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Paraconvex functions and paraconvex sets
by

HuyNH VAN NGAI (Qui Nhon) and JEAN-PAUL PENOT (Pau)

Abstract. We study a class of functions which contains both convex functions and
differentiable functions whose derivatives are locally Lipschitzian or Hélderian. This class
is a subclass of the class of approximately convex functions. It enjoys refined properties.
We also introduce a class of sets whose associated distance functions are of that type.
We discuss the properties of the metric projections on such sets under some assumptions
on the geometry of the Banach spaces in which they are embedded. We describe some
relations between such sets and functions.

1. Introduction. Some classes of sets or functions are so favorable for
smooth and nonsmooth analysis that they have been considered by a number
of authors. This is the case for the class of (locally) p-paraconvex functions
introduced in [56] and studied in [3], [5], [8], [9], [10], [12], [15], [30], [45], [51],
[56]-[69], especially in the case p = 2 in which case the functions are also
called semiconvex as in [32] and the book [11] which stresses their applica-
tions in optimal control and the study of Hamilton—Jacobi equations. This
class contains the class of convex functions and those of class C? and enjoys
interesting stability properties. In the present paper we study the notion of
p-paraconvexity for sets introduced in [69] (in a global sense and for p = 2),
studied in [15, Section 5] under the name of property (w) and called sub-
smoothness in [5]. We also introduce a notion of intrinsically p-paraconvex
set. Both notions are given in terms of the distance function to the set. As
in the case of the (more general) classes of approximately convex functions
and sets in the sense of [5], [15], [18], [38], [39], [40] which differs from the
one used in [24], [25], we provide characterizations. It turns out that the
classes of p-paraconvex functions and sets form more structured classes in
which one has a quantitative control of the variations of the subdifferentials
of the functions or of the normal cone to the set at nearby points respec-
tively. For instance, in the class of superreflexive Banach spaces, we show
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that best approximations to p-paraconvex sets exist and we prove the Holder
continuity of projections, obtaining results somewhat similar to the case of
convex subsets (see [1], [2], [50] and their references). We also present con-
ditions ensuring that a marginal function is p-paraconvex (see Section 4),
thus solving an unsettled problem. We relate the concepts of paraconvexity
for sets and functions through epigraphs and sublevel sets in Section 7. Let
us add that for the class of p-paraconvex functions (resp. sets) the usual no-
tions of subdifferential (resp. normal) coincide; this fact makes these classes
particularly attractive.

The concept of p-paraconvexity around a point we study is a localization
of a notion introduced in [56]; let us note that the version we study is not
global as in [10], [56]-[62], [69]. However, it amounts to p-paraconvexity
in the sense of [56] on some neighborhood of the point. Since it has been
proved in [56] that for p > 2 a p-paraconvex function whose restrictions
to line segments are absolutely continuous is convex, in the following we
restrict our attention to the case p € [1,2].

DEFINITION 1. Given some p € [1,2], a function f : X — Ry :=
RU{+o00} on a normed vector space X is said to be p-paraconver around
7 € dom f := f~1(R) if there exist ¢,d > 0 such that for any z,y € B(Z, )
and any ¢ € [0, 1],

(1) flte+ (1 =t)y) <tf(z) + (1 =1)f(y) + ct(l = )]z —y[]".

The function f is said to be (locally) p-paraconvex on an open subset U
of X if it is finite and p-paraconvex around each point of U. The index of
p-paraconvezity of f around 7 is the infimum cy of the set of real numbers
¢ such that there exists some ¢ > 0 for which relation (1) is satisfied for any
z,y € B(T,0) and t € [0, 1].

When c; is negative, we have in fact a strong convexity property; the case
cy = 0, p = 1 corresponds to approximate convexity (see [38], [39]). The case
p = 2 is of special interest, in particular in the setting of Euclidean spaces or
Hilbert spaces. As mentioned above, it has been thoroughly studied, at least
in finite dimensions, in Hilbert spaces, and in the locally Lipschitzian case.
Here we get rid of these restrictions. We relate the notion of p-paraconvexity
to the following notion of p-paramonotonicity. For p = 2 it corresponds to a
localized version of a concept introduced by A. Pazy [42] (see also [17], [43]
for related notions).

DEFINITION 2. A multimap (or set-valued map) M : X = X* is said to
be p-paramonotone around T on a subset E of X if there exist some m,d > 0
such that for any z1,z0 € EN B(T,0), ] € M(x1) and x5 € M(z2),

(2) (x] — 23,11 — 22) > —m||z1 — 227
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For E = X one simply says that M is p-paramonotone around . The index
of p-paramonotonicity of M on E around 7 is the infimum mj; of the set
of real numbers m > 0 such that there exists some ¢ > 0 for which relation
(2) is satisfied for any x1,292 € EN B(T,0), 2 € M(x1) and x5 € M(z2).

Directional versions of the concepts we study can be introduced, but for
brevity we do not consider them here. We also leave apart the generalization
of p-paraconvexity consisting in replacing the term ct(1 — t)||z — y||P in (1)
by ct(1—t)a(||z —y||) where a : Ry — Ry U{+400} is a hypermodulus, i.e. a
nondecreasing function such that «(t)/t — 0 as t — 04. The reason for that
choice lies in the Holder estimates we get for the negative of the distance
function to an arbitrary closed subset of a uniformly smooth Banach space
(Corollary 13) and for the metric projection onto a p-paraconvex subset of
a superreflexive Banach space (Theorem 30); this last topic has been thor-
oughly studied for convex subsets (see [1], [2] for instance). The notion of
p-paraconvex subset is studied in Sections 5 and 6. Although the choice p = 2
is the most important one, the case p # 2 may be of interest, for instance
when working in some L,, space, as illustrated by Proposition 24 below.

2. Preliminaries. In the following, X is a Banach space with topologi-
cal dual space X* and S(X) denotes the set of lower semicontinuous (l.s.c.)
functions f : X — Ry := RU {+o00}. The open ball with center T € X and
radius ¢ > 0 is denoted by B(Z, o), while Bx (resp. Bx+) stands for the
closed unit ball of X (resp. X*) and Sx stands for the unit sphere. Given
a subset E of X, the distance function dg associated with F is given by
dp(z) = infecp d(z,e). We write (z,,) L 2 to mean that () — x and
x, € E for each n € N.

Since the functions we consider are not necessarily smooth, we have to
use some generalizations of derivatives. A first possibility is to take a primal
approach by considering directional derivatives. A second approach is a dual
one; it is a one-sided substitute to the derivative called a subdifferential.
Several sets of axioms have been devised for such a concept. The notion of
subdifferential we adopt here is as versatile as possible: a subdifferential on
a Banach space X will just be a correspondence 9 : F(X) x X = X* which
assigns a subset 0 f(x) of the dual space X* of X to any f in a subclass F(X)
of the set S(X) of lower semicontinuous functions on X and any x € X at
which f is finite; we assume it has the following natural property:

(M) If f € F(X) is a Lipschitzian function and if T is a minimizer of f,
then 0 € 9f(T).

Of course, usual subdifferentials also satisfy other conditions which turn
them into calculus properties. These include a form of the mean value the-
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orem we describe below. Another property is the nonemptiness of df(x) for
x in a dense subset of X for any Lipschitzian function f on X; then we say
that X is a (Lipschitz) 0-subdifferentiability space. This property is satisfied
if X is an Asplund space and 0 is larger than the Fréchet subdifferential
(sometimes called the firm subdifferential) defined by

el f(z) © Ve >036 >0,Yue€dBx : f(z+u) > f(z)+ (&%, u) —el|u.

