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We put the emphasis on nonlinear (weak) sharp minimizers with respect to a gauge function. This
concept plays an important role in both theoretical and numerical aspects of optimization. In
the last part of the contribution we study the stability (in some appropriate sense) of local/global
minimizers of an objective function f perturbed to f 4+ g by a function g belonging to a suitable
class of Lipschitz functions defined on metric spaces.
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1. Introduction

This work is in the stream of variational and non-smooth analysis which is a field
where Professor Jean-Paul Penot has exercised his talents as a fine analyst. We
would like through this contribution to express our gratitude to him for the impor-
tant role he has played in our life as researchers.

The notion of sharp/weak minima, or the closely related error bound property plays
an important role in the theory of mathematical optimization. In the theoretical
aspect, it is an essential ingredient in the study of the stability of optimization and
variational problems. In the algorithmic aspect, this notion is a crucial condition to
guarantee the convergence of certain algorithms which use for example the penalty
method, the proximal method and the augmented Lagrangian method (see, e.g.,
[1,2,5-7,11,12,24] and the references given therein). In [24], a relationship between
the (Hoderian) sharp minima and the (Hoderian) tilt stability in the Banach setting
was studied. This latter notion of tilt stability was introduced by Poliquin and
Rockafellar [22] in finite dimension, and later studied extensively by others in Banach
spaces (see, Mordukhovich & Nghia [17], Zheng & Ng [24] and references therein).

In [2], in the metric framework, the notion of steep slope was used to study nonlinear
(local) error bounds. By an approach based on a change of metric, the authors
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established a slope characterization of the nonlinear error bound with respect to
a convex gauge function, and some consequences related to nonlinear weak sharp
minima in Banach spaces were given.

The first purpose of this paper is to investigate the weak sharp minima in the met-
ric setting for which the gauge functions are not necessarily convex. By a direct
approach using the Ekeland variational principle and some estimates of the strong
slope of quotient functions, we establish local and global characterizations of the
weak sharp minima. Secondly, we introduce extensively the notion of nonlinear
tilt/ weak tilt stability of local minimizers in the metric setting. Using an estab-
lished slope characterization of nonlinear sharp/weak minima, we investigate some
characterizations of these nonlinear stabilities.

Let us introduce some notations and definitions. Throughout the text, the notation
employed is fairly standard. Let (X,d) be a complete metric space. As usual,
for v € X, r > 0, B(z,r), B[z, r] stands for the open and closed balls centered
at x with radius r, respectively. If x € X, we define the distance from x to a
subset C' C X by d(z,C) := infyec d(x,y). Given an extended real-valued function
f:X = RU{+oco}, we note as usual Dom f := {x € X : f(x) < +o0}. If A and B
are nonempty subsets of (X, d), we define the Hausdorff distance between them by

Hq(A, B) :==inf{e > 0: B C Sq(A,e) and A C SqB,€)},
where,
Sa(A,¢) :={r € X :d(x,A) <€}, (resp. Sa(B,¢€) :={x € X :d(z, B) < €}).

Note that the Hausdorff distance between nonempty subsets of X is the uniform
distance between their associated distance functionals:

Hqy(A, B) =sup |d(z, A) — (d(z, B)|.

zeX

2. Nonlinear weak sharp minimizers

In connection with the problem of minimizing an extended real-valued function
f X = RU{+oo} defined on a metric space X endowed with a metric d, we
consider a point z, a closed ball B[z, r| and we define the set

S:=S(f,z,r):=argmin{f(x) : x € B[z,r|}.

