Dini Derivative and a Characterization for Lipschitz
and Convex Functions on Riemannian Manifolds

O. P. Ferreira*
July 10, 2006

Abstract

Dini derivative on Riemannian manifold setting is studied in this paper. In addition, a
characterization for Lipschitz and convex functions defined on Riemannian manifolds and suffi-
cient optimality conditions for constraint optimization problems in terms of the Dini derivative
are given.
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1 Introduction

In the last few years, severals important concepts of nonsmooth analysis have been extended from
Euclidean space to Riemannian manifold setting, in order to go further in the study of optimization
problems and related topics. Works dealing with this subject include the ones by D. Azagra, J.
Ferrera and F. Lopez-Mesas [1], D. Azagra, J. Ferrera [2], O. P. Ferreira [7] and Yu. S. Ledyaev
and Q. J. Zhu [11, 12, 13]. It is worthwhile to mention that extensions of concepts and techniques
of optimization from Euclidean spaces to Riemannian manifolds have been extensively studied on
several papers including [9], [15], [16], [17], and [20].

Lipschitz and convex functions play an important role in nonsmooth analysis on linear spaces
and as well known the Dini derivative is a very useful tool in the analysis of that functions. Our
aim in this paper is study some properties of Dini derivative on Riemannian manifolds context
and provide a characterization for Lipschitz and convex functions in terms of this derivative. In
addition, we obtain a sufficient optimality conditions for constraint optimization problems in that
setting.
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A couple of papers have dealt with the issue of characterization for Lipschitz and convex func-
tions in the context of linear spaces. F. H. Clarke, R. J. Stern and P. R. Wolenski [5] have given a
characterization for Lipschitz functions in terms of both Dini derivative and proximal subgradient
in the context of Hilbert space. R. A. Poliquin [18] provided a characterization for convex functions
in terms of proximal subgradient on Euclidean Space IR"™ and F. H. Clarke, R. J. Stern and P. R.
Wolenski [5] using a novel approach extended this result to Hilbert space. R. Correa, A. Jofré and
L. Thibault [6] have given a characterization for convex functions in terms of Clarke subdiferential
in the context of the Banach space. Also, D. T. Luc and S. Swaminathan [14] have obtained a
characterization for convex functions in terms of Dini derivative on real topological vector space.

The organization of the paper is as follows: In Subsection 1.1, we list some basic notations and
auxiliary results used in this presentation. In Section 2 we introduce the concept of Dini derivative of
functions defined on a Riemannian manifolds and obtain some results for it. In Section 3 we provide
a characterization for Lipschitz functions in terms of Dini derivative on Riemannian manifold
setting. In Section 4 we obtain a characterization for convex functions defined on Riemannian
manifolds in terms of the Dini derivative. In Section 5 we give sufficient optimality conditions
for constraint optimization problems in terms of the Dini derivative. We conclude this paper by
making some remarks about extensions of our results.

1.1 Notation and auxiliary results

In this section we recall some notations, definitions and basic properties of Riemannian mani-
folds used throughout the paper. They can be found in many introductory books on Riemannian
Geometry, for example in [19].

Throughout the paper, M is a smooth manifold and C! is the class of all continuously differen-
tiable function on M. The space of vector fields on M is denoted by X (M), by T,M the tangent
space of M at p and by TM = J ¢, T M the tangent bundle of M . Let M be endowed with a
Riemannian metric (, ), with corresponding norm denoted by || ||, so that M is now a Riemannian
manifold. Let us recall that the metric can be used to define the length of piecewise C' curve
¢: [a,b] — M joining p to g, i.e., such that c¢(a) = p and ¢(b) = ¢, by l(c) = fab I/ (¢)|ldt. Minimiz-
ing this length functional over the set of all such curves we obtain a distance d(p, q), which induces
the original topology on M. Also, the metric induces a map f € C*(M) — grad f € X (M), which
associates to each f its gradient via the rule (grad f, X) = df (X), for all X € X(M). The chain rule
generalizes to this setting in the usual way: (f oc)'(t) = (grad f(c(t)),c(t)), for all curve ¢ € C*.
Let ¢ be a curve joining points p and ¢ in M and let V be a Levi-Civita connection associated to
(M, (,)). For each t € [a,b], V induces an isometry, relative to (,), P(c)f : TeqyM — Topy M, the
so-called parallel translation along ¢ from c(a) to ¢(t). A vector field V along c is said to be parallel
if VoV = 0. If ¢ itself is parallel, then we say that c is a geodesic. The geodesic equation V 7 =0
is a second order nonlinear ordinary differential equation, so the geodesic « is determined by its
position and velocity at one point. It is easy to check that ||+'|| is constant. We say that ~ is
normalized if ||| = 1. A geodesic v : [a,b] — M is said to be minimal if its length is equal the



distance of its end points, i.e. {(v) = d(v(a),(b)).