If X is smooth enough, for instance if X is a Hilbert space, and if p € ]1, 2],
this property is satisfied by the p-proximal subdifferential 0P; recall that for
p € (1,4+00), the p-prozimal subdifferential of a function f on a n.v.s. X at
x € X is given by

v €O f(x) < Jc>0,0>0,Vu € By : f(x+u) > f(x)+ (z*,u) — c|lulP.

Clearly 0P f(z) is contained in the Fréchet subdifferential 9F f(z). Albeit
property (M) is satisfied for 9P for any p > 1, the practical use of 9P seems
to be limited to the case p € ]1,2].

With any subdifferential 9 is associated a notion of normal cone obtained
by setting, for a subset £ of X and e € F,

N(E,e) :==Ry0ug(e),

where g is the indicator function of E, given by tg(x) = 0if z € E, +o00
otherwise. In the cases @ = 97, 9 = 9 and 9 = ¥ we get the normal cones
NP(E,e), N°(E,e) and NF(E,e) to E at e € E in the senses of Bouligand,
Clarke and Fréchet respectively, as defined below. Other notions have been
devised by Ioffe [26], [27], Michel-Penot [36], Mordukhovich [37], Treiman
[68] and several other authors.

Conversely, to a notion N of normal cone one can associate a notion
of subdifferential 0 by setting Ef := {(z,7) € X xR : r > f(x)}, zy =
(z, f(z)) and

Of(x) :=={a* € X*: (2", -1) € N(Ey,xy5)}.

Now let us give the examples of those concepts we will use most. The
(contingent or directional or Dini-Hadamard) normal cone NP(E, ) to a
subset E of X at x € cl(F) is the polar cone of the directional (or Dini—
Hadamard or Bouligand) tangent cone TP (E,x) to E at z, which is the set

of vectors v € X such that there exist sequences (t,) — 04 and (zy) E
for which (t;!(z, — 2)) — v. Both cones play a crucial role in nonlinear
analysis and optimization.

The Fréchet normal cone (or firm normal cone) to E at x is given by

e € NI(E,z) ©Ve>036 >0,Yu € ENB(z,8) : (2%, u—z) <elu— .

The Clarke normal cone NY(E,z) to a subset E of X at z € cl(E) is the
polar cone of the Clarke tangent cone TC(E, x) to E at x, which is the set
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of vectors v € X such that for any sequence (z,) L 2 there exist sequences
(tn) — 04 and (y,) in E for which (¢} (yn — 7)) — v.
The (lower) directional derivative (or contingent derivative or lower Dini—
Hadamard derivative) of f at z is given by
fP(z,v):= liminf o +tw) - f(:c)
(t,w)—(04,v) t

The Clarke-Rockafellar derivative or circa-derivative of a function f: X —
R =RU{—00, 400} finite at x is given by the following formula:

fC(x,v) := inf limsup inf fly+tw) — f(y)
r>0 fy)—f(z) weB(v,r) t
(tvy)_)(0+,x)

Both derivatives are majorized by the dag derivative which is given by
t — —
Fa0) = limn sup flyrtlvtz—y) —fly)
(ty)—(0+.2), f (4) =1 (@) t
The interest of such a derivative seems to be limited to questions of gener-
alized convexity and to the fact that the associated subdifferential is large.

Here, the subdifferential associated with some generalized derivative f’ is
defined by

Of (x) :={a* € X*:2*(") < f(x,)}.
For f' = fP (resp. f' = f¢) one recovers the Bouligand or Dini-Hadamard
subdifferential 9P (resp. Clarke subdifferential 9).

Given a subdifferential 9, following [31], [37], [47], one can associate to
it a corresponding limiting subdifferential O by setting, for a l.s.c. function
f and a point x of its domain,

Of(x) :=w*-  limsup  9f(u),
(u,f (w)—=(z.f (x))
where the w*-limsup is the set of weak®™ cluster points of bounded nets
(uf )ier with uj € Of(wi), (wi)ier — @ and (f(w;))ier — f(x).

We will make use of mean value inequalities. Under a primal form, such
estimates have been pointed out in [44]. In a dual form, as used here, they
have been devised by Zagrodny for the Clarke subdifferential [71], [72], and
by Loewen [34] for the Fréchet subdifferential. In [49], such a result is put
in a general form including the Ioffe subdifferential [26], [27], the moder-
ate subdifferential [36], and, in Asplund spaces, the Fréchet subdifferential,
the Hadamard subdifferential and the limiting subdifferential. In [4] such a
property is obtained under different assumptions.

DEFINITION 3 (Fuzzy mean value property). A subdifferential 0 is said
to be valuable on X if for any T € X and y € X \ {Z}, any lower semicon-
tinuous function f : X — RU{+oco} finite at T € X, and any r € R such
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that f(y) > r, there exist v € [Z,7y) and sequences (u,) — w and () such
that ) € 0f(un), (f(un)) — f(u), and
(3)  liminf(uw), 5 —7) > r — f(T),

[l — ull

@) limint{u,z — ) > L - £(2)
Vo € (T+Re(T— )\ [7u),

(5)  lim [y, [|d(un, [7,7]) = 0.

A simpler version due to Lebourg [33] is as follows. It is satisfied for
0 := 0%, the Clarke subdifferential, the moderate subdifferential 3™ of [36],
and if X is Asplund, by the Bouligand, Fréchet and limiting subdifferentials.

DEFINITION 4. A subdifferential 0 is said to be Lipschitz-valuable on X
if for any 7,5 € X and any Lipschitzian function f : X — R one can find
w € [Z,y] and w* € f(w) such that f(y) — f(x) = (w*,y — x).

We need some results about subdifferentials of distance functions.

LEMMA 5 ([40], [48]). Let E be a nonempty subset of a Banach space X
and let x € B, v € X. Then

1
dS(z,v) = limsup EdE(e—}—tv).

t—04, eBa

The next result is close to [7, Lemma 6], [27, Lemma 5], [48, Lemma 1],
[41, Lemma 3.6] and [5, Lemma 3.7], but it contains a crucial additional
information obtained in [40]. Recall that the norm of X is said to satisfy
the Kadec—Klee property if for every z € X, a sequence (x,) converges to x
whenever it weakly converges to z and (||z,||) — ||z

LEMMA 6. Suppose that E is a closed nonempty subset of an Asplund
space X, w € X \ E and w* € 0Fdg(w). Then ||w*|| = 1 and there exist
sequences (x,,), (zX) in E and X* respectively such that z¥ € 0¥ dg(z,) for
each n € N and

(lzn —wl)) = de(w), ({25, w —2n)) = de(w),  ([lz;, —w*[]) = 0.

If moreover X is reflexive and if its norm has the Kadec—Klee property, then
a subsequence of (xy,) converges to some best approzimation x of w in E and
(w*w—2z) = ||z — w|| = dg(w).

Now consider the limiting normal cone

N(E,a) :=limsup N(E, z)

E
Tr—a
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and the limiting Fréchet normal cone
NF(E,a) :=limsup N¥'(E, z)
wga
obtained from the normal cone (resp. the Fréchet normal cone) by the weak
upper limit process described above.

COROLLARY 7 ([40]). Let E be a closed nonempty subset of an Asplund
space X and let 75 € OFdg(T) with T € E. Then ||T*|| < 1 and there exist
sequences (), (z)) in E and X* respectively such that (x,) — T, (z}) — T*
weak* and x, € OFdg(x,) for each n € N.