The notion of sharp minimizer of f is well known and very useful in optimization
theory. We say that a point  is a sharp minimizer (also called strong isolated local
minimizer) of f if there exist positive constants x and ¢ such that

rd(z,z) < f(z) — f(z) forall x € B|z,d]. (1)

Let us observe that if z is a sharp minimizer of f, then it is necessarily an isolated
local minimizer of f as clearly f(Z) is strictly less than f(z) for all x € B[z, 0]\ {Z}.
Note that (1) is a rather strong condition since obviously a smooth function does
not have any sharp minimizer.
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When in (1) d(z, %) is replaced by d(z, Z)? for some ¢ > 1, we obtain the concept of
q-order minimizer (also called growth condition of order q, (see [4,14]) that is funda-
mental when studying sensitivity and quantitative stability analysis for optimization
problems: for some k,d € (0,400) it holds,

rd(z,2)! < f(x) — f(z) forall z € B[z,d]. (2)

Clearly, when ¢ < 1, then (2) is weaker that (1). The case ¢ = 2 (often called
quadratic growth) is particularly interesting, since when f is a C? function, Z is a
2-order minimizer of f if and only if the gradient V f(Z) = 0 and the Hessian V2 f(T)
is positively definite.

Motivated by the sensibility analysis and the convergence analysis of a wide range
of optimization algorithms, Ferris [11], introduced in his PhD thesis the terminology
of weak sharp minima. A point € Dom f is called a (local) weak sharp minimizer
of f, if there exist 7,7, > 0 such that f(z) = inf,cpz,) f(z) and that

rd(z,5) < f(z) — f(z), for all z € B(z,0). (3)

Note that when S(f,Z,r) = {z} then Z is a sharp minimizer of f, as defined before.
Concerning this notion, the reader is referred for instance to Burke and Deng [5, 6],
Klatte [16] and the references therein.

The extension of the notion of (weak) sharp minimizer to Hélderian (weak) sharp
minimizer by replacing d(z,S(f,z,r)) in the left hand of the inequality (3) by
d(x,S(f,z,r))? with some order p > 1 was considered by several authors (e.g.,
see [24] and references given therein). Our objective in this paper is to consider the
case of nonlinear (weak) sharp minimizers with respect to a gauge function, that
is with respect to a function  : R, — R, satisfying 3(0) = 0, and 5(t) > 0 for
all ¢ > 0. This approach consists of replacing in the left term of (3), d(z,S) by

pd(z, 5)): . .
r6(d(x,9)) < f(z) — f(z), for all z € B(z,0). (4)

Such a point z satisfying (4) will be called S-weak sharp minimizer of the function f.

For the purpose of this study we need to use the concept of strong slope |V f|(z)
of a function f at x € Dom f. This quantity introduced by De Giorgi, Marino &
Tosques [8] to extend steepest descent curves to metric spaces has proved to be a
very useful tool for analyzing local properties of real-valued functions (see [1,20]).

It is defined by

0 if z is a local minimum point of f
V() =9 1im sup [f (=) — f(y)]

otherwise.
yoa yre  ATY)

For 2 ¢ Dom f, we set |V f|(x) = +o0.

When f is a convex function defined on a Banach space and z is not a minimum
point, then according to Ioffe [15, Poposition 3.8] (see also Azé & Corvelec [1, Propo-
sition 3.2])

V() = sup TG and [V £]() = d(0,0f(2)),
y#x J
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where Of(x) stands for the convex subdifferential of f at z. Note that when X
is a normed space and f is Fréchet differentiable at z, then |V f|(z) = || Df(z)],
where D f(Z) is the Fréchet derivative of f at . Since in this work, the reference
space on which we work is a complete metric space, we don’t need to recall the
notion of subdifferentials. For those readers interested, the connection between
the notions of strong slope and subdifferentiability in Banach spaces can be found
in some publications related to nonsmooth analysis as for instance in the books
by Penot [21] and Thibault [23]. The following slope composite formula with a
straightforward proof is useful. In the case when the derivative of the outer function
is positive, it was proved in ( [3, Lemma 4.1])

Lemma 2.1. Let f be a function defined on X and for given x € Dom f, assume
that f is continuous at x. Let p : R — R be differentiable at f(x). Then

(i)  If&(f(x)) =0 and |V f|(x) is finite then [V o f|(x) = 0;
(i) If ' (f(x)) >0 then [Vpo fl(x) = ' (f(2)[V f|(2);
(iii)  If '(f(x)) <O then [Vipo fl(z) = =/ (f(2))[V(=f)l(z).

The next lemma gives useful estimates of the strong slope of the product and quotient
functions in terms of the ones of the component functions (see [?]).