A finite dimensional Riemannian manifold is complete if its geodesics are defined for any values
of t. The Hopf-Rinow’s theorem asserts that if the Riemannian manifold M is complete, then any
pair of points in M can be joined by a (not necessarily unique) minimal geodesic. Moreover, (M, d)
is a complete metric space and its closed and bounded subsets are compact. In this paper, we
assume that all manifolds are complete and finite dimensional.

The exponential map exp,, : T,M — M is defined by exp,v = Yv(1), where 7, is the geodesic
defined by it’s position p and velocity v at p. We can prove that, v, (t) = exp,tv for any values of
t. For p e M, let

ip 1= Sup {r >0: €XPy, o is diffeomorphism} ,
By (op

where o, denotes the origin of T,M and B,(op) := {v € T,M : |[v — 0p|| < r}. Note that if
0 < 6 < ip then exp,Bs(0,) = Bs(p), where Bs(p) := {¢ € M : d(p,q) < §}. The number i,
is called the injetivity radius of M at p. For any p € M, the map d*(p,.) € C*(B;,(p)), where
Bi,(p) ={q¢ € M :d(p,q) < ip}, and grad d*(p,q) = —2 exp;lp, for all ¢ € B;,(p). Throughout the
paper M denotes a finite dimensional Riemannian manifold which is completes and for any p € M,
d > 0 we denote by Bs(p) the open ball and by Bjs[p] the closed ball centered in p.

The set C' C M is said to be conver, if for any p, ¢ € C the minimal geodesics joining p to ¢
are contained in C.

Let U be an open subset of M. From now on, we denote by F(U) the class of all function
f+ M — (—o0,+00] which are lower semicontinuous on U and dom(f) N U # (), where dom(f) =
{reM: f(x) < +o0}. If U = M we denote F for F(U).

2 Dini Derivative

In this section we study some properties of Dini derivative of locally Lipschitz functions. Our main
result shows that Dini derivative does not depend on the curve, namely, it just depend on the
direction.

Definition 1. A function f € F(U) is said to be Lipschitz on V, of rank L > 0, if V' C dom(f)
and there holds

|f(p) — f(g)| < Ld(p,q), Vpq€eV,

where d is the Riemannian distance on M.
We denote the set of all Lipschitz function on V, of rank L, by Lip; (V).

Definition 2. A function f € F(U) is said to be Lipschitz at p, of rank L,, if there exists § > 0
such that f € Lip Lp(Bg (p)) and locally Lipschitz on V' if it is Lipschitz at every p € V.

Now, we are going to present three important examples of Lipschitz functions that emerge in
the study of Riemannian manifold, see [19] and [10].



Example 1. Let M be a non-compact Riemannian manifold. A geodesic v : [0,+00) — M
parameterized by arc-length and emanating from p is called a ray emanating from p if d(y(t),v(s)) =
|t — s|, for all t,s > 0. For a ray v, the Busemann function b, : M — (—o0, +00] is defined by

by(q) = lim (t—d(a,7(1)),

is Lipschitz of rank 1, see [7].

Example 2. Let M be a Riemannian manifold and S a closed subset of M. The distance function
ds(p) = inf{d(p,s) : s € S} is Lipschitz of rank 1, see [7].

Example 3. Let f € F and A > 0. Suppose that f is bounded below by the constant k. Then, it
easy to show that the function fy : M — (—o0,400| defined by fy(p) = inf {f(q) + Ad?(p, q)} , is
also bounded below by k. Moreover, following the same pattern used to prove the first part of the
Theorem 5.1 on the page 44 of [3], we can prove that f) is locally Lipschitz on its domain.

We remark that, the Lipschitz properties depends on the Riemannian metric defined on M.
In other words, if the metric on M is changed then the set of Lipschitz functions on M becomes
different of previous one, see Example 4.4 in [7].