3. Paraconvexity of functions. The following characterization of p-
paraconvexity has been given in [14, Thm. 5.1] in the case where p = 2, X is
finite-dimensional and the function is Lipschitzian; there, only the proximal
subdifferential is used and equivalence with the lower-C? property in the
sense of [54], [65] is proved. This characterization is extended to the case
where X is a Hilbert space and the function is lower semicontinuous in [5,
Thm. 4.1], using the Clarke-Rockafellar subdifferential. Here we consider the
case of a general Banach space and of an arbitrary valuable subdifferential;
the argument for the implication (d)=-(a) is different.

THEOREM 8. Letp € ]1,2], let f € F(X) and letT € dom f. Suppose the
subdifferential Of of f is contained in 0T f. Then (a)=(b)=(c)=(d) below.
If moreover 0 is valuable, all these assertions are equivalent.

(a) f is p-paraconvez around T;
(b) there exist ¢ € R and ¢ > 0 such that for any x € B(T, ) Ndom f
and v € B(0, o),

fH,0) < fla+v) = f(a) +cllol;

(c) there exist c € R and o > 0 such that for any x € B(Z, 0), * € df(x)
and v € B(0, o),

(6) (z%,0) < fz +v) = f(z) + cllo]|”;
(d) Of is p-paramonotone around .

Proof. (a)=(b). Given ¢ > c¢, let § > 0 be such that for any y,z €
B(Z,6) and t € ]0, 1],
F(( =ty +12) < (1= )f(5) + 7(2) + b1 — 1)y — ="
Set 0 :=0/2, fix x € B(Z, ) Ndom f and take v € B(0, ¢) and y € B(z, 0) N
dom f. Then z := x + v € B(%,0) and

f(A=ty+tx+v) = fly)
t

< flet+o) = fy) + el =Dy = (2 + )7,
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so that, since limsup,_,, —f(y) < —f(z),
fHa,v) < fl@+v) = fz) + o]

(b)=(c) is an immediate consequence of the inclusion df C d'f and of
the definition of 9T f.

(c)=(d) is proved in [18, Thm. 2] and [5, Thm. 4.5] for the Clarke sub-
differential. The general case is similar: given ¢ € R and p as in (c), for any
x,y € B(T,0/2), 2* € df(x) and y* € 9f(y), taking v := y—z and v’ := —v
we have z,y € dom f and

(@ y —x) < fy) = (@) + cllz = yl”,
(e —y) < flx) = fly) +cllz -yl
hence (z* — y*, & —y) > —2¢c||x — y||P.
(d)=(a) when 0 is valuable. Assume Of is p-paramonotone around 7,

that is, there exist o, m > 0 such that for any =,y € B(T,0), z* € Jf(x)
and y* € f(y),

(7) (" —y* w—y) = —mllx —y|”.

Let ¢ := o/2, x,y € B(Z,9), t € ]0,1], z := tx + (1 — t)y and r < f(2).
Without loss of generality, to prove (1) we may assume that z # y and
f(z), f(y) < +oo. Since O is valuable we can find u € [y, z) and sequences
(up) — wand (u)) in X* such that v} € 0f(uy) for each n and

n

(8) lim inf <u;, — > S f(y)
n [ = un Iz = yll

Let s € ]0,1] be such that z = « + s(u — x) and set z, = = + s(u, — ).
Since (u,) — u, one has (z,) — z, and since f is l.s.c. at z, for n larger
than a certain ng € N one has uy, 2z, € B(T,p) and r < f(z,). Moreover
|z, — z|| = (1 — tn)|ly — || for some sequence (t,) — t. Using again the
fact that 0 is valuable, we obtain v, € [z,2,) and sequences (v, %) — vn
and (v} ) such that v, € B(T, o) and v}, € Of(vy ) for any n > ng and
k €N, and ’

9) lirr}cinf <v:’k,

un_vn,k>>r_f(m): T—f(%)
l|tn — vn il |20 — ] (1 —to)lly — ||’

From (8) there exists some n; > ng such that for n > ny, since z, z,, u, are
aligned,

. Un —Up . T —Up r—fly)  r—fy)
10 N = (g, = .
(10) <“ ||vn—un||> <“ ||x—un||>> ly—2I  tlly— ]

On the other hand, since (v, %) — vy, for each n, by (10) and (9), for each
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n > nq one can find g(n) such that for & > q(n),

<’LL* vn,k_un >> r—f(y)

n

[V, — un| tlly — x|’
<U*k Up — Un ke > - r— f(x)
" un = vn el (1 —=tn)lly — |

Adding these inequalities and using (7), we get
R R (N
tly —xf] (1 —tn)lly — =]
Passing to the limit as k,n — oo, we get
mt(1=t)|ly — " = (L =t)(r = f(y)) +t(r — f(2)).

Since r is arbitrarily close to f(z), we obtain (1). =

ml|un — vp k|

COROLLARY 9. Suppose f € F(X) is finite at T € X and p-paraconvez
around T with p € ]1,2]. Then, for any subdifferential @ such that OPf C
of C O'f and for x near T, one has df (x) = P f(x) = O f(x); in particular,
O f(x) = 0% f(x).

REMARK. The proof we have given yields a quantitative approach: the
infimum of the constants ¢ appearing in assertions (b) and (c) is majorized by
¢y and the index of p-paramonotonicity of 0 f around 7 is majorized by 2c;.
On the other hand, the implication (d)=-(a) shows that c; is majorized by
the index of p-paramonotonicity of df around . We refer to [73] for such
estimates in the case of uniformly convex functions which may serve as more
precise models. =

COROLLARY 10. Suppose f : U — R is a differentiable function on some
open subset U of X with a locally (p—1)-Hélderian derivative, with p € |1, 2].
Then f is locally p-paraconvezr on U.

Proof. Since f is of class C, its Clarke subdifferential is just the deriva-
tive Df of f. Moreover, Df is locally p-paramonotone: for every = € U,
there exists some m > 0 and some neighborhood V of T contained in U such
that for z,y € V,

(Df(@) = Df(y),x —y) > —mlz =y’ -yl
Thus the result follows from the implication (d)=(a) of Theorem 8. m

4. Paraconvexity of marginal functions. The statements of the fol-
lowing criteria for p-paraconvexity are simpler than the ones in [39] but
they rely on differentiability assumptions. We use the following notation.
Given an arbitrary set S, an open subset Xy of a n.v.s. X, T € Xy and
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g:SxXyg—R, let f: Xg— R be the marginal function

f(x) :=supg(s,z), z€ Xp.

seS
We assume f is finite at =, and for z € Xy and € > 0 we set
S(z.e) {{SGS:g(S,x)Zf(:C)—e} if f(x) < 400,
x,8) = .
{seS:g(s,x) >} if f(z) =
T(z,e) = {s € S : gls,2) > f(7) — }.

THEOREM 11. If the following conditions are satisfied for some m > 0,

p € ]1,2], o > 0, then the marginal function f is Lipschitzian and p-
paraconvex on B(T,0) for some § €0, ol:

(Ch) for each s € S the function gs := g(s,-) is Fréchet differentiable on
the ball B(z, 0);

(Cq) for every x € B(ZT,0) one can find v := v, > 0 with ||g.(z)]] < m
for each s € S(x,7);

(C3) there exist o,n > 0 such that ||g.(x) — gi(z")| < ol|lz — 2'||P~L for
any xz,2' € B(T,0) and s € T(x,n) NT(z',n).