Lemma 2.2. Let f,g : X — R U {oo} be lower semicontinuous (lsc for short)
extended real-valued functions and let x € Dom f N Dom g satisfying f(x) > 0 and
g(x) > 0. Suppose in addition that g is continuous at x. Under these assumptions,

one has
IV(f9l(z) < |V Fl(2)g(x) + f(2)[Vy|(x). ()
As a result, if g(x) > 0, then

V(L) @) = B - I 9. (6

Proof. If x is a local minimizer of fg, then (5) holds trivially. Othervise, pick a
sequence (z,) converging to x such that

i 1@)g@) = fa)g(an)

n—00 d(z, x,)

= |VI(fg)(x).

Then, taking into account the relation

f(@)g(z) — fxn)g(zn) g(z) — g(zn) f(z) = f(zn)
d(z,z,) = f(J:) d(z,zy) + g(:cn) d(z,z,)

letting n tend to infinity and using the continuity of g at x, one has

IV(fo)l(x) < f(z)limsup L2 =9E) 4 iy qup g(z,) LB =S (@)

n—00 d(z,r,) Nn—s00 d(z,zy)

= [V fl(z)g(x) + f(2)|Vg|(z).
Applying (5) to the two functions f/g and g, one obtains

IV II(x) = IV (f/9)gl(x) < [VI(f/g)(x)g(x) + f(x)/9(2)|Vy|(x)
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and now (6) follows immediately by dividing the two parts of the inequality by
g(x) > 0. O

In what follows, we consider a differentiable gauge function 5 : R, — R, and

lim sup tE@)]

msup =g < +00. (7)

A standard example of such a gauge function is given by the family of functions
defined by t — [(t) := tP, for p > 1. Obviously, (7) holds for this class of gauges and
furthermore, all assumptions on gauge functions required in the sequel are satisfied
immediately for this class.

Theorem 2.3. Let X be a complete metric space. Assume T is a minimizer of f
on B[z, 7], with some r > 0. For S :=S(f,z,r), and f* = mingepz, f(x), if

hmmf{ d(z.5)) ‘I—>$, ﬂ(d(x,S))%0}>0 (8)

then T is a B-weak sharp minimizer of f.
Proof. Without loss of generality, we may assume f(Z) = 0. We shall prove the

theorem by the contradiction. Suppose to the contrary that z is not a [-weak
sharp minimizer of f. It means that there is a sequence (x,) with =, # = for

all n € N, converging to z, such that lim,, . MJ}(;C;%)) = (. Consider the lower
semicontinuous functions defined on X by
A(d(z, S) if S
g(z) == dw.s) " 7 ¢ 5
0 otherwise
@) _ f@AS) o mi
= ) E ]B ) Y
and W)= | o By T BT
+00 otherwise.

, _ flza) -
By setting ¢, = B, 5y ot has h(z,) < ;Ié}fg h(x) + e d(zy, S).
Hence by virtue of the Ekeland variational principle, one can find for each n, a point

zn € B[z, d(x,, S)/2] such that h(z,) < h(z,), and
h(z,) < h(x) + 2e,d(x, 2,), Vre X. (9)

As a result, |Vh|(z,) < 2e,, for all n € N. Noticing that we have z, ¢ S, since
zn € Blz,, d(x,, S)/2], this implies that g(z,) > 0. As h(z,) < h(z,), one has

e
M Gy

f(zn)
B(d(zn, 5))

since — 0, and

f(zn) < f(zn)d(zn, S) < 2f(xn)
B(d(znas)) - B(d(xn,S))d(zn,S) B ﬂ(d(:cn,S))7
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where the second inequality is due to the fact that
d(z,,S) > d(x,,S) — d(zn, x,) > d(zp, S)/2.

In view of Lemma 2.2, one has the estimate

Vhl(z) > FHE — 9] (2,). (10)

Using ¢(t) = B(t)/t, t > 0, let us define §,, by setting

o, =1, if ¢'(d(z,,S)) >0,
0, = —1, otherwise.