Definition 3. The lower Dini derivative of f € F at p € dom(f) in the direction of v € T,M is

defined by
L t)) — f(p)
! —1 fL
o) =Rmpt =
where v : IR — M is the geodesic such that v(0) = p and 7/(0) = v. If p ¢ dom(f) define
1 (p,v) = —oo for all v € T,M.

Note that if f € F is a locally Lipschitz function on dom(f), then dom(f) is a open set and for
all p € dom(f) and v € T,M there exists the directional derivative and f’(p,v) < 4+o00. Now, we
are going to obtain some properties for lower Dini derivate. We begin with some preliminaries.

Let p € M and ci, ¢ : (—g,6) — M be a two C! curves, such that c;1(0) = c2(0) = p,
c1(0) = v and ¢5(0) = w. Assume that the image sets ci((—¢,¢)), c2((—¢,¢€)) are in B;,(p). Let
a:[0,1] x (—e,e) — M be a variation of geodesics given by

a(t,s) = exp,, () (t expc_ll(s) c2(s)). (1)

Note that for each s € (—¢,¢) we have (0, s) = ci(s), a(l, s) = ca(s) and the curve a; : [0,1] — M
given by as(t) = «(t,s) is a geodesic. In particular, ag(t) = «(t,0) = p is a constant geodesic.
Now, consider the vector fields

T(-s):= 88(;(-73), and J(-,s) = gj(-,s).



Above definitions imply that T'(-, s) is tangent to geodesic ag and J(-,s), the Jacobi vector field
through «yg, satisfies the following differential equation

Voo Va J(t,s) + R(J(t,5), T(t,))T(t,5) =0, (2)

where R is the curvature tensor, see [19].

Lemma 1. Let p € M, ¢; and ¢y two C! curves in M such that ¢;(0) = ¢2(0) = p, ¢}(0) = v and

c5(0) = w. Then
o den(s).a(6)

= [lw —vl|.
s—0t

Proof. For simplifying the notations define 1(s) = d(c1(s),c2(s)). Consider « the variation of
geodesics defined by (1), then ¢(s) = ||a4 ()] = ||T(¢,s)||. Since T'(t,0) = o/o(t) = 0 the first
derivative of 12 at s = 0 is given by

WAoo =2 (VauT(1,0), T(1,0)) =0, Q

and the second derivative by

d2

73 (0%(5))]s=0 = 2 <V@V%§T(t,0), T(t, 0)> +2 <V%T(t, 0), V%T(t,0)>

Os

—2 <V%QT(75, 0), Vau TT(t, 0)> , (4)
in addition, the equation (2) becomes

VoaVaad(t,0)=0.
ot ot
Now, the latter equality together with the conditions J(0,0) = v and J(1,0) = w implies that
J(t,0) = v+t(w—w). Using Symmetry’s Lemma ( see Lemma 2.2, pp. 35 in [19]) and this equality
we have

o oJe

a T - a A
\Y 9a (t,0) =V 9a e -
So, substituting last equality in (4) we obtain

(t,0) :V%J(t,O) =w—v.
13

d2 2 2
252 W7 ()ls=0 = 2Jjw — v]".

Thus, as ¥(0) = 0 it follows from latter equality and (3) that ¥?(s) = ||w — v||?s* + O(s?), with
lim,_,g+ O(s?)/s? = 0. Therefore, the result follows from definition of 1. O

Corollary 1. If f € F is Lipschitz in p with constant Ly, then f'(p,.) € Lipp, (T, M).



Proof. Let v and w in T,M. Let 7, n be the geodesics with v(0) = n(0) = p, v/ (0) = v and
7'(0) = w. First note that

Since f is Lipschitz in p and v(0) = 1(0) = p we heve |f(y(t)) — f(n(t))| < Lpd(y(t),n(t)) for all
t € [0,¢) and some £ > 0. This inequality together with the above equality imply that

n Lpd(v(t)t,n(t))’

Therefore, taking liminf in above inequality and considering the latter equality we obtain

f'(p,v) = Lpllv —wl < f'(p,w) < f'(p,v) + Lplv — wl],
which implies that f/(x,.) is Lipschitz with constant L,. O

Corollary 2. Let f € F be a Lipschitz function in p € dom(f). For all C! curve c : [0,6) — M
satisfying ¢(0) = p and ¢/(0) = v there holds