Proof. Let us apply the characterization of Theorem 8: we want to find

8,0 > 0 such that

(11) Vze B(Z0),Yve Bx: fC(x,v) < f(x+v)— f(z)+ol|v|P.
Note that f is l.s.c. on B (T, 0); we will first show that f is Lipschitzian with
constant £ := m + ¢~ !o on some ball B(Z,2d), where o, are as in (C3).
Let € € ]0,1[ be such that (£ 4+ 2)e < n and let 6 € 0, 0/4[ N ]0,e/4[ be
such that f(w) > f(Z) — ¢ for each w € B(Z,20). Given x,y € B(T,2J), we
pick 7 := 7y, € ]0,¢[ such that ||g,(y)| < m for each s € S(y,7), as in (Ca).
Given s € S(y,7v) let h : [0,1] — R and ¢ € [0,1] be defined by h(t) :=
9(s,y +t(z —y)) and

t:=sup{t € [0,1] : h(r) > g(s,y) — le Vr € [0,1]}.
By continuity of g, for any ¢t € [0,¢] and z; := y + t(z — y) we have

ht) = g(s,zt) > g(s,y) — e > f(y) =7 —te > f(T) -
hence s € T(z,n). In particular, taking ¢ = 0, we see that s € T(y,n),
hence, by (C3), [|g5(20) — g5 ()|l < oz —y[[P~". Tt follows that [|g}(z:)] < ¢.
The mean value theorem yields some z € [y,y + t(x — y)] such that
(12) h(0) — h(E) = Tl (=) (& — )
Thus h(0) — h(t) < 4t66 < le. If ¢ < 1, then by continuity, we have h(t) =
g(s,y) —le = h(0) — le, a contradlctlon Therefore ¢ = 1 and (12) yields

(13) 9(s,y) = g(s,2) = gy(2)(x —y) < L]z —y|.
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Since s is arbitrary in S(y,7), we get

fly) = f(x) < sup g(s,9) —g(s,2) < Lz -y
s€5(y,7)
and f is Lipschitzian with constant ¢ on B(Z, 29).

Now let us estimate f¢(x,u) for (x,u) € B(%,d) x Sx. Since f is Lip-
schitzian, we can pick a sequence ((wn,t,)) — (x,04) such that f¢(z,u) =
limy, t, L (f (2 + taw) — f(z0)). Set yn := T + tyu, v, := min(t2, v, ,€) and
choose s, € S(zy, + thu,v,). Taking n > k, with k large enough, we may
suppose that =, € B(Z,0) and z, + t,u € B(7,0). Using relation (13), we
obtain

95, (T) 2 s, (Yn) — Lllz = ynll = f(yn) — 1 — Ltn,

hence, as f is l.s.c. at x, liminf, g5, () > f(z) or (gs,(x)) — f(z).
Moreover, using again (13), for every w € B(Z,d) and n > k we have

(14) gsn(w) > gsn(yn) - ZHM - yn“ > f(yn) — Y — 205
> f(@) — 2 —le = f(T) —n,
so that s, € T'(w, 7).

Taking ¢ € ]0, ], from the mean value theorem we get some r,, 7], € [0, 1]
such that

| =

(9(Sn, T + tu) — g(sn, ) = g5, (& + rotu)(u),

—~ =+

1
o (9(8ns Tn + tau) — g(Sn, xp)) = g;n(xn + 7] tau)(u).
n

Choosing w = z + rptu and then w = z, + r)tyu in (14), we find that
sp € T(z + rptu,n) N T(xy, + 7, tyu,n), so that we may apply (Cs). Thus

= (g(nsn + t0) = 95, 20) = 7 (9502 ) — g5, )

n

<\ gk, (@n + Thtpu) — g, (x +rotu)|| < ollzn — o+ rhtyu — rotulPL

From these inequalities, the choice of s,, and the fact that (g(sp,x)) — f(x),
we deduce that

1 1
lim t_(f(xn + tnu) - f(xn)) < liminf t_(g(sna Tn + tnu) - g(sn, $n) + t%)

n n n

1
< lim inf ;(g(sn, x4 tu) — g(sp,2)) + ollzn — o + 7htpu — rotul/P!
n

<

o~ | =

(f(z +tu) = f(z)) + ot?H|ul/P~,

Therefore, for any v € §Bx, setting v = tu with ¢ € ]0,4] and u € Sx, we
get (11). m
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The following immediate consequence partially generalizes [14, Thm. 5.1]
which is set in finite-dimensional spaces and for suprema of functions of
class C?.

COROLLARY 12. Suppose S is a compact topological space, and g : S x X
— R is continuous with a partial derivative with respect to x € B(T, 0) which
18 jointly continuous and Lipschitz with respect to x, uniformly with respect
to s € S. Then the marginal function f is Lipschitzian and 2-paraconvez on
B(z,0) for some § > 0.

Another consequence will be used later on.

COROLLARY 13. Suppose X 1is a uniformly smooth Banach space with
modulus of smoothness ox satisfying for some k > 0 and p > 1 the estimate
ox(t) < ktP fort > 0. Then, for any nonempty closed subset E of X, the
function —dg is p-paraconver on X \ E.

Proof. Let j be the derivative of the norm on X \ {0}. Let us first prove
that, given s > r > 0, there exists some ¢ > 0 such that

(15) i) = i)l < clle = ylIP~"  Va,y € sBx \ rBx.
By [6, Prop. A.5] we have, for any z,y € sBx \ rBx,

p—1

. . ) _ _
17(2) = ()l < k2| < k22?72 lyllo — [y P~

-yl
< k22?72 ([lyl| o = yll + Nyl |l = [yl P~
< k2P 127 206P =L P L
Given7 € X\E,letn=p=r =dg(T)/2andset S := E, g(e,x) = —||lx—e]|
for x € B(T,0) and e € E. Then f(z) = —dg(z) for x € B(Z,p), and
for e € T(x,n), i.e. for e € E satisfying ||z — e|| < dg(T) + n, we have
r < ||z —e|| < 3r. Thus (15) shows that condition (C3) is satisfied. Since the

norm is differentiable on B(Z, ¢) with derivative j bounded by 1, conditions
(C1) and (Cy) are also satisfied. =

5. Paraconvexity of sets. We observe that using the notion of p-
paraconvexity for the indicator function tg of a subset E of X would lead
to convexity of E and not to a relaxed form of convexity. Therefore, we
rather use the distance function dg. In the following, 7 is a point of E and
p €]1,2].

DEFINITION 14. A subset E of X is said to be p-paraconvex around T if
its associated distance function dg is p-paraconvex around .

This notion is different from the one studied in [35]. Clearly, a p-para-
convex set is approximately convex in the sense of [38].
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EXAMPLE. The set E := {(r,s) € R? : s > |r| — r?} is p-paraconvex but
nonconvex. This example is a special instance of Proposition 25 below.

It is not obvious to decide whether the preceding definition depends
on the choice of the norm in an equivalence class; by contrast, the variant
presented in the next section will not depend on the choice of the norm
inducing the topology.

The following result is an easy consequence of [18] when 9 = 9¢. How-
ever, since we use here an arbitrary subdifferential contained in the Clarke
subdifferential, we have to use Theorem 8 with the distance function.

THEOREM 15. Let O be a subdifferential on the family of Lipschitz
functions such that Of C 9€f for any Lipschitz function f on X. Then
(a)=(b)=(c)&(c')=(d) below. If moreover d is Lipschitz-valuable on X,
all these assertions are equivalent.

(a) E is p-paraconvex around T in the sense that dg is p-paraconvex

around T;
(b) there exist ¢, 0 > 0 such that for any x € B(T,0) and v € B(0, o),

(16) dg(z,v) < dp(z +v) — dp(@) + c|jo]|P;
(c) there exist ¢, 0 > 0 such that for any x € B(Z,p), * € ddg(x) and
(u7 t) € SXX]()? Q):
dg(x + tu) — dg(x)

(17) (2%, u) < p + et
() there exist c,0 > 0 such that for any x € B(T,0), +* € ddg(z) and
v € 0Bx,
(18) (%,0) <dp(z +v) - de(z) + c|v]|”;

(d) ddg is p-paramonotone around T.
The following corollary is a consequence of Corollary 9.