Next, from Lemma 2.1, applied to g = ¢ od(-,S) we derive,
IVal(zn) = 1¢'(d(zn, 9)[]6,[VA(:, 5)[(20)] < |¢'(d(2n, 5))]-

Therefore, one has the following estimate for the second term of the right hand side
of (10):

|Vg|(zn) f(zn)  d(zn, 9)|¢'(d(= ,S))|.

[g ~ Bd(zn, 9)) @(d(zn, S))
Taking into account this estimate, the facts that m — 0, and the sequence
d(zn, S)|¢'(d(2n, 9))| — |d(2,, 5)B' (d(2,5)) — B(d(zn, )]
o(d(zn, ) B(d(zn,5))

is bounded by assumption (7), one derives that lim, M\Vg[(zn) = 0. Thus
since |Vh|(z,) < 2e,, |Vh|(2,) — 0, in view of (10), one obtains

AV f(zR) e IV (z0)d (20, S)
dim =y = ey = O

which contradicts (8). O

Since d(z,S5) < d(z,z), the previous theorem yields immediately the following
corollary:

Corollary 2.4. Under the assumptions of the previous Theorem 2.3, but instead of
(8), assume that

hmmf{ Hd(z.9) T — I, ﬂ(d(z,a‘:))_)O}>O

and [ 1is a nondecreasing function.

(11)

Then T is a B-weak sharp minimizer of f.

When £ is a convex function, then obviously 5'(¢t) > 5(t)/t, for all t > 0. Hence one
obtains the following corollary that is closely related to [3, Theorem 4.2]. However
the sufficient condition stated here is a bit weaker.
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Corollary 2.5. Assume in addition that 3 is a convex function. If

L IV fl(z)
lim inf {B’(d(:c,S))

- f@) -
T — Z, Hd@9)) —>O} > 0, (12)

then T is a B-weak sharp minimizer of f.

The following theorem gives a slope characterization for z to be a weak sharp mini-
mum over a ball B[z, r] with a fixed radius > 0, even if Z is not necessarily assumed
to be a minimum.

Theorem 2.6. Let f be a lower semicontinuous function defined on X and assume
zeDom f. For a given r>0, suppose that S:={z€ B[z, r]: f(2) = mingep, f()}
is nonempty and define f* := mingepp, f(x). Let 5 be a gauge function such that
for any T > 0,

t|8'(t)]
< 400. 13
S o <o (13)

Assume in addition to the assumptions of Theorem 2.3, there exist reals K, > 0
and o > r such that

rB(d(x,5)) < |V f|(z)d(x,5), Vo e Blz,o], f(x) - " <af(d(z,5)), (14)

then there exists T > 0 such that

76(d(z,9)) < f(x) — f*, Vx € Blz,r]. (15)

Proof. Set sup;jg a0 tg;s;;) = M, and without loss of generality, assume that
mingepz, f(x) = 0. Consider the lower semicontinuous functions defined on X :

Bd(z,S)

—— ifx ¢S,

o@)={ d@s) °F
0 otherwise,

flx) _ flo)d(z,5) . .
and hw)={ oz A@Es) PR

+00 otherwise.
For a given z € B[z, 7], and for ¢ = ﬂ, one has

Ad(z, 5))

h(z) < Jg}f( h(u) +ed(z, S).

Pick A > 0 with 2rA 4+ § < 0. By the Ekeland variational principle, there exists a
point z € Bz, Ad(z, S)] such that h(z) < h(z), and

h(z) < h(u) + §d<u, z), VYueX. (16)
Asd(z,S) <d(z,z) +d(z,S5) < 2r and d(z,z) < Ad(z, S) < 2Ar, we deduce that

d(z,z) <d(z,z) +d(z,z) < 2M\r + 4§ < o.
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Hence (16) yields |Vh|(z) < eX™!. As z € B[z, d(x, S))], this implies that z ¢ S,
and therefore g(z) > 0. As h(z) < h(x), one has

[6) o f@d@sS) _ _ f@) an
Bd(=8)) = Bld(z, 9)d(=5) ~ (1-N5(d(z,5))’

where the second inequality is due from

d(z,5) >d(z,5) —d(z,z) > (1 — N)d(z, 5)/2.

Consider the case —J4&__ < (1 = A)a. Then f(;) < a.