Proof. Let v be a geodesic with v(0) = p and 4/(0) = v. Since f is Lipschitz in p, a similar argument
used in the proof of latter corollary implies
fO@) = flo)  diy(®).ct)) _ flelt) = flp) _ fO(®) = flp) , , d(v(2),c(?))
P

<
t t = t + t ’

for all t € [0,¢) and some & < ¢, where L, is a Lipschitz constant of f in p. Now, as ¢/(0) =+/(0) = v
the Lemma 1 implies that lim, o+ d(v(t), c(t))/t = 0. So, taking lim inf in latter inequality we obtain
the statement. ]

Corollary 3. Let f € F(U) be a locally Lipschitz function on U and I C IR an open interval. If
c: I — U beisaC! curve, then

(foce)(t,1)=f (c(t),c’(t)) , Viel.

Proof. 1t follows from Corollary 2. O



3 Characterization for Lipschitz Functions

In this section we present a characterization for Lipschitz functions defined on Riemannian man-
ifolds. It is worth pointing out that ours results in this section were obtained by adapting, for
our context, the techniques introduced by F. H. Clarke, R. J. Stern and P. R. Wolenski [5] for
characterizing Lipschitz functions in Hilbert spaces.

Proposition 1. Let U be an open convex subset of M and let f € F(U). If f is locally Lipschitz
on domf with constant L everywhere, then the following statements hold:

i) domf = U;
ii) f € Lip, (V).

Proof. For i). First note that dom(f) C U. It remains to show that U C dom(f). For that, take
g € U. Now, take p € dom(f) and a minimal geodesic vy : [0,1] — M such that v(0) = p and
v(1) = g. Since U is convex it follows that v([0,1]) C U. We claim that ¢ € dom(f). Suppose not.
Thus we have that

ty :=sup{t € (0,1] : f(y(t)) < +o0} < 1,

and since p € dom(f) and f is locally Lipschitz on domf we also have 0 < t,. So, taking ¢’ € (0, t.)
we have ¥([0,¢']) € domf. Since v([0,t']) is compact and f is locally Lipschitz on domf, we can
take 0 = tg < t; < ... < t, =t and positive numbers g - - - d,,_1 satisfying

v ([tivti-l-l]) C B5¢ (’Y(tl)) CU and f € LipL (B5i (’Y(ti))),

for all t =0,...,n — 1. As the geodesic v is minimal, using the local Lipschitz property we obtain
n—1
FO@) = fp)+ D (f(y(tisr) = F(v(1:)))
i=0

< F)+ LA (1), (ti)) 5)
=0

< f(p)+ Ld(p,(t)).

Since f is lower semicontinuous, letting ¢’ goes to t* in latter equation we conclude that

f(y(ts)) < 400,

which implies that v(t.) € dom(f). According to f is Lipschitz at (), definition of ¢, is violated.
Therefore, we obtain that f is finite on the entire ([0, 1]). In particular, ¢ € dom(f),so U C dom(f)
and the first statement follows.

For ii). Take p,q € U and a minimal geodesic 7 : [0,1] — M such that y(0) = p and (1) = q.



Since U is convex it follows from item i) that +([0,1]) C dom(f). With an analogous argument
used to obtain (5) we can show that

f(a) < f(p) + Ld(p, q).

Now, by reversing the roles of p and ¢, it easy to conclude that f € Lip;(U), and the second
statement is proved. O

Theorem 1. Let f € F and U be an open convex subset of M. Then f is Lipschitz on U of rank
L > 0 if, and only if,
If' (o) <Lloll,  VpeU, VoveT,M.

Proof. First, suppose that f is Lipschitz on U of rank L > 0. Take p € U, v € T, M. Let 7 be the
geodesic such that v(0) = p and 7/(0) = v. Since v(0) = p and f is Lipschitz on U of rank L > 0,
there exists & > 0 such that

[f(v(#1) = F()] < Ld(v(8),p) < L[, Vit el0,0).

So, using definition of lower Dini derivative, the above inequality implies that

|f (p,v)| = lim inf f0(®) = FP) < Lliminf 7d( (). p) = Llv]|.
t—0+ t t—0+ t

Reciprocally, suppose that |f'(p,v)| < L||v|, for all p € U and v € T,M. Let pg € dom(f). Since

fe FU), take 0 < § < ip such that f is bounded below on Bys(pp) C U. Let K > L and

q € Bs(po). Define g : U —

if p € Baslql;
+ Wpa 2% it ¢ Bas(q) \ Bs(a);

otherwise.