COROLLARY 16. If E is p-paraconvex around T for some p > 1, then, for
any subdifferential & such that OPf C Of C OC f for any Lipschitz function f,
one has OPdp(x) = 0Fdg(z) = ddp(x) = 0%dp(x) for x close to T.

6. Intrinsic p-paraconvexity. As in the case of approximate convexity
([40]), the terminology of the definition we now adopt is justified by the fact
that the notion we introduce is obtained by restricting the requirement on
the distance function to the subset F. Thus, this new notion is more general
than the preceding one. We will show later that the two notions do not
coincide.

DEFINITION 17. Given p € [1,+00), a subset E of X is said to be in-
trinsically p-paraconvex around T € E if there exist ¢, o > 0 such that for
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any x1,x2 € EN B(T,p) and t € [0, 1],
(19) dp((1 —t)z + txg) < ct(l —t)||z1 — 22|

It is intrinsically p-paraconver if it is intrinsically p-paraconvex around each
of its points.

Note that there is no loss of generality in assuming that F is closed. Also
note that this definition does not depend on the choice of the norm among
the ones inducing the same topology.

Characterizations can be given as follows. When one of the assertions
(¢)—(d) below holds, we say that E is 0-intrinsically p-paraconver around T.

THEOREM 18. Let E be a nonempty closed subset of X and let O be a
subdifferential such that Of C O f for any Lipschitz function f on X. Then
(a)=(b)=(c)&(d)<=(e), and when X is a 0-subdifferentiability space, also
(e)=(a), where

(a) E is intrinsically p-paraconvezr around T;
(b) there exist ¢,d > 0 such that for any x,2’ € EN B(Z, ),

(20) dg(z,2’ — z) < cl|lz — 2'||P;
(c) there exist ¢,6 > 0 such that for any xz,2’ € EN B(T,0) and x* €
0dg(z),
(21) (z* 2’ — x) < cl|lz - 2'||P;

(d) 9ddg(-) is p-paramonotone around T on E: there exist ¢, > 0 such
that for any x1,z9 € EN B(T,0), 7 € ddg(x1) and x5 € ddg(x2),

(22) (2] — 33, 71 — w2) > —cl|z1 — 22"
(e) there exist c¢,0 > 0 such that for any w € B(T, ), x € EN B(Z, o)
and w* € ddg(w),
(23) dp(w) + (w2 —w) < c|lz —w|?.
Proof. (a)=(b). Let o > 0 be as in Definition 17 and let z,2’ € E N
B(7, ¢). By Lemma 5, we have

1
dS(z,2' — x) < limsup 7 dg(e+ t(x' — x)).
t—04, L
Now, since for t € ]0,1[, dp(e + t(z' — x)) < dp(e+t(ax' —e)) + t|le — z| <
ct(1—t)||z" —e||P + t||e — x|, we get
ol — ) < clla’ — P
(b)=(c) is a consequence of the inclusion ddg(x) C d°dg(x) and of the

definition of 9°dg(x). When 0 = 9%, the reverse implication follows from
the relation d%(x,u) = sup{(z*, u) : 2* € 0%dp(x)}.
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(¢)=(d). Let ¢,6 > 0 be as in (c) and let z1,z9 € E N B(Z,9), =} €
ddp(x1) and x5 € Odg(xa). Taking x = x1, z* = 27, 2’ = 2z and adding
inequality (21) to the corresponding one obtained by choosing x = x2,
z* = a3, &' = x1 we get (22) with 2¢ in place of c.

(d)=(c) is obtained by taking z1 = z, 2} = z*, x9 = 2/, 25 = 0 in (d),
using the fact that x5 is a minimizer of dg, so that 0 € ddg(z2).

(e)=(c) is obvious (take w =z’ € E).

(e)=(a) when X is a O-subdifferentiability space. Given c,p > 0 as
in (e), let 21,20 € ENB(7, ), t € [0,1], and w := (1 —t)z1 +txe. Since X is
a 0-subdifferentiability space, there exist sequences (w,) — w and (w};) such
that w? € ddg(w,) for each n € N. Then, as ddg(w,) C 0%dg(w,) C Bx-,
we have ((w},w — wy,)) — 0. Since by convexity w € B(ZT, ), we have
wy, € B(T, o) for n large enough, it follows that

(1= )dp(wn) + (1= ) (w) 21— wa) < (1= t)ellzy — wa?,
tdg(wy) + t{wy, x2 — wy) < te||lxe — wy|P.
Adding these relations, we get
dp(wn) + (W, w = wp) < (1= t)e|lzr — wall” + teflza — wnll”,
and, passing to the limit,
dp(w) < c(1=t)tP||xy — x2||P + ct(1 —t)P||xe — z1||P < 2¢t(1 —t)||x1 — z2|P. =

Now let us give specializations to some specific subdifferentials and nor-
mal cones. We start with the Fréchet normal cone.

COROLLARY 19. For the Fréchet subdifferential 0%, assertion (c) of the
preceding theorem is equivalent to the following:

(f) there exist ¢,d > 0 such that for any z,2’ € EN B(T,d) and z* €
NF(E,z),
(24) (2%, 2" —z) < cflz”| |l= — 2'|”.
If (¢) holds with & = €, then NC(E,z) = NF(E,z) for all x € ENB(, ).

If X is an Asplund space then all the assertions of Theorem 18 are
equivalent to (f).

Proof. The relation 0Fdg(z) = N (E,z) N Bx~ for each 2 € E yields
equivalence of (¢) and (f) by a homogeneity argument which does not require
any assumption on X. Moreover, (c) shows that 0“dg(z) = 0Fdg(x) for
each # € EN B(7,6) and that 0" dg(x) is weak* closed. Therefore, by [13,
Prop. 2.4.2], denoting by ¢6*(S) the weak® closed convex hull of a subset S
of X*, we get

NC(E,z) = e (R40%dp(x)) = ©0* (R 0" dp(r)) = N*(E, )

since N¥(E, ) is convex and weak* closed by (f).
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(c)=(e) when X is an Asplund space. Let ¢,0 > 0 be as in (c). Let

:=0/2, w € B(Z, o) \E (note that (23) coincides with (21) if w € E),

6 EN B(7,0) and w* € 0Fdp(w). By Lemma 6 we can find sequences
( n) in E and (27) in X* such that = € 0Fdp(x,) for each n € N and

n
(25)  (lzn —wl)) = de(w), ({2, w —zn)) = dp(w), ([z, —w"[]) = 0.
Since dg(w) < [|[T—w]| < g and ||x—w|| > 0, we may suppose that ||z, —w| <
0, ||zn, — w|| < 2|l — w|| for each n € N; then z,, € B(Z,20) C B(%,J) and
|z — xn|| < ||z — w| + ||w — x| < 3||z — w]||. Now, for n large enough, (25)
implies the first inequality below, while (c) ensures the third:

dp(w) + (w*, z — w)
< limsup((7;,, w — zn) + ({25, ¢ — w) + |27, — w*|| ||z — w][))

< limsup((zp, © = zn) + ||z, — w*|| |2 — w])

n

< limsup(clle — zn|[” + ||z, — w| |z — wl]).
n

Passing to the limit, and using the estimate ||z —x,|| < 3||z—w|| obtained
above, we get

dp(w) + (w*,z —w) < (3P + 1)||z — w|P.

