fs is locally Lipschitzian let us
give the proof of (3.3) in WT-spaces. For x* € 94(f1 + f2)(zo), there are nets ;,;ifﬂ%m

g; — 0T, xffm* such that
x; € O, (f1+ f2)(xs)

and, by (3.1), there are nets uigxo, viﬁmo, uj € 02, f1(us), vi € OZ, fo(vs) such that
u; + v ENaS
So since fi is locally Lipschitz, (u}) is bounded and as the unit ball of X™* is weak-star

compact, extracting subnet we may assume that u!“su* and hence vi“>x* — u*. Thus
z* € Oafi(zo) + Oaf2(wo).

Our aim is to give weaker assumptions ensuring the boundedness of (u}). In other
word, we are concerning with finding (weaker) assumptions ensuring the following inclu-
sions

limsup(F(u) + G(v)) C limsup F(u) + limsup G(v)

C c D
u—xz( u—xo vV—T0
D
U—)mo
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where F' and G are multivalued mappings defined respectively on metric spaces C' and D.

But first let us give a nonsmooth characterization of Asplund spaces. For this, we consider
the sets (Ioffe [19])

S ={(z,0,8) e X xR xR: fi(z) < a}
So={(z,0,8) e X x RxR: fo(x) < S}

S={(r,0,8) € X x Rx R: fi(z) + fo(z) < a + 5}

for extended real-valued functions f; and f; on X.

Lemma 3.1. Let ¢ > 0, (x;,a4,5;) € S; and (zf,af,5}) € 5Fd((xi,ai,6i),8i), 1=1,2,

(3

with |a| > q (resp. |B2| > q). Then ay = f1(x1) (resp. Bz = fa(x2).

We say that f; and fy satisfies the metric inequality (MI) at xq if there exist r > 0
and a > 0 such that

d((xao‘7ﬁ)a Sl N SQ) S a[d((x,oz,ﬁ), Sl) + d((ff,a,ﬁ),SQ)]
for all x € xg + rBx,«a € fl(ill()) —|—T’B]R and § € fg(l‘o) —|—7“B]R.

In order to state our nonsmooth characterization of Asplund spaces we recall the
following result.

Proposition 3.2. (Jourani and Thibault [31]). Let C' be a nonempty closed subset of X
and x ¢ C. Then for all € €]0,1[ and z* € dFd(x,C)

1—e<] =" .

Proposition 3.3. Let X be a Banach space. Then the following assertions are equivalent
(1) X is Asplund.
(13) For every extended real-valued lower semi-continuous functions fi and fo on X
and xg € domf; N dom fo satisfying the metric inequality (MI) at zq, we have

z* € O(f1 + f2)(zo) = ¥y > 0,¥6 > 0,¥by > a || z* || +1,by > 2a || =* || +3

3x; € xo +Bx, fi(z:) € fi(xo) +VBR, and
zf e 0fi(zy), |2 ||< 2b;,i=1,2 such that
| 2% — 2y — 25 [[< 26(1 + b1 + b2).
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Proof. (i) = (i) : Let #* € dp(f1 + f2)(x0). Then for all § > 0 there exists r > 0 such
that

fi(@) + fal@) = fi(zo) — falwo) — (2%, 2 — 20) = —(g) | @ = o [|, Vo € B(zo, 7).

So for all (x,, ) € SN (wo +rBx) X (fi(zo) + rBR) X (f2(w0) + 7BR)

J

a+ B~ fi(zo) = fa(wo) — (27,2 — z0) 2 —(35) |z — 0| .

Taking into account the simple fact that S; NS C S and the metric inequality we get the
existence of s > 0 such that for all by,be > a || z* || +3

bid(z, a, B,51) +bad(x, v, B, S2) + o+ — fi(xo) — fa(wo) — (2", 2 — x0) > —(g) |z = ||

for all x € 2o + sBx, a € fi(2o) + sBR, B € f2(x0) + sBR. Since X is Asplund it follows
that for all v > 0

(%, —1,—1) € Js/a(brd(., S1) + bad(., S2))(zo, f1(z0), f2(z0))
C | J{010rd (21, 01, 81, S1) + boOpd(w2, 02, B2, S2) : @i € 30 + YBx,
o; € fl(x()) —|—’)/B]R,ﬂi S fQ(IL‘()) —f-’yBlRi = 1,2} + 5(BX* X Br X BR).

So there exist x; € zo +vBx,; € fi(wo) +YBR,B:i € fa(x0) + VBR, (2}, 07, 5]) €
biéd(xi,ai, bi, S;), i = 1,2, such that

(3-4) | 2% =2y — 23 [[<6
(3.5) far+1]<é
(3.6) I 65 +1]<4d

a; =0, Br=0, [=7[<b

First (z1, a1, 1) € S; because otherwise, by Proposition 3.2

1 * * *
(L=7) < -l | +leal + 187,

and since || 27 ||<|| * || + || 25 || +e + 6+~ <|| =* || +b2+ 0 + e+ and by is arbitrary we
obtain a contradiction. We also show that (z2,as, 82) € So. By lemma 3.1, oy = f1(x1)

and By = fa(x2) and hence 2e ) fi(x;) and the proof is terminated since

Jat+ 2y 22 gy |2ty 22t Ly,
o5 2 o3 251
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< 26(1 + by + ba).

(73) = (7) : It suffices to invoque the following result by Fabian [15-16]

X is Asplund iff

(13") for every extended-real valued functions fi and fo in X, xg € dom fi N dom fo
with fo locally Lipschitzian at xq , for alle > 0,7 > 0

O (fu+ f2)(wo) C {éFfl(xl) + éf2($2) : x; € xo +yBx+

and to show that (i7) = (ii’).