Ad(z, S)) A(d(z,5))
In view of Lemma 2.2, one has the estimate
IVl(z) _ f(z)
V() > T JE o)), (13)

Next, similarly to the proof of the preceding theorem, for ¢ = ¢ o d(-,S) with
@(t) = B(t)/t, t > 0, one has,

Vyl(2)d(-, 5)I(z) < |¢'(d(z, ).

Therefore, one has the estimate

£() FE) A8 S)
0= gorV9IE) S sac sy vac.s)

Observing that d(z, S) < d(z,z) +d(z,S) < 20, we get

d(z, )|¢'(d(=.9)] _ [d(z, )F(d(z5)) - Bd(z, )|
2(d(z.9)) B(d(z, 5)) =M+l

)\ﬂ(fl((i?S))’ using relations (15), (17), by (18), one obtains

f@) L (M1fG)
v VI S S5ae sy T aae, s)

f(z) . (M +1)f(x)
= M(d(z,9) A1 -NB(d(z,9))

K < f(z)d(z,S) < |Vh](z) + f(z) \Vg

Thus, LA(d(z,S)) < f(z) = f(x) — f*, where L = rA(1 —\)(M +2— X)L
As this inequality holds for

one obtains the desired inequality:
m8(d(z,S)) < f(x) — f*, Vo € Blz,r], 7 :=min{(1 — \)«, L}.

The proof is complete [
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3. Stability of minimizers

This section focuses on an extension of tilt stability of local minimizers introduced
in finite dimension by Poliquin and Rockafellar [22] in the general extended real-
valued framework of unconstrained optimization. Stability (in some appropriate
sense) of local/global minimizers of an objective function f perturbed to f+ g by a
function ¢ considered in a suitable class of functions, is one of the central questions
in optimization and variational methods in which many authors have been involved.

A point 7 is said to be a tilt-stable local minimum of the function f : R” — RU{+o0}
if f(z) is finite and there exists ¢ > 0 such that the mapping

M v — argming, o {f(x) = f(Z) — (v, —7)}

is single-valued and Lipschitzian in some neighborhood of 0 with M (0) = {z}. The
connection between this notion of tilt stability and the classical picture of local
optimality is as follows:

Proposition 3.1. [22, Proposition 1.2.] For a C? function f verifying V(z) =0, a
point T is a tilt-stable local minimum of f if and only if V?f(T) is positive-definite.

In [22], tilt stability has been characterized in finite dimensions in terms of second-
order coderivatives for prox-regular functions and thereafter studied extensively.
Notably, nonsmooth extensions of the Poliquin-Rockafellar classical second-order
condition have been done (e.g., see Zhang & Ng [24], Mordukhovich and his co-
authors [9,10,17-19] and references therein, as well as the comments 7.10 in the
book by L. Thibault [23]).

In this section, we consider some (more general) stability of local minimizers with
respect to a suitable class of Lipschitz functions defined on metric spaces. For a
complete metric space X, we consider the space of (global) Lipschitz functions on
X, denoted by Lx. It is well known that this space is a Banach space endowed with
the norm defined as follows: pick a fixed point xg € X, for g € Lx, define

lg(y) — g(x)]
= Zo)| + su R e
gl = g(z0)] LW )

Let C C Ly, be a given subspace of Lx, the space of Lipschitz functions defined on
X, and let f: R, — R, be a gauge function as defined in the precedent section.
Let us suppose that an additional assumption holds:

() limy o+ B(t)/t = 0; y(t) := B(t)/t is increasing on |0, +00), and there exists
a continuous function p: Ry — R, with p(0) = 0, and

v (t) <~(p(d)t, Vd,t>0.
Given the pair (C, ), next let us introduce some notions of stability. The first

one called the (C,()-(weak) tilt stability, follows the terminology by Poliquin &
Rockefallar.
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Definition 3.2. Let f be a function defined on X. For any g € C we define

M(g) == M(f,g,r) ={z € B[z,r]: f(2) +9(z) = min f(z)+g(r)}.

z€B[z,r]

Given a local minimizer z € Dom f of f, T is said to be a (C, §)-weak tilt stable
minimizer of f, if there are r,d, x > 0 such that for any g € C with ||g|| <,

B(Hx(M(g), M(h))) < kllg = hll,  Vg,h €C, such that |lg[|, [|h] <0,

where, Hx denotes the Hausdorff distance between subsets of X.