It is easy to see that g € F(U). Moreover, as g € C*(Bss(q) \ {¢}) and 0 < § < i, there holds
q)

( (p,q) —26)(36 — d(p, q)) + d(p, q)(d(p, q) — 26)
(30 —d(p, q))?

for all p € Bss(q) \ B2s(q). Now, note that f+ ¢ isin F(U), goes to +00 as p goes to the boundary
of Bss(q) and is bounded below on Bss(q). Therefore, as M is a complete Riemannian manifolds
of finite dimension, there exists p. € Bss(q) a minimizer for f + g. First we assume that p, # q.
Since p. € Bss(q) \ {a}, 9 € C'(Bss(q) \ {¢}) and f + g € F(U) we have

grad g(p) = (—exp, 'q/d(p,q))

f'(pe;v) + (grad g(ps),v) 20 Vv e T, M. (6)



For simplifying the notations set v, := exp,, ~'q/d(p«, q) and

2(d(ps, q) —20)(30 — d(p+, q)) + d(p«, ) (d(p«, q) — 20)
(30 — d(p«, q))? '

So, grad g(p«) = —Ku, if px € Baslg] and grad g(p.) = —[K + fJv, if p. € Bss(q) \ Bas(q). Thus,
letting v = v, in (6) and taking in account that ¢ > 0 for p, € Bss(q) \ Bas(q) we obtain

=

(P ve) Z Klve]l > Lo,

which contradicts our assumption. Consequently we must have p, = g. Due the fact that g(q) =0,
the point ¢ is a minimizer of f 4+ g and Bs(pg) C Bas[q] we have

fla)=(f+9)(a) <(f+9)(p) < flp)+Kd(p,q), Vpe Bs(po)

Since we can change the roles of ¢ and p in the above argument the following inequality holds

|f(q) = f(p)] < Kd(p,q), Y p,q€ Bs(po).

Letting K goes to L, in the latter inequality, we conclude that for any py € dom f there exists § > 0
such that f € Lip; Bs(po). Thus we have shown that f is locally Lipschitz on dom(f) with the
same rank L everywhere. Therefore, for finishing the proof use the Proposition 1. O

Example 4. Let S™ be the set of symmetric matrix endowed with the Frobenius metric defined by
(U, V) =tr(VU) and let ST, be the set of positive definite symmetric matrix. Let f: 5%, — IR
be defined by f(X) = Indet X. It easy to see that the function f is not Lipschitz on S . For each
X € 5%, define a new inner product in S™ as

(,vy=(x"ux-tvy VUV es

Endowing S% | with the Riemannian metric ((, .)) we obtain a complete Riemannian manifold. We
denote by M this Riemannian manifold. Note that f € C! on M. So,

F(X,V) = (grad f(X),V))  VV eTxM.

Because the usual gradient of f on S7, is Vf(X) = X!, we have that the gradient of f on M is
given by
grad f(X) = XVf(X)X = X.

So, || grad f(X)||* = {(grad f(X), grad f(X))) = 1. Thus,
[F(X, V)| = [ (grad f(X), V)| < [[grad f(X) VI = VI, V¥V eTxM.

From Theorem 1 it follows that f is Lipschitz on M of rank L = 1.



Example 5. Let Q = {p = (p1,p2) € IR? : p > 0} and let f : Q — R be given by f(p) = In(ps). It
easy to see that f is not a Lipschitz function on Q with respect to Euclidean metric (,). Let G be
a 2 x 2 matrix defined by G(p) = (¢ij(p)), where
1
911(p) = g22(p) = 22 g12(p) = ga1(p) = 0.
2

Endowing Q with the Riemannian metric ((, )) defined by ((u, v)) = (G(p)v,u), we obtain a complete
Riemannian manifold H?, namely, the upper half-plane model of the Hyperbolic space. Note that
f € C' and the gradient of f in H? is given by

grad f(p) = G(p) "'V f(p) = (0,p2),

where Vf is the usual gradient of f in €. It is simple to show that || grad f(p))|| = 1 and so,

|f'(p,v)] = [ {grad f(p),v) | < [Joll, Vv e TH.