Theorem 3.3. Let X be Asplund space and f1 and fo two extended real-valued lower semi-

continuous functions on X satisfying the metric inequality (M1) at xo € domfiNdomfs.
Then

Or(f1 + f2)(x0) C Or f1(xo) + OF f2(x0).

Let U and V be topological spaces and F' : U :V be a multivalued mapping. The
singular multivalued mapping (or the recession multivalued mapping) F*° of F' at ¢ is
defined by

F°°(z0) = limsup AF'(z).
U

IE—>5EO
A—0t

Note that if F'is bounded on some neighbourhood of ¢, then F*°(z¢) = {0}.

Theorem 3.4. Let C' and D be metric spaces and F : C 7 X*, G : D~ X* be
multivalued mappings. Suppose that

(a) there exist a locally compact cone K* C X*, a bounded set B* C X* and a
neighbourhood V' of xy such that

Fz)Cc K*4+B*,VxeVnC
(b) F>(x0) N (=G> (x0)) = {0}

Then
limsup(F(u) + G(v)) C limsup F(u) + limsup G(v).
U—Eimco UE):E() ’l}—D>:I}()
C
u——xQ

If in addition X is Asplund
seq — limsup(F(u) + G(v)) C seq — limsup F(u) + seq — limsup G(v).

C C D
u—xQ Uu—xo vV—XQ

v—x(
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Proof. Let z* € limsup(F(u) + G(v)). Then there are nets uigxo,vigxo, ul € F(u;)
C

u—x(
D

and v} € G(v;) such that u} + v >z

We claim that (u}) is bounded. So suppose the contrary and without loss of generality

we assume || u} ||— +oo. Set xf = ||Zf«”7 y; =
K2

.
Vi
luill

Since (z}) is bounded we may assume

S

%2 and hence yf™s — x*. Now, by assumptions x} € K* + Hu_l’fHB* and since K* is
locally compact we get x* # 0. It follows that

x* € F(xo) N (=G> (x0))

and this contradiction completes the proof of the first part of the theorem for the second
one it suffices to use the fact that the closed unit ball of the dual of an Asplund space is
sequentially weak-star compact.

Now we use this result and Proposition 3.2 to give the following chain rules for ap-
proximate subdifferentials and limiting Fréchet subdifferentials.

Theorem 3.5. Let f1 and fo be two extended real-valued lower semicontinuous functions
on X and let xg € dom fi N dom fs. Suppose that

(1) X is a WT-space (resp. an Asplund space) ;

(13) there exist a locally compact cone K*, a bounded set B* and r > 0 such that

0= fi(x) C K*+ B*,Vx € zy + rBx

( resp Opd(z, o, epifi) C K* x R,V (x, ) € (xg +7rBx) % (f1(z0) + rBR) Nepifi)
(13i) OF fi(xo) N (—OF fa(xo)) = {0}. ( resp. O f1(xo) N (=0 fa(xo)) = {0}). Then

0a(f1 + f2)(x0) C Oafi(xo) + Oafa(wo),

( resp. Op(f1+ f2)(z0) C Or fi1(wo) + OF f2(0)).

Proof. Let us prove the second inclusion. Set C' = graph (f1), D = graph (f2),
F(z,a) = 0p f1(z), G(z, ) = Op fa(x). The assumption (i¢) implies that

F(z,a) C K*, V(z,a) € (xo+rB;) x (fi(zo) +rBr)NC,
and (iii) ensures that
F*=(xo, f1(x0)) N (=G> (20, f2(0)) = {0}

14



So Theorem 3.4 implies that

seq-  limsup  [F(u,a) + G(v,8)) C
(v.8) 2> (0. fa (20))
C
(u, @) = (z0, f1(20))
seq- lim sup F(u,a) + seq- lim sup G(v, )

(u,0) - (20, f1(20)) (v,8) = (w0, f2(20))

or equivalently

seq- lim sup(dp f1(u) + dp f2(v)) C seq- limsup Op f1(u) + seq-lim sup Ip fo(v).
vfimo Uiﬁto vﬁmo

f1

U——>T(
The proof is terminated by using Theorem 2.9 in [47] and Proposition 3.2.

Remark. The results of Theorem 3.4 remain true if we replace X™* by any reflexive Banach
space, the local weak-star compactness by the local weak-compactness and the weak-star limit
superior by the weak limit superior.

4. Relationships between limiting Fréchet subdifferentials and approximate
subdifferentials

In this section we establish a connection between limiting Fréchet subdifferentials, ap-
proximate subdifferential and the following sequential constructions of approximate subd-
ifferential considered in [47]

0% f(xo) = seq —limsup 9, f(x)
e—0t

f
T——T(

and
0% f(xo) = seq — limsupd~ f(z).

f
r—>TQ

Using some recent results of Borwein and Fitzpatrick [4], Mordukhovich and Shao [47]
showed that in Asplund space and for a locally Lipschitz function f at xg

(4.1) ™ (Or f(xo)) = cl™ (93" f(x0)) = Oaf(o).

They showed that in weakly compactly generated Asplund spaces the following equalities
hold

(4.2) Or f(z0) = 03" f(z0) = 0 f(z0)
for a locally Lipschitz function f at xzq.