Finally, since X is Asplund, it is a 0-subdifferentiability space, so that
(e) ensures that FE is intrinsically p-paraconvex by Theorem 18. m

The case of the limiting subdifferential can easily be derived from the
preceding corollary.

COROLLARY 20. Suppose that E is a closed subset of an Asplund space
X and let O be the limiting Fréchet subdifferential OF . Then all the assertions
of Theorem 18 are equivalent.

Proof. In view of Corollary 7, the passages from the assertions using or
to those involving 9 result from a passage to the weak* limit for a bounded
net; the reverse implications are obvious. =

Now let us turn to the Clarke subdifferential. It would be interesting to
know whether one can get rid of the assumption of the last assertion of the
next corollary that X is an Asplund space.

COROLLARY 21. For a closed subset E of a Banach space X and 0 = 9,
we have (e)=(a)=(b)<(c)<(d) in Theorem 18. If moreover X is an As-
plund space, all these assertions are equivalent.

Proof. The implications follow from the choice & = 9% in Theorem 18
since any Banach space is a 9°-subdifferentiability space. When X is an As-
plund space the equivalences can be deduced from the preceding corollary:
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since 0%dp(x) = c0*(0Fdg(x)) one has the equivalence (e (eF) e (e©)
(where (e“), (ef), (ef) are (e) for 0 = 0%, 0F, 0" respectively), hence
()= (M= (eM=(e“)=(a). =

The preceding local property can be related to a global one as defined
and studied in [10], [15], [19], [20], [22] in the case p = 2, X being a Hilbert
space.

DEFINITION 22. Given a subset F of X, p € |1,2] and a continuous
function ¢ : F x E — R, the subset F of X is said to be ¢-p-convex if for
any z,y € F and z* € N'(E, z),

(26) (2%, y —a) < oz, y)|2 lz —yl”.

In this definition the choice of the Fréchet normal cone is natural since
if the above condition holds for some other cone N(F,z) contained in
NCY(E,z) then N(E,z) C NF(E,z). The following result clarifies the links
between -p-convexity and p-paraconvexity.

PROPOSITION 23. Let p € ]1,2], E a subset of a Banach space X, and
p: Ex E — Ry a continuous function such that E is p-p-convex. Then
E is 0F -intrinsically p-paraconvex around each point of E in the sense that
assertion (c) of Theorem 18 is satisfied with O = OF .

Conversely, if E is OF -intrinsically p-paraconvex around each point of E,
then E is p-p-convex for some continuous function ¢ : B x E — Ry.

Proof. The first assertion is immediate: given ¢ > (T, T) for some T € E,
relation (21) is satisfied whenever 6 > 0 is small enough. Let us prove the
converse by first showing that there exist an open neighborhood V' of the
diagonal of £ x FE and a continuous function ¢ : V' — R such that for any
(z,y) € V and z* € NF(E, z),

(27) (@%,y — ) < Y, ) "] [l =yl
Given (z,y) € E X E, let

* Yy—x L x F F5)
wp(z,y) = sup{<a: T —pr> cxt e NY(E,x) OBX*}.
Assertion (c) of Theorem 18 shows that for any e € E there exist ¢, 0 > 0
such that wy(z,y) < c for any z,y € B(e,p). Clearly, the infimum c,(e)
of such constants ¢ defines an upper semicontinuous function on E. Since
E is a metric space, there exists a continuous function v, : £ — R such
that ¢,(e) + 1 < ¢p(e) for every e € E. Then, by definition of ¢,, for each
e € E one can find g(e) > 0 such that wy(z,y) < cy(e) +1 < 9y(e) for all
x,y € B(e, p(e)). Since FE is paracompact, we can find a locally finite open
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covering (Ve)eep of E such that V., C B(e, o(e)) for every e € E. Set
Vi (Ve x Ve, d(@,) =D Ae(a,y)¥y(e)
eckE eck

where (\¢)ecp is a continuous partition of unity subordinated to the covering
(Ve X Vo)ecr of V. Then 9 is continuous and for every (x,y) € V one has

wpl@,y) =D Aelm, y)wp(x,y) < Y Al y)¥p(e) = ¢(z,y),
ecl ecE

so that inequality (27) holds.
Let U be a closed neighborhood of the diagonal of F x E contained in
V and let ¢ be given by

o(r,y) = (1 = t(z,y)¢(z,y) + t(z,y) Tz =gl T

where
d((z,y),U)
d((z,y), (B x E)\ V) +d((z,y),U)

Then ¢ is a continuous function on E x E. For (x,y) € U and z* € N(E, x),

(" =i ) < 110t ) = o)

ylIP
For (z,y) € (Ex E)\V and z* € N(E,z),

Y- 1 .
) < 27| — = 2" |lo(z, ).
< B4 y||p> |z — yllP~*
For (z,y) e V\U, z* € N(E,x),

ot ) < i (o7 o) ) < o)
< HfE—pr> < [l =yl
Therefore (26) is satisfied. m

t($7y) =

The following statement can be considered as an illustration of the use
of a global property as in the preceding definition.

PROPOSITION 24. Let p > q € [1,00), let (S,S, ) be a measure space
with a finite measure, let ¢ € Loo(S,R) and let F': S =2 R™ be a measurable
multifunction such that

Vs € S, Yo,y € F(s), ¥t € [0,1] : dp(s) (1 -t)x+1ty) < c(s)t(l—t)”x—pr/q.

Then the set E of measurable selections of F(-) which are in L,(S,R™)
considered as a subset of X := Lq(S,R") is such that

(28) Vu,v € E, Vt € [0,1]: dx((1 — t)u+ tv, E) < ||e]act(1 — £)|Ju — v||5/9.
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Proof. Let u,v € E, and for t € [0,1], let w := (1 — t)u + tv. Then, by
[55, Thm. 14.60], we can interchange minimization and integration to get

dx(w, )= inf | Ju(s) — ()" a(ds) = | inf [lw(s) - el u(ds)
2€E eEF(s)
S S

< Je(o)11(1 = t)u(s) — v(s)|IP u(ds)
S
< lell&t* (1 = )l — [}

Inequality (28) follows. m

7. Links between p-paraconvex sets and functions. Some links be-
tween geometrical properties and analytical properties are contained in the
next statements. In the present section we suppose p > 1. Unless otherwise
specified, we endow the product space X := W X R of a n.v.s. W with R
with a product norm, i.e. a norm such that the projections and the injections
w — (w,0) and 7 +— (0, r) are nonexpansive. Then for each (w,r) € W x R
we have

max([[wll, [r]) < [|(w, )| < ]l + [r.

PROPOSITION 25. Let W be a normed vector space and let f : W — Ry
be a l.s.c. function which is p-paraconvex around w € W. Then for any 7 >
f(w) the epigraph E of f is intrinsically p-paraconvex around T := (W, T).

Proof. Let ¢, 0 > 0 be such that

JUA = twy + tws) < (1 — 1) f(wr) + tf (w2) + ct(1 — 1) |lwy — wel”

for any wy,ws € B(w, o), t € [0,1]. Let z; := (w;,r;) (1 = 1,2) be elements
of the epigraph E of f in B(Z, ¢) and let t € [0, 1], w := (1 —t)w; +twg, r :=
(1—t)ri+trg and x := (w, ). Then, as wi, w2 € B(w, ¢) and (w, f(w)) € E,
one has dg(z) = 0if f(w) <rand dg(x) < ||(w,r) — (w, f(w))] < f(w) =7
if f(w) > r, so that
dg(x) < max(0, f(w) — )

< max(0, (1 —¢)(f(w1) — 1) + ¢(f(w2) — r2) + ct(1 = t)[lwy — wo”)

<ct(1l—t)||lwr — wallP < ct(1 —t)||z1 — z2|P.
Thus F is intrinsically p-paraconvex around T. m

Let us complete the preceding result with the following one.