Definition 3.3. Assuming f,Z as in the precedent definition, T is said to be a
(C, B)-weak sharp stable minimizer of f, if there is r,§, 7 > 0 such that for any g € C
with ||g]| <9,

T6(d(z, M(g))) < (f + 9)(x) _Biﬁﬁ](f+9)’ vz € B[z, 7]

In the preceding two definitions, if M (g) is required to be a singleton for all g € C,
with ||g|| < ¢, then we speak about (C,)-tilt stable minimizer and (C, (3)-sharp
stable minimizer, respectively. The first result gives the relationships between the
above two properties of stability.

Theorem 3.4. Let f be a function defined on X, and let * € Dom f be a local
minimizer of f. Given a gauge function 3, define
V() =pB@)/t, if t>0, and ~(0)=0.

(i) Ifz is a (C,p)-weak sharp stable minimizer of f, then it is a (C,~)-weak tilt
stable minimizer of f.

(ii)  Conwversely, assume in addition that the subspace C contains the distance func-
tions d(+, z), for all z € X, and () holds. If T is a (C,~)-weak tilt stable
minimizer of f, then it is (C, B)-weak sharp stable minimizer of f.

Proof. For (i), let r,7,d be as in Definition 3.3. For g,h € C, with ||g||, ||2| < 4,
for any x, € M(h), one has

TA(d(wn, M(g))) < (f + 9)(xn) — Bif;ﬁ](f +9).

For any € > 0, picking z, € M(g) such that d(zp,z,) < (1 + ¢)d(xp, M(g)), then
one has
(14 &)~ 'rd(wn, 24) < T6(d(2n, M(g)))
(L+e)(f +9)(zn) — (f + 9)(xg)
= ([ +h)(zn) = (f + h)(zg) + (9 = h)(zn) — (g — h)(zy)
< (g = h)(zn) = (9 = h)(zy)| < |lg — Rlld(zn, ),

where the last inequality is due to the fact that x;, is a minimizer of f+h on B[z, r].

IN
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Therefore, as € > 0 is arbitrarily small, for k = 77! we have,
V(d(zn, M(g))) < kllg = hll, Vo, € M(h).
By changing the roles between g and h, this implies that
YHx(M(h), M(g))) < kllg = hll, Yh,g €C, [lgl,[Inll <6,

and (i) is proved.

For (ii), let r,7, as in Definition 3.2. Assume to the contrary that Z is not a
(C, B)-weak sharp stable minimizer of f. Pick parameters K, 7 > 0 such that

?7+K77§2r) <9 n+p(K/(mn)) <1,

Then we can find g € C with ||g|| < 0, x; € B[z, r| such that

f(@1) +g(z1) < min (f(x) + g(z)) + KB(d(x1, M(g)))-

z€B[z,r]

So x1 ¢ M(g), and by applying the Ekeland variational principle to the function
f + g, there exists z € X such that d(z,z;) < nd(x1, M,), and

(f +9)(2) < (f +9) (@) + Kn~'y(d(z1, M(9))d(z,z), Yz € Blz,7].
This shows that 2 is a minimum of the function f -+ h, with
fi=g+Kn~y(d(a1, M(g)))d(z, ),
which belongs to C and
17l < llgll + Kn~y(d(z1, M(g))) < n+ Kn~'v(2r) < 4.
Hence, 1(d(z, M(g))) < 77H|h —gll < Kn~' 77 y(d (a1, M(g)))
<y (p(En~'r~d(z1, M(g))) ,

where, the second inequality is due to (7). Hence, since v is increasing, it implies
d(z, M(g)) < p(Kn~'r=")d(21, M(g)). Thus

d(z1, M(9)) <d(z1,2) +d(z, M(g)) < (n+p(Kn 77 Hd(z1, M(g))) <d(z1, M(9)),

a contradiction. The proof is complete. O

Obviously from the definition, the statements of the above theorem are also valid
for the (C, )-sharp stable minimizer and the (C, 8)-sharp stable minimizer instead
of the respectively weak notions.