Recall that X is weakly compactly generated (WCG) if there exists a weakly compact
set K such that X = cl(span(K)). Clearly all reflexive Banach spaces and all separable
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Banach spaces are weakly compactly generated. For the case of Asplund spaces, there are
precise characterization of the WCG property (see [12-13]) which implies, in particular,
the existence of a Fréchet differentiable renorms and the weak-star sequential compactness
of the closed unit ball of its topological dual.

Using Proposition 3.1 in [35], we easily show that
(4.3) daf(xo) = 93" f(z0)

provided that X is a W C G space and there exist a locally compact cone K* and r» > 0
such that

(4.4) 9= f(x) C K* + p(¢)Bx+,Vx € zo + rBx, Ve €]0,r][.
where p(e) = 0 as e — 07,

Our aim in this section is to use this result to extend that of Mordukhovich and Shao
[47] to the non-Lipschitz case.

Theorem 4.1. Let X be Asplund space and f be an extended real-valued lower semi-
continuous function on X. Let K* be a closed and locally compact cone and let r > 0.
Then

(4.5) A0 f(20)) = el (07 (20)) = cl* (O f(w0))
provided that
(4.6) Ord(z,a; epi f) C K* x R,V(z,a) € (o +7Bx) % (f(x0) +rBR) N epif.
If X is WCG and
(4.7) o= epif (r,0) C K* xR, V(z,a) € (20 +7rBx) x (f(xo) +rBR N epif .
we have
(4.8) Oaf(zo) = Or f(wo) = 0% f(wo) = OY f (o).
Note that (4.6) and (4.7) are equivalent in Asplund spaces (see Theorem 5.6).
Proof. (1) It suffices to show in (4.5) that

9% f(xo) C ™ (Or f(20))

because, by Theorem 2.9 in [47],

(4.9) dr f(z0) = seq — limsup dp f(z)

f
r—rx0
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and

O f(wo) C OF f(xo) C O3 f (o).
So let z* € 0% f(x(). Then there are sequences xnimo, en, — 07 and =¥, %+ such that
x, € 0, f(xy), for all n.

Let V' be a weak-star neighbourhood of 0. Then by Theorem 2.8, there exists a finite
dimensional subspace L of X such that L+ C V and

(4.10) LN K* ={0}.
Since z;, € 9_ f(x,), the function
T = [(@) + Vo, 0(®) = (27,2 — 2n) + 260 || 2 — 2y |

attains a local minimum at z, (Lemma 1 in [17]). It follows from (4.7) and (4.10) that
Or f(z,) N L+ = {0} and Theorem 3.5 implies the existence of u} € drf(z,) and v} € L+
such that )
ul 4+ vk St
Note that, by (4.10), (u}) is bounded. So since the closed unit ball in X* is weak-star
sequentially compact (because X is Asplund), we may assume that u;w—m* and hence
vy — x* —u*. Thus
¥ e 8Ff(ac0) + LJ' C 8Ff($0) +V

and hence z* € cl"9r f(x0). For the second part it suffices to use (4.5), (4.7), (4.3) and
the following consequence of Proposition 3.1 in [35]

Or f (o) = limsup 7 f(x).

f
T ——xQ

5. Metric inequality

In section 3 we used metric inequalities for functions to characterize Asplund spaces.
This concept terms out to be important for many applications some of which are considered
in this paper. The aim of this section is to present conditions ensuring this metric inequality
for sets and functions. Our results in this section are expressed in terms of an abstract
subdifferential 0, called presubdifferential [55], satisfying the following conditions.

Let f: X - R, g: X - R and h: Y — IR be locally Lipschitzian functions with g
convet.

al) 8f(ac) C X*;

az) Of(xz) = Og(x) whenever f is convex and f and g coincide around z. Here the
subdifferential of g is taken in the sense of convex analysis;

as) 0 € Of (z) whenever f attains a local minimum at x;

asg) for h(z,y) = f(x) + h(y), Oh(z,y) C Of(x) x Oh(y);
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as) O(f + g)(z) C Of(x) + g(x);
ag) Of (z) = limsupdf(u) (resp. Of(x) = seq — limsup df(u) in the case where the

S f
u—=x uU—x

space is Asplund).

The approximate subdifferential and the Clarke subdifferential are presubdifferentials
and in Asplund spaces the limiting Fréchet subdifferentials is a presubdifferential.

Theorem 5.1. Let C' be a closed subset of X containing x and let H* be a weak-star
closed subset of X* be such that

(1) 0d(C,z)N H* = {0}.
Suppose that there exist a locally compact cone K* C X* and r > 0 such that
(2) 0d(C,u) C K*,Yu e CN(z+rBx).

Then there exist s > 0 and a > 0 such that for each family D of closed subsets D of X
containing 0 and satisfying

(3) dd(w,D) C —H*,Yw € DN sBx
we have
(5.1) d(u,CN(v+ D)) <ad(u—wv,D)

forallue CN(z+ 1Bx),ve€x+1Bx and D € D.

Proof. Suppose the contrary. Then for all integer n there exists a family D,, of closed
sets D containing 0 and satisfying (3) and such that (5.1) does not hold. So there exist
u, € CN(z+ LBx), v, € (r+ 1Bx) and D,, € D,, such that

d(Up, C N (v, + Dy)) > nd(un, — vy, Dy,)

Let w, € D,, with

1 1

(5.2) || wn—vn—wy ||< d(up—0vn, Dp)+— min (—, d(u,, CO (v, +Dy)) —nd(un—vy, Dy)).
n n

Consider the function f,, (u,w) =|| u—v, —w || and set €2 = f,,(un, wy), A\, = min(ne2, e,).