PROPOSITION 26. Let f: W — R be a function which is Lipschitzian
with constant £ > 0 on some ball B(w, g). Suppose X := W x R is endowed
with the norm given by ||(w,r)|| = £||w| +|r|. If f is p-paraconver around w,
then, for any T > f(w), the epigraph E of f is p-paraconver around T :=
(w,T).
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Proof. We may suppose 7 = f(w) since otherwise T is in the interior
of E. By [23], [26] one can find ¢ € ]0, g[ such that

dp(w,r) = (f(w) —r)4
for (w,r) € B(T,¢') with T := (w, f(w)), X being endowed with the norm
described in the statement; here, for ¢t € R, ¢ stands for max(¢,0). Let ¢ > 0
and § € ]0, ¢'[ be such that

F((1=t)wr +twe) < (1 —t) f(wr) +tf(w2) + ct(1 —t)||wr — wa|?
for any wy,we € B(w,6), t € [0,1]. Let x; := (w;,r;) € B(T,d) for i = 1,2

and let w := (1 — t)wy + tway, r := (1 — t)r1 + try and z := (w,r). Then we
have wy, we € B(w, ) and

fw) —r < (@ =)(f(w1) = r1)4 +¢(f(w2) = 72)4 + ct(l = t)Jwr — wa/?,
hence
dp(z) < (1 —t)dg(z1) + tdp(z) + clPt(1 —t)||z1 — 22||P. =
Let us give a kind of converse to the preceding propositions.

THEOREM 27. Let W be a Banach space and let f : W — R be a function
which is locally Lipschitzian aroundw € W and such that the epigraph E of f
is an intrinsically p-paraconvez subset of X := W xR around T := (w, f(w)).
Then f is p-paraconvex around w.

Proof in the case W is an Asplund space. In view of the characterization
of p-paraconvexity of a function given in Theorem 8, it suffices to prove that
OF f is p-paramonotone around w. Let ¢ be the Lipschitz constant of f on
some ball B(Z, gp). By Corollary 19 there exist ¢ > 0 and ¢ € ]0, go| such
that for any x1,22 € EN B(T, ¢) and any 2} € NF(E,z1), 25 € N¥(E, 1),

(2] — 23, 11 — w2) = —cl|w1 — 2"
Let ¢’ := o/(¢ +1). Then, for wy,ws € B(w, o), w € OF f(w;) for i = 1,2,
setting x; := (wy, f(w;)), =7 = (w}, —1), one has z; € B(Z,p) and z] €
NF(E, z;), hence
(WY —wy, w1 —wy) = (2] — 23, 21 — x2) = —cllz1 — z2/”
> —c(l+ 1)Pllwy — we|P.
Thus f is p-paraconvex around w. m
The proof in the general case relies on the following lemma extracted

from the proof of [48, Prop. 10 c]; it is close to previous results of that kind
due to F. H. Clarke [13] and to A. D. Ioffe [27] in the case T = (w, f(W)).

LEMMA 28. Let f : W — R be Lipschitzian with constant £ on a ball
B(w, o) of W. Then for o € 0, o[ small enough and for any w € B(w, o)
and any w* € 9° f(w) one has (w*, —1) € 0%dg(x), where E is the epigraph
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of f and x := (w, f(w)), X := W x R being endowed with the norm given
by [|(w, )| = £l|wl]| + [r|.

Proof of the theorem in the general case. Since intrinsic p-paraconvexity
is preserved when using an equivalent norm, we may use the norm described
in the lemma and take p,0 > 0 as there. We use the implication (a)=(c) of
Corollary 21: there exist ¢ > 0, v € |0, o[ such that for any z, 2’ € ENB(ZT, )
and z* € 0%dp(x),

(29) (x* 2" —z) < cllz — 2/||P.

Let § := /4. Now, by the preceding lemma, for w € B(w,d), u € §By,
w = w+u € B@,25) and w* € 9°f(w) we have z = (w, f(w)) €
ENB(z,7), 2 := (W, f(w')) € ENB(T,0) and (w*, —1) € 9%dp(x). Then,
by (29),

(w*,u) = (f(w) = f(w)) < c(lw —w| +[f(w) = f(w))F < c2P||ul.

Thus, for any € > 0, there exists § > 0 such that for w € B(w,d), any
w* € 9° f(w) and u € B(0,6) one has f(w+u)— f(w) > (w*, u) —c2PP|julP,

so that f is p-paraconvex around w by Theorem 8. =
Finally, let us turn to sublevel sets.

PROPOSITION 29. Let X be an Asplund space and let f : X — Ry.
Suppose f is continuous and p-paraconver around T € S :={x € X : f(x)
< 0} and there exist b,r > 0 such that ||x*|| > b for all z € (X \ S)NB(z,r)
and z* € OF f(x). Then S is intrinsically p-paraconver around .

Proof. Without loss of generality we may suppose f takes the value +o0
on X \ U, where U := B(Z,r). Then, by [74], [16], [29], [46, Thm. 9.1],
[41, Thm. 3.2] and several other contributions, we have fi(z) > bdg(z) for
x € U for fi := max(f,0). Let ¢ > 0 be given. Using Theorem 8, we can
find ¢ > 0 and § € ]0, r[ such that

(z%,2" —z) < f(2) — f(2) +clla’ — |

for any x,2’ € B(%,0) and a* € 0F f(x). Given z,2' € SN B(%,6) and * €
0Fdg(x), using [41, Cor. 4.1] we can find sequences (\,), (x,), (z) in [0, 1],
X, X* respectively such that (z,) — z, (A\,z}) — 2* and z}, € 9F f(x,) for
each n € N. Suppose first * # 0. Then f(z) = 0 since f is continuous at =
and x cannot belong to the interior of S. For n so large that =, € B(ZT,0),
and for 2’ € SN B(Z,0), we have

(w3, 2" —xp) < f(2') = flzn) +cfl2’ — 2.
Thus

(x*, 2 —x) = h}?@‘nﬂm ' —xp)

< limsup A, (f(2') = f(2n) + clla’ — 2n|P) < cfla” — =[P



22 H. V. Ngai and J.-P. Penot

since f(z') <0, A\, € [0,1] and (f(z,,)) — 0. When z* = 0, the inequality
(x*, 2" —x) < ||z’ — z||P is obvious. Thus, assertion (c) of Corollary 19 is
satisfied for E := S and S is intrinsically p-paraconvex around T. m

8. A counter-example. Because the concepts of paraconvexity and
intrinsic paraconvexity seem to be so close, one may wonder whether they
coincide. The following counter-example shows that this is not the case.

Given p = 3/2, let E be the hypograph of the function f : 7+ |r|P from
R to R:

E:={(r,s) e R?: s < |r|P}.

Let us endow R? with the Euclidean norm and show that E is intrinsically
paraconvex around (0,0), but not paraconvex around (0,0). Since F is the
image under the isometry (r, s) — (r, —s) of the epigraph of the function — f
whose derivative is (p — 1)-Holderian, it is intrinsically p-paraconvex around
(0,0). Let (r,s) € R? be close to (0,0), with 7 > 0, s > 7P. In order to
compute d%(r, s) we have to minimize the function x — (x — )%+ (2P — 5)2.
The necessary condition is

(30) x—7r+paP(zP —5) = 0.

Let y := z'/2. The preceding equation is equivalent to

(31) 20 — 2r + 3y(y® — s5) = 0.