From Theorem 2.6 in the preceding section, using the strong slopes, we obtain a
sufficient condition for the (C, §)-weak sharp stability.
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Theorem 3.5. Suppose that the gauge function B satisfies condition (13) in Theo-
rem 2.6. Assume T is a local minimizer of f. If there are r,6,k > 0 and o > r such
that for all g € C, ||g|| <6,

rp(d(z, M(g))) < [V(f + g)l(x)d(x, M(g)), V€ B[z,0],

then T is a (C, B)-weak sharp stable minimizer of f.

The last theorem provides a slope characterization of (C, #)-sharp stability/tilt sta-
bility.

Theorem 3.6. Suppose that the gauge function 5 verifies condition (13) given in
Theorem 2.6 and that T is a local minimizer of f. If there are £,k > 0 such that for
all g € C, ||g|| < e, there exists x, € X such that

rB(A(z,24)) < [V(f + 9)l(2)d(2, z4), Va € B[T,e], (19)

then T is a (C,B)-sharp stable minimizer of f. As a result, T is a (C,)-tilt stable
minimizer.

Proof. In view of Theorems 2.6 and 3.4, it suffices to show that there exist r € ]0, £[,
d €]0,¢], such that for all g € C, ||g|| < 4, the point z, verifying (19) is a (unique)

minimum of f + g over B[Z,r]. Indeed, firstly regarding (19) with ¢ = 0, one has
Zg4—0 = Z, so by Theorem 2.3, there are 7 > 0, 0 < 1 < £/2 such that

TB(d(z, 7)) < f(x) — f(2), VreBz,7]. (20)

Pick 0 < 6 < n/2 such that 7y(n/4) > 26, and /4 < r < n/2, and a sequence of
positive reals (6,) — 0 with §,, < § for all n € N. For g € C, with ||g|| < 4, pick
x, € B[z, r| such that

(f +9)(x) < inf f(2)+g(z) + 05

2€B[,7]
By the Ekeland variational principle, we can find z, € B[z,,d,]| N B[z, r| such that
(f +9)(zn) < f(x) + g(x) + 0,d(z, 2,), Vo € Blz,7]. (21)
As z, € B[z, r] C B[z, n|, due to (20), one has
TB(d(zn, 1)) < f(zn) = f(2) < (6 4 6n)d(2n, 7).

Thus 7y(d(z,,z)) < 20, and since 7 is increasing and 7vy(n/4) > 260, one has
d(z,,z) <n/4 <r. Thus by (21), |V(f + 9)|(2) < 6. Hence,

KB (zn, ) < [V(f + 9)|(2)d(2n, 2g) < 0nd(20, 7),

or K7Y(2n, T4) < Oy, which implies that (z,) converges to z,. By (21), letting n — oo,
this shows that z, is a minimum of f + g on B[z, r|. O
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4. Concluding remarks and perspectives

The present work has aimed to study some slope characterizations of nonlinear
sharp/weak minima in the metric framework. We introduced an extensive notion of
tilt /weak tilt stability of local minimizers and established some characterizations of
these stabilities by using the strong slope in metric spaces.

The study of the nonlinear tilt stability in relationship with the regular properties
of subdifferential operators in Banach spaces and some applications to the conver-
gence analysis of some optimization algorithms are the important issues for future
researches.

Acknowledgments. The research of Huynh van Ngai was supported by the Na-
tional Program for the Development of Mathematics until 2030. The projet code:
B2022-CTT-07. The research of Michel Théra was partially supported by FASIC
and a public grant as part of the Investissement d’avenir project, reference ANR-
11-LABX-0056-LMH, LabEx LMH.

References

[1] D.Azé, J.-N.Corvellec: Characterizations of error bounds for lower semicontinuous
functions on metric spaces, ESAIM Control Optim. Calc. Var. 10/3 (2004) 409-425
(electronic).

[2] D.Azé, J.-N.Corvellec: Nonlinear error bounds via a change of metric, J. Fixed
Point Theory Appl. 16 (2014) 351-372.