Note that €2 > 0 and &,, — 07. The function f, verifies

n ny n < 1 f n Y 2
frn(tp,wy) < (u,w)lélCXan (u,w) +¢;,

and hence, by Ekeland’s variational principle [14], there exist u, € C' and w], € D,, such

that (for s, = i—’; = max (1,¢,))

(5.3) [ =y, ||+ [ wn = wy, [|< A
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fn(u;ww’/m) < fn(u7w) + STL(H C u;z H + || w— w;; ”)7 V(“uw) € C x D,.
So by Proposition 2.3.4 in [10]

Fulug,wy,) < fr(u,w) +sn(l u =y, |+ [ w—wy, 1) + (14 sn)(d(w, C) + d(w, Dy))
for (u,w) near (u,,,w) ). Thus, by a1) — as) of the definition of the presubdifferential 0,
(0,0) €0 || . —vp — . || (ul,,wh) + (1 + 5,)(0d(C,uy,) x dd(D,w,,)) + sp(Bx+ X Bx+).

Since u,, — v, — w), # 0 (because otherwise u, — v, € D,, and hence by (5.2) and (5.3)
| wn —ul, [[< A < ne2 < d(un, C N (vy, + Dy)) <|| up —ul, ||, a contradiction)

Ol . —vp— | (wp,wp) C{(z", —2")« [ 2" [= 1}
So there exists x € X*, || 2% ||= 1, v}, € 9d(C,u}) and w} € dd(D,,,w!,) such that
|25 + (1+ sn)uy, 1< sn
| 25 — (14 sp)w) [|< sp.

Since || z} ||= 1, then extracting subnet if necessary we assume that ngm* and hence
u’ = and wi-—+ — z*. Now, by (2) and Proposition 2.2, z* # 0. Thus, by (2) and
ag), ** € 0d(C,x) and, by (3), —z* € —H™* and this contradicts (1) and the proof is
terminated.

The proof of the following two theorems is similar.

Theorem 5.2. Let C and D be closed subsets of X, with x € C N D, be such that

(1) 9d(C,z) N (—dd(D, z)) = {0}.

Suppose that there exist a locally compact cone K* and r > 0 such that (2) of Theorem 5.1
holds. Then there exists a > 0 such that

d(u,CN(v+ D)) <ad(u—v,D)
for allu e CN(z+ 1Bx) and v € 1By.

Theorem 5.3. (Uniform metric inequality ). Let K* C X* be a locally compact cone and
H* be a closed subset of X™*, with

K*nH* ={0},

and let x € X. Then there exist s > 0 and a > 0 such that for all family C of closed sets
C C X containing x and satisfying

0d(C,u) C K*,Vu € CN (z+ sBx)
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and all family D of closed sets D C X containing 0 and satisfying
dd(D,u) C —H*,Yu € DN sBx

we have
d(u,CN(v+ D)) <ad(u—v,D)

forallCeC,DeD,uecCN(z+ LBx) andv e x+ LBx.

Corollary 5.4. Let C' be a closed subset of X containing x. Suppose that there exist a
locally compact cone K* C X* and r > 0 such that (2) of Theorem 5.1 holds. Then there
exist a finite dimensional subspace L of X and a > 0 such that

(17) L*NnK* ={0}
and for all L' € Dy, (:= the set of all closed subspaces of X containing L), u € C’ﬂ(ac—l—%BX)

andvEx—k%BX
du,CN(w+ L") <ad(u—v,L").

In the following corollary we give conditions ensuring the metric inequality for func-
tions.

Corollary 5.5. Let fi and fo be extended real-valued lower semicontinuous functions on

X, with fi(x), fa(z) € R, satisfying

(5-4) OF [1(x) N (=9% fa(x)) = {0}

Suppose that there exist a locally compact cone K* C X* and r > 0 such that
(5.5) Oad( epi f1,u,a) C K* x R,V(u,a) € (x+rBx) x (fi(z) + BR)-

Set S1 = {(z,a,p) € XxRxR: fi(z) < a} and S2 = {(z,a,f € X xR xR : fo(z) < 5}.
Then there exists a > 0 such that

d(u, o, 8,51 N S2) < a d(u, v, B, Ss)
for all (u,a, B) € Sy N (x, f1 (), fo(x)) + r(Bx x BR x BR)-
Proof. It is enough to show that (5.4) yieds
dad(z, f1(x), fo(z); S1) N (=0ad(z, f1(2), fa(z), S2)) = {0}
and (5.5) implies
0ad(S1,u, @, 8) C K* x R x R, V(u,a, B) € Sy N (, fi (), fa(z)) + r(Bx x BR % BR)
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and to apply Theorem 5.2.

Theorem 5.6. Let C' be a closed subset of X, with x € C' and K* be a locally compact
cone. Consider the following assertions
() there exists a neighbourhood Vi of x such that

04d(C,u) C K*,Yu € V1 NC;

(13) there exist a neighbourhood Vo of x and ro > 0 such that
0= Ye(u) C K* 4 2eBx«,Yu € VaNC and ¢ €]0,rs[;

(1i1) there exists a neighbourhood Vs of x such that

6Fd(C,u) - K*,Vu eVsndC;
(1v) there exists a neighbourhood Vy of x such that

O Ve(u) C K*,VueVynC.

Then

a) (1) = (ii);
b) if K* is closed and X is a WT-space, (ii) = (i).
c) if K* is closed and X is Asplund, (i) <= (ii) <= (ii1) <= (iv).