Fixing s, this equation defines y := z!/2 as an implicit function of r;

moreover, y(0) = yo, where yp > 0 is the unique solution of the equa-
tion 3y3 4+ 2y — 3s = 0. The implicit function theorem asserts that 3(0) is
determined by the relation

o' (0)[4yo + 1293 — 3s] = 2

obtained by differentiating (31). Thus, since z/(0) = 2y'(0)yg and 3s =
3yg + 2yo by (31),
4

2'(0) = m

Therefore, for some function r — ¢(r) with limit 2/(0) as » — 04, we have
diy(r,s) = (w0 +q(r)r — ) + (w0 + q(r)r)*? — 5)
=z + 220(q(r) — 1)r + (q(r) — 1)*r?
+ (w0 + q(r)r)® = 2s(wo + q(r)r)** +
o7+ ) + 2e0(g(r) — Dr
q(r)r + o(r)

= (23 + 2} — 257,

+ 323q(r)r — 35.130/
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and since, by (30), 38.%'(1)/2 = 323 + 20, taking limits as 7 — 0, we get
rHd%(r, s) — d%(0,5)) — 2x0(2'(0) — 1) + 3222/ (0) — 3836(1)/230'(0)
= —2xp.
Thus, given a € |0, 2z¢[, for r > 0 small enough, we have
(32) d%(r, s) — d3(0,s) < —ar.

On the other hand, if dg is p-paraconvex, one can find ¢, > 0 such that
for ||(r, s)|| <4,

1 1 1
dp(0,s) < 3 d(r,s) + 3 d(—r,s)+ 1 c(2r)P.

Now, since E is invariant under the symmetry (r,s) — (—r,s), we have
dp(r,s) > dp(0,s) — 2P~ 2crP and for r sufficiently small the right hand side
of this inequality is positive, so that

d2E(Ta s) > (dg(0,s) — QP—QCTp)27
dy(r,5) — di(0,5) > 2P erPdp (0, s) + 274>,

a contradiction with (32) when ||(r, s)|| is sufficiently small.

9. Paraconvex sets and projections. The following result shows
that, in the context of superreflexive spaces, p-paraconvexity of a distance
function is equivalent to its continuous differentiability with a Holderian
derivative. It is reminiscent of [14, Thm. 4.8] which is set in a Hilbert space.
There, p = 2 and a Lipschitz property is given instead of a Holderian prop-
erty. Moreover, here U is not a uniform enlargement of F; it may be small
(or large) and far from E.

THEOREM 30. Let X be a superreflerive Banach space, let E be a closed
subset of X and let U be an open subset of X. The following assertions
relative to some choice of p € ]1,2] and of an equivalent norm on X are
equivalent:

(a) Each w € U has a unique metric projection Pg(w) in E and the
mapping w — Pg(w) is locally Holderian on U \ E.

(b) dg(-) is differentiable with a locally Hélderian derivative on U \ E.

(c) For eachw € U\ E, dg(-) is p-paraconvezr around W for some p €
11,2].

Proof. (a)=(b). As in [40, Thm. 21], for any w € U \ E, we can show
that dg is differentiable and
dp(w) = j(w — Pg(w)),
where j := (|| - ||). Let us prove that d(.) is locally (p — 1)-Hélderian on
U\ E, taking on X an equivalent norm of type p, i.e. such that its modulus
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of smoothness px satisfies (for some k > 0) ox(t) < ktP for t € Ry, which
is possible by [6, Thm. A.6]. Then by (15), for any s > r > 0 there exists
some ¢ > 0 such that

i) =)l < clle —y|P~" Va,y € sBx \rBx.

Let w € U\ E be given. By assumption, there exist v € ]0,1] and ¢, > 0
such that

|P(w) — Pp(w)]| < flu—w|’  Vu,w e B(w,s).

By the above relations, using the fact that for w close enough to w the
number ||w — Pg(w)]| lies in some interval [r, s] with s > r > 0, there exist
¢, 0 > 0 such that for all u,w € B(w, o),

() — dg(w)]| = li(v — Pe(u)) — j(w — Pp(w))]|

< cll(u— Pp(w)) — (w — Pp(w))|P~
c(u = w| + || Pe(u) = Pe(w)|)"~
c(lu = w]| + llu —w|)P~!

< (2077 + 0P lu — w|YPY.

<
<

(b)=-(c) is a consequence of Corollary 10.

(c)=(b). Since X is superreflexive, it can be endowed with an equivalent
uniformly smooth norm with a modulus of smoothness pox satisfying for
some k > 0 and p > 1 the estimate ox(t) < kt? for t > 0. By Corollary
13, the function —dg is p-paraconvex. Thus, with the assumption of (c),
OF (—dg)(w) # 0 and 0Fdg(w) # 0 at any w € U \ E. Therefore, dg(-) is
Fréchet differentiable on U \ E.

Let us prove that d’;(-) is locally Hélderian on U \ E. Let T € U \ E
and assume that dg(-) is p-paraconvex around Z. By the p-paraconvexity of
dg(-) and —dg(+), by virtue of Theorem 8, there exist ¢, > 0 such that for
all u,w € B(Z,9), v € 6By,

—(dp(u),v) < —dp(u+v) +dp(u) +c|v]”,
(dp(w),v) < dp(w+v) — dg(w) + cl]v||”.
Thus, for any u,w € B(Z,d), for all v € B(0, ), we have
(dp(w) — dg(u),v) < 2[lu —w|| + 2|v]”.
Hence

2||u — w]]

5 (u) — dip(w)]| < +2ctP™!

for all t € ]0,8[. Taking t = 2~ 1/P§1=1/P ||y — w|'/? €0, §[, we obtain
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() — dy(w)|| < (21/Ps0-P)/P 4 21/p5(p—1)2/pc)||u — ||~ D/P
Vu,w € B(Z,0).

(b)=(a). By a result of Pisier (see [6, Thm. A.6], [52], [53]) there exists
an equivalent norm on X and ¢ > 0, ¢ > 2 such that

1 _
Sx(t) := inf{l -3 lz+yl:z,y€ Bx, |z —vy| > t} >ct?  Vtelo,2].

Moreover, by [21, Prop. 5.2, p. 159] we may assume || - || is differentiable on
X\ {0}. Now, by [70, Thm. 1], given s > r > 0, one can find some b > 0
such that for any z,y € sBx \ rBx,

(J(z) = J(y),x —y) > box (= — yll/2s),
where J(-) := (3] - H2)/ = |- |l7(-). It follows that for such z,y,
(33) 17 () = T ()]l > 2795~ bel|lz -y 77"

By [40], the metric projection mapping Pg(-) is single-valued and contin-
uous on U \ E. Furthermore, diz(w) = j(w — Pg(w)) for all w € U \ E,
hence (%d%)/(w) = J(w — Pg(w)). Let us prove that w — Pg(w) is locally
Hélderian on U \ E. Since d/; is locally Holderian, (%d%), is also locally
Holderian as

1(dB)"(x) = (dB) ()| < 2dp(2)lldp(@) — dp@)] + 2lldp@)] = - yl.

Given T € U \ E, assumption (b) yields some v € ]0,1] and a,d > 0 such
that

|J(u— Pg(u)) — J(w — Pg(w))|| <allu—w|” VYu,we B(Z,?).
Then inequality (33) yields
I(u = Pp(u)) — (w — Pp(w))||*™" < 29577 ¢ allu — w|”,
hence

1P (u) = P(w)]
< Jlu — wl| + 2¢/(a=D) 0/ (a=Dp1/(=0) 1/ (1=0)  1/(a=1) ||y, — 4|7/ (a=1),

This shows that the metric projection Pg(+) is locally Holderian around . =
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