[3] D.Azé, J.-N. Corvellec: Nonlinear error bounds via a change of function, J. Optim.
Theory Appl. 172 (2017) 9-32.

[4]  J.F.Bonnans, A.D.Ioffe: Second-order sufficiency and quadratic growth for noniso-
lated minima, Math. Oper. Res. 20/4 (1995) 801-817.

[5] J.V.Burke, S.Deng: Weak sharp minima revisited. I: Basic theory, Control Cybern.
31 (2002) 439-469.

[6] J.V.Burke, S. Deng: Weak sharp minima revisited. I11: Application to linear reqularity
and error bounds, Math. Program. Ser. B 104/2-3 (2005) 235-261.

[7] J.-N.Corvellec, V.V.Motreanu: Nonlinear error bounds for lower semicontinuous
functions on metric spaces, Math. Program. Ser. A 114/2 (2008) 291-319.

[8] E.De Giorgi, A.Marino, M. Tosques: Problems of evolution in metric spaces and
maximal decreasing curve, Atti Accad. Naz. Lincei Rend. Cl. Sci. Fis. Mat. Natur.
(8) 68/3 (1980) 180-187.

[9] D.Drusvyatskiy, A.S.Lewis: Tilt stability, uniform quadratic growth, and strong
metric reqularity of the subdifferential, SIAM J. Optim. 23 (2012) 256-267.

[10] A.Eberhard, R. Wenczel: A study of tilt-stable optimality and sufficient conditions,
Nonlinear Anal. Theory Meth. Appl. 75/3 (2012) 1260-1281.

[11] M. C.Ferris: Weak Sharp Minima and Penalty Functions in Mathematical Program-
ming, PhD thesis, University of Cambridge (1988).

[12] H.V.Ngai, M. Théra: Error bounds for systems of lower semicontinuous functions
in Asplund spaces, Math. Program. Ser. B 116/1-2 (2009) 397-427.



1226

[13]

[14]

H. V. Ngai, M. Théra / Nonlinear Sharp Minimum. ...

V.N.Huynh, N. H. Tron, N. V. Vu, M. Théra: Directional metric pseudo subreqularity
of set-valued mappings: a general model, Set-Valued Var. Anal. 28 (2020) 61-87.

A.D.Ioffe: On sensitivity analysis of nonlinear programs in Banach spaces: the
approach via composite unconstrained optimization, SIAM J. Optim. 4/1 (1994) 1-
43.

A.D.Ioffe: Convexity and variational analysis, in: Computational and Analytical
Mathematics, D. H. Bailey et al. (eds.), Springer, New York (2013) 411-444.

D. Klatte: On quantitative stability for non-isolated minima, Control Cybern. 23/1-2
(1994) 183-200.

B.S. Mordukhovich, T.T. A.Nghia: Second-order characterizations of tilt stability
with applications to nonlinear programming, Math. Program. 149/1 (2015) 83-104.

B.S.Mordukhovich, J.V.Outrata: Tilt stability in nonlinear programming under
Mangasarian-Fromovitz constraint qualification, Kybernetika (Prague) 49/3 (2013)
446-464.

B.S. Mordukhovich, R.T. Rockafellar, M. E. Sarabi: Characterizations of full stabil-
ity in constrained optimization, SIAM J. Optim. 23/3 (2013) 1810-1849.

H.V.Ngai, A.Y.Kruger, M. Théra: Slopes of multifunctions and extensions of metric
regularity, Vietnam J. Math. 40/2-3 (2012) 355-369.

J.-P.Penot: Calculus Without Derivatives, Graduate Texts in Mathematics 266,
Springer, Berlin (2013).

R. A. Poliquin, R. T. Rockafellar: Tilt stability of a local minimum, STAM J. Optim.
8/2 (1998) 287-299.

L. Thibault: Unilateral Variational Analysis in Banach Spaces, World Scientific,
Singpore (2023).

X.Y.Zheng, K.F.Ng: Hoélder stable minimizers, tilt stability, and Holder metric
reqularity of subdifferentials, STAM J. Optim. 25/1 (2015) 416-438.