Note that b) holds in any Banach space (see Remark following Theorem 6.2).

Proof. a) By Theorem 2.8, there exists a finite dimensional subspace L of X such that
L+ N K* = {0}. Corollary 5.4 yields the existence of a > 0 and a neighbourhood V' of z,
with V' C V; such that for all finite dimensional space L’ of X containing L

(5.6) d(u,CN(v+ L") <ad(u—v,L")

for all u,v e CNV'. Let r > 0, Vo C V', £ €]0,7[, u € Vo N C and z* € - ¢c(u). Then,
by Lemma 1 in [17], we have for all L’ satisfying (5.6), the function

z—= —(x%z—u)+2 | z—u|
attains a local minimum at w on C'N (u + L) and hence the function
2= —{(x* 2 —u) + 2 || z —u || +2a(2e+ || 2* ||)(d(C, 2) + d(L' + u, 2))
attains a local minimum at w. Thus by subdifferential calculus
z* € 2a(2e+ || 2 ||)0ad(C,u) + 26 Bx~ + L'+

and hence
x* € 2a(2e+ || ¥ ||)0ad(C,u) + 26 Bx+
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which implies, by (i), that * € K* + 2¢Bx~.
b) It suffices to see that, when X is a WT-space

04d(C,u) C limsup 02 o (z).
e—0t

z—u

c) As in a) we show that (iii) = (ii), and since Opd(C,u) C 0ad(C,u), we have
(1) = (¢i7). Similary (as in a)) we show that (iii) = (iv) and since

Opd(C,u) C limsup 0~ V¢ (2)
C

zZ—rUu

we obtain (iv) = (¢i7), this terminates the proof.

Remark. It follows from this theorem and Theorem 2.8 that C' is normally compact in
the sense of Loewen [40] and Mordukhovich and Shao [{7], that is,

Opd(Cyu) C{z* € X™:|| 2" ||[< max (z*,h;)}, YueV
=

=1,-,m

iff (i) of Theorem 5.6 holds for some locally compact closed cone K* provided that the
space X is Asplund.

Remark. The difference between Theorems 5.1 and 5.3 is that the real a in Theorem 5.3
18 not depending on C' but only on x.

6. Normal cones
Let C be a nonempty closed subset of X containing z. The contingent cone K (C,x)
to C at x is the set of all h € X for which there exist sequences t,, — 07 and h,, — h such
that
r+tyh, € C, Vn.

Using the approximate subdifferential of Lipschitz continuous distance functions, Ioffe
[19] introduced the generated normal cone (G-normal) to C at = given by

Nea(C,z) = d*(Na(C, z))

where the construction

Na(C,z) = R, 04d(C, )

is called the nucleus of Ng(C,x). To these cones, he associated the G—subdifferential
O f(x) and the G-nucleus J¢g f(z)

Oc f(z) ={z" € X*: («7, —1) € Ng( epif;z, f(1))}.

daf(x) = {z* € X* : (z*,—1) € Ng( epif;x, f(x))}
if z € domf and g f(z) =0 and ¢ f(x) = O whenever = ¢ domf.
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In a joint work, with Thibault (see Chapter 3, p. 20), we considered the notion of b-
approximate normal cone N4(C,x) to C at z in the following manner : z* € N4(C, ) iff

for each L € F(X) there exist nets g; — 0T, xiim“, zr 2 a* and ¢ > 0 satisfying for all i
| 27 [|< c and 27 € O sn(a,+1) (%)

It is a very slight variant of Ioffe’s original definition and it is always contained in the
approximate normal cone N4(C,z) to C at z

Na(C,x) = 0avc(x).

Following Kruger and Mordukhovich [38], the limiting Fréchet normal cone to C at x
is the set

NF<07 33) = aF@DC’(Z')

This cone can be characterized in terms of the subdifferential of the distance function (see
Thibault [54]) as follows

The reader can easily see that the following inclusions are always true
Np(C,z) C Na(C,z) € N4(C,x) C Nu(C,z).

To the oi-approximate subdifferential and os-approximate subdifferential we can as-
sociate the corresponding cones

NG (C,z) = 04" Yc(x) and NG (C,x) = 03 ¢c(x).
It is also easy to see that
NP (C,z) € N(C,z) € N5(C,z) C Na(C,x).

Our aim in this section is to give conditions ensuring equalities of these cones. We
begin with the relationship between N4 (C,z) and Ng(C, ).

Theorem 6.1. Suppose that there exist a locally compact cone K* C X* and a neighbour-
hood V' of x such that

(6.1) 04d(C,u) C K*,Yu e VNC.

Then R
Ng(ca .’L‘) = NG(Cux)

Proof. Since K* is locally compact, Theorem 2.8 implies the existence of a finite dimen-
sional space L C X such that
Lt N K* ={0}.
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Let a > 0 be as in Corollary 5.4 and V' be a weak-star neighbourhood of 0 in X* containing
L't for some finite dimensional space L' C X containing L. Let z* € N4(C, ). Then there

C * .
are nets r;—xg,&; — 07, zF Zs2* and ¢ > 0 such that for all

| 27 [[£ cand  z} € 07 Yon(m+1)(T:).
Thus for all € > 0, the function
x— —(xl,x—xz;)+(ei+¢e)||x—zi |

attains a local minimum on CN(z;+ L") at z; (Lemma 1 in [17]) and hence, by Proposition
2.4.3 in [10], the function

z— —(xl,z—x)+ (i t+e)||z—a | +(c+e+e)d(z,CN(z; + L))
attains a local minimum at x;. Now, by Corollary 5.4, x; is a local minimum of the function

z—= —(xl,z—x)+(e+e) || z—x; | +alc+e+e)d(z,z;+ L)+ (a+1)(c+e+¢e;)d(z,C).

Thus
xr € (a+1)(c+e+e)0ad(Cox;) + L' + (e + &) Bx-

and hence )
z* € (a4 1)cdad(C,z) + L+ C (a +1)cod(C,z) + V.

As 04d(C, x) is weak-star closed, we get z* € (a+ 1) C 04d(C, z).

Theorem 6.2. Let C' be a closed subset of X, with x € C, and let K* be a closed and
locally compact cone. Suppose that (6.1) holds. Then

Na(C,z) = Ng(C, ).

Proof. Since K™ is locally compact, Theorem 2.8 implies the existence of a finite dimen-
sional space L C X such that
LT N K* = {0}.

Let * € Na(C,z). Then, by Proposition 2.1 in [18], there are nets (z;) C C, (z}) C
X* and (L;) € F(X) such that 2; — z, 7 —=z*, (L;) is cofinal with F(X) and z} €
0"V eon(z,+1,)(T4), for all i. One may suppose that L C L; for all i. By Corollary 5.4 there
are ig, a > 0 and r > 0 such that

(6.2) d(u,C N (z; + L;)) < a(d(u,C) + d(u — x4, L;))

for all i > iy and u € x + rBx. So since x7 € 0~ ¥z, +1,)(2i), Lemma 1 in [17] implies
that for all € > 0 the function

u— —(z7,u—xi) +ellu = zif| + al(lz7 ]| + &)[d(u, C) + d(u — i, Li)]
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attains a local minimum at x;. Thus using subdifferential calculus rules and letting ¢ going
to zero we obtain
x} € al|2}]|0ad(C,xs) + Li-

So there exist u} € al|x}]|0ad(C, ;) and v} € L} such that
x; =u; + ;.

We claim that (u}) is bounded. Suppose the contrary and assume without loss of generality

* *

that ||u]|| — oo and p} := “—iﬂgp* and ¢ := %%—p*. As (u}) C K* and K* is closed

D
and locally compact, it follows that p* # 0 and p* € K* and since L;- C Lt for all
i we get p* € K* N Lt and this contradict the fact that K* N Lt = {0}. Extracting

subnet if necessary we may assume that w; “su*. But v € Li, for all i, then v} 50 and
hence u* = z*. Relation (6.2) ensures that K(C N (z; + L;),x;) = K(C,z;) N L; and
as 0~ Ven (w11 (@) = (K(CN (x; + L), 2;))° we get uf € 0~ Ver(y,41,)(2;) and hence
z* € N4(C,z) and Theorem 6.1 implies that z* € Ng(C,z) and the proof is complete.

Remark. Theorem 6.2 shows that (6.1) is equivalent to

Nao(Cyiu) C K*, YueVnNC.

The weak contingent cone (or pseudocontingent cone) WK (C,x) to C at x is the set
of all h in X for which there exist sequences t,, — 07, and (h,) converging weakly to h
such that
r+tyh, € C, Vn.

Note that we always have
K(C,z) c WK(C,x)

and hence if we consider the weak-approximate normal cone

NY(C,z) = seq — limsup(W K (C,x))°

C
U—x

we obtain

NY(C,z) C N3*(C,x)
since 0~ Yo (x) = (K(C,z))°.
We have the following connection between this cone and the previous ones.

Corollary 6.3. Suppose that (6.1) holds and that X is Asplund. Then
Np(C,xz) C Ny (C,z) C N3*(C,x) C N3' (C,z) C cl*(Np(C, x)).
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Proof. The first inclusion follows from Proposition 3.1 in [7]. For the last inclusion we
apply Theorem 4.1, (4.5).

Corollary 6.4. Suppose in addition to the assumptions of Theorem 6.1 that X is WCG
and Asplund. Then

Np(C,2) = c*(Np(C,z)) = Na(C,2) = Ne(C,z) = Ng(C, x).

Proof. Apply Theorem 4.1, (4.7) with f = 1) and use Theorem 6.2 to complete the
proof.

In conclusion of this section we use the results obtained above to establish relationships
between subdifferentials.

Corollary 6.5. Let f be an extended real-valued lower semicontinuous function on a

WCG Asplund space X .If (4.7) holds, then

Or f(x0) = daf(z0) = Do f(x0) = da f(x0).

7. Tangent cones

Let C' be a nonempty closed subset of X containing xz. The Clarke’s tangent cone
T(C,x) to C at x is the set of all h such that for any sequence (z,) of C, z,, — z and
t, — 0T there exists h,, — h such that

Tn +tyhy, € C,  fornlarge enough.
The Clarke’s normal cone N.(C,x) to C at z is defined by
No(C,3) = (T(C,2))".

Cornet [11] has found a topological connection between the Clarke’s tangent cone and
the contingent cone K(C,x) to C' at x. He has shown that if C € R™, then

T(C,z) =liminf K(C,u)
C

uU—=x

here for a multivalued mapping F' on C

lim inf F(u) = N U (| (F(u)+eBx)

u—x e>0A>0ueCnN(z+ABx)

or equivalently h € liminf F'(u) iff for each sequence :L"ng)x there exist sequence h,, — h,
C
u—=x

such that h,, € F(z,), for all n.
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Using its new characterization of Clarke’s tangent cone, Treiman [56-57]showed that the
inclusion

limcinf K(C,u) CcT(C,z)

Uu—rx
is true in any Banach space and equality holds whenever C' is epi-Lipschitzian at x in
the sense of Rockafellar [53]. But this result does not include the finite dimensional case.
In [6], Borwein and Strojwas introduced the concept of compactly epi-Lipschitz sets to
show that the previous equality holds for C' in this class. A set C is said to be compactly
epi-Lipschitz at € C if there exist a norm-compact set H and r > 0 such that

CNn(x+rBx)+trBx C C—tH, Vte€|o,r].

Note that every epi-Lipschitz set is compactly epi-Lipschitz and every subset of a finite
dimensional space is compactly epi-Lipschitz at all its points. In the case where the space
is reflexive, these authors obtained the following equality

T(C,x0) = liminf WK (C, ).
C

uU—=x

They generalize the results of Penot [49] for finite dimensional and reflexive Banach spaces
and of Cornet [11]for finite dimensional spaces. Recently Aubin-Frankowska [2 ,p. 134]
obtained the following formula

T(C,z) = liminf WK (C,u) = liminf co WK (C,u))
C C

u—x U—x

in the case where the space X is uniformly smooth and the norm of X* is Fréchet differ-
entiable off the origin.

In their paper [7], Borwein and Strojwas gave the following characterization of reflexive
Banach spaces. They showed that the following assertions are equivalent :

(1) T(Cyx) C limcinf coW K (C,u), for all closed sets C C X, and z € C,

u—=x

(13) X is reflezive.

Our aim in this section is to show that (i) holds as equality for more general class of
Banach spaces. In the following result we show that (¢) holds for every set satisfying (6.1),
with 0 = J4 or Or or other subdifferentials in Banach spaces.

We begin by showing that the inclusion

(7.1) limcinf clcoWK(C,z)) C T(C,x).

U—=x

holds for any closed subset C' of an Asplund space.

Proposition 7.1. Let X be an Asplund space. Then (7.1) holds.
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Proof. We will show that if v ¢ T(C, x), with || v ||= 1, then v ¢ liminf clco(W K (C, x)).
C

uU—T

Since v ¢ T(C,x), then, by lemma 1.2.1 in [56], there exist ¢ > O,xngm, an integer n,
and A\, > 0 such that

(4]0, A\n](v +eBx)) N C = 0,Yn > nyg.
We may assume that A\, — 07. Set D = z,, + [0, 22](v + eBx). Then (\}v + D) N C = 0.

Set f(u,w) =| u—w—Mv | + || u—z, ||* . By Ekeland’s variational principle [14], there
exist u,, € C' and w,, € D such that

(7.2) f(un, wn) + Anlll tn — 20 || 4 | wn — 20 ||] < f (20, 20).
and
(7.3) [, wy) < flu,w) + A (|| u—up || + || w—wy, ||),V(u,w) € C x D.
Note that u,, — w,, — )\E’Lv # 0, and hence
O |- = = Ao || (un,wn) € {(u”, ") s |l u” [|=1}.
By Proposition 2.4.3 in [10]
fun, wn) < f(u,w) + An(|] w—un || + || w = wn ||) + 3d(u, C) + 3d(w, D)

for all (u,w) near (u,,wy). Thus, by subdifferential calculus there exist =}, € X*, || =} ||=
1, ar,d", b € Bx+ such that

(7.4) zr + by + 2 || up — x| @), € 30pd(C,uy,)
(7.5) —xy, + Andy, € 30pd(D, wy,).

From (7.5), we get

n

An
5 (v+b) —wy) < (= d;,, xpn + 7(v—l—b) —wy), Vb € eBx

(—:IJ;;, Tn +
which implies that

. A \ A2
(=, 7(1} + b)) <A, Tpy — wy) + 7(!! vl +e) + An || T — wy ||

(because of (7.2), || wn, — 2, ||< A2 and || v ||= 1), and hence
e < (z;,v) + 4\, + A (1 + ).
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As || 2} ||[=1 and X is Asplund space, extracting subsequence if necessary we may assume

that x;;w—m*, and so
(7.6) e < (z*,v)

and this ensures that z* # 0. From (7.4) and the sequential weak-star closedness of the
limiting Fréchet e-subdifferential (of Lipschitz functions) we get

x* € 30pd(x,C).

Using Proposition 3.1 in [7] and the fact that 0pd(C,z) C Np(C,x) we get * € N¥(C, z)

and then there exist sequences ¢, ——z and q: — x* such that ¢ € (WK(C,c,))°. Conse-
quently if v € liminf clcoW K(C, u), there exist ¢, € clco(W K(C,¢,)) such that ¢, — v.
C

uU—=x

By (7.6) and the fact that (g}, ¢,) — (z*,v) it follows that

<A{aqn, qn)

DO | ™

and this contradiction completes the proof.

The following corollary has been established by Aubin and Frankowska [2] in the case
where X is uniformly smooth and the norm of X* is Fréchet differentiable off the origin.
Their proof is based on Edelstein Theorem which states that in Hilbert spaces and some
Banach spaces, we can approximate any point by another which has a unique projection of
best approximation on a closed subset. The following corollary by Borwein and Strojwas
[7] (in which they use a completly different proof) extends their result to the reflexive
Banach spaces since this class of spaces contains the previous one (i.e. the class of space
which are uniformly smooth and the norm of their topological dual is Fréchet differentiable
off the origin). It is obtained as a direct consequence of Proposition 7.1 and the result by
Penot [49].

Corollary 7.2. Suppose that X is refliexive. Then

T(C,z) = liminf clcoW K(C,z) = liminf WK (C, x).
C C

U—x U—x

Proof. Tt suffices to see that (Penot [49])

T(C,x) C liminf WK (C,u)

C
U—x
and to apply Proposition 7.1.

As a consequence of this corollary and the duality theorem 1.1.8 in [2] we have

N(C,z) = cleo( seq — im inf (W K (C, u))?)
C

u—x
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Now we can use the results in section 6 to help pin down an other relationship between
the Clarke’s tangent cone and the contingent cone.

Proposition 7.3. Suppose that (6.1) holds. Then
T(C,z) C liminf clcoK (C,u).
C
u—x

Proof. We will show that if v ¢ liminfclcoK(C,u), then v ¢ T(C,z). Since v ¢
C

u—x

lim inf clcoK (C, u), there exist € > 0 and sequence xngm such that
C
u—x

(v+eBx) NclcoK (C, ) = 0,Vn.

By separation theorem there exists ), € X*, with || =} ||= 1, such that
(7.7) (x),v+eb) < (x) h),Vhe K(C,z,) Vbe Bx.
Since || =}, ||= 1, we may assume that x;‘fim* and from (7.7) z* # 0. Now by Theorems

6.2 and 6.1 and the fact that
Ng(C,x) C N.(C,x)

it follows that —z* € N.(C,x). But from (7.7)
(—x™,v) > ¢
which implies that v ¢ T'(C, x).
As a consequence of Propositions 7.1 and 7.3 we obtain
Theorem 7.4. Under assumptions of Propositions 7.1 and 7.3 we have
T(C,z) = limcinf cleoK (Cyu) = limcinf clecoW K (C, u).

uUu—x uUu—x

8. Characterization of interior points of sets.

The purpose of this section is to characterize interior points of sets in infinite dimen-
sional spaces by using locally compact cones. The first result in this setting is due to
Rockafellar [52]. It states that for a subset C' of R"

z€ int CexelCandT(C,x)=R"
This result is generalized by Borwein and Strojwas [6-7]to infinite dimensional situa-
tion for sets which are compactly epi-Lipschitzian (see Section 7). Our aim in this section

is to extend both results in infinite dimensional spaces for sets C' satisfying (6.1).
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Theorem 8.1. Let C be a nonempty closed proper subset of X, with x € C. Suppose that
(6.1) holds. Then the following are equivalent :

(i) ze intC

(i) T(C,z)=X.

Proof. (i) = (ii) : evident.

(7i) = (i): Suppose z ¢ int C. Then x is a boundary point of C' and hence by
Corollary 2.7 in [29], Dad(z,C) # {0}. So let 2* € dad(x,C)\{0}. Then z* € N.(C,x) and
hence

(x*,u) <0,Yu € T(C,x).

So, by (ii), 2* = 0 and this contradiction completes the proof.

We may rewritte this result in the following manner. If C' is a nonempty closed
proper subset of X, with = € C, and satisfies (6.1) then x is a boundary point of C' iff

N(C,z) # {0}.

9. Complements.

Our aim in this section is to show that the method used in the proof of Proposition
7.1 permits us to obtain characterizations of Clarke normal cone. We establish connection
between Clarke normal cone N.(C,x) and the normal cones Ng(C,x), Np(C,x) and the
cone generated by the presubdifferential of the distance function to C' at x.

Theorem 9.1. Let C be a closed subset of X with x € C. Then
N.(C,z) C clecoR10d(C, z).

Proof. We shall show that if v ¢ T(C,x) then v ¢ (clcolRdd(x,C))°.The argument
will be similar to that used in the proof of Proposition 7.1. As in (7.4) and (7.5) we get
the existence of sequences x € X*, || z} ||=1, a},d}, b} € Bx~ such that

zy +Apby 4+ 2 || uy — zp || @), € 30d(Cuy,)
—xy + Apd) € 30d(D,wy,).

As in the proof of Proposition 7.1 we show that z* “z*, with (2*,v) > ¢ for some £ > 0.

As a consequence we obtain the following characterization for Clarke’s normal cone
obtained by Clarke [10] as the cone generated by the subdifferential of the distance function,
by Ioffe [19] as a closed convex hull of the cone generated by the approximate subdifferential
of the distance function, and by Kruger-Mordukhovich [38] as a closed convex hull of the
cone generated by the limiting Fréchet subdifferentials of the distance function.

Corollary 9.2. Let C be a closed subset of X with x € C'. Then
a) No(C,z) = cl R4 0.d(C, x).
b) N.(C,x) = clcoR104d(C, x).
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c) If X is Asplund then N.(C,z) = clcoR4+0rd(C, x).
d) If K* is a closed locally compact cone satisfying (6.1) then

N.(C,z) = clcoNA(C, x).

Proof. It suffices to see that 04d(C, x), Opd(C,x) and 0.d(C,x) are presubdifferentials
and are contained in N.(C,z) and Theorem 9.1 (for a), b) and ¢)) and Theorems 6.2 and
9.1 complete the proof.

After we have completed this work, we received a very interesting paper by loffe [58]
which characterizes condition (6.1) in terms of compactly epi-Lipschitzian sets. So with
the help of this result and that of Borwein and Strojwas [6] we can complete Theorem 7.4
as follows : If X is Asplund and if condition (6.1) is satisfied then

T(C,z) = liminf clcoK (C,u) = liminf clcoW K (C, u) = liminf K(C,u) = liminf WK (C, u).
C C C C

uU—x u—x uU—x uU—T
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