Therefore, from Theorem 1 it follows that f is Lipschitz on H? of rank L = 1.

4 Characterization for Convex Functions

In this section we obtain a characterization for convex functions defined on Riemannian manifolds.
As usual, in the type of characterization we shall present, first we obtain a result like mean value
theorem adapted to our setting.

Definition 4. A function f : M — (—o0,+00] is said to be convex (respectively, strictly convex)
if for all minimal geodesic v : [a,b] — M, the composition f o~ : [a,b] — (—o00,+00] is convex
(respectively, strictly convex).

It follows from above definition that if f : M — (—o0,+00] is a convex function then dom(f)
and the sub-level sets {p € M : f(p) < k} are convex sets, for all k € IR.

Example 6. Let S* = {p € R"™! : ||p| = 1} be a unitary sphere. Fix p = (0,---,0,1) € R*"L.
Setting p = (p1 -+ , Pn, Pn+1), define ¢ : 8™ — (—o00, +00] as

d(ﬁap)v if Pn+1 Z Oa
o(p) = .
+00 if pn+1 <O0.
Note that ¢ € F, but ¢ is not a convex function and its dom(yp) = {p € S™ : ppt1 > 0}
is not a convex set. Now, let C C {p € S™ : ppt1 > 0} a closed and convex set and define
p:S" — (—o0,+00] as
d(p,p), if peC;
p(p) = 59) .
+o0 if p¢C.

10



Note that p lower semicontinuous, convex and its domain C' is closed. In general, for all p € M
and C C {p € M :d(p,p) < 7/2} a closed convex set, the function 7 : S™ — (—o0, +00] defined as
n(p) = d(p,p), if p € C and n(p) = 400 if p ¢ C, is lower semicontinuous and convex.

In above example dom(p) = {p € IR" : pp+1 > 0} is closed and its interior is convex. As
dom(¢p) is not convex we conclude that, in general, the closure of a convex set is not convex. Note
that ¢ is Lipschitz of rank L = 1 in int(dom(y)), but not in dom(y).

Definition 5. A function f € F is locally bounded in p if there exists 4 > 0 and r > 0 such that
f(q) < rfor all p € Bs(p), and f € F is locally bounded in dom(f) if it is locally bounded in all
point p € dom(f).

Note that if f € F is locally bounded in dom(f) then dom(f) must be open.

Proposition 2. Let f € F be locally bounded in dom(f). If f is convex, then f is locally Lipschitz
on dom(f).

Proof. See Proposition 5.2 in [1]. O

We remark that in n-dimensional Euclidean spaces for proving that a convex function f is locally
bounded in dom(f) are used two important results, namely, for each p € dom(f) there exists a
n-dimensional simplex A C dom(f) such that p € int(A) and Jensen’s inequality. However, as far
as we know results like these in Riemannian context has not been studied yet.

From now on, we assume that f € F and is locally Lipschitz on dom(f) without explicitly
mentioning them in the statements of our results. Note that in this case f is locally bounded in
dom(f) and dom(f) is open.

Example 7. Let S* = {p € R"™! : ||p| = 1} be a unitary sphere. Fix p = (0,---,0,1) € R*"L.
Setting p = (p1 -+, Pn, Pn+1), define ¢ : S™ — (—o0, +00| as

C(p) = —In(7/2 —d(p,p)), if pnt1>0;
+0oo if Pn+1 < 0.

¢ is lower semicontinuous, convex and its domain is open. Moreover, ¢ locally Lipschitz in dom(().

Example 8. Let M = {p € IR" : ||p|| = 1} be a unitary sphere. Setting p = (p1 --- ,pn), define
Y M — (—o0,+00] as

Y(p) =

- Z?:l ln(p’l) if P1 > 07 5, DPn > 07
+00 otherwise.

1 is lower semicontinuous, convex and its domain is open. Moreover, v locally Lipschitz in dom(v)).

11



Proposition 3. If f is convex, then for all p € dom(f) and v € T, M there holds

o) — tim FOO) = @) . 1(0) ~ £0)

t—0+ t t>0 t ’

where v is a minimal geodesic such that v(0) = p and ~/(0) = v.
Proof. 1t follows from convexity of f o~. 0

Corollary 4. If f is convex and 7 : [a,b] — dom(f) is a minimal geodesic, then there holds

(t =0 (@A D) + f(r(@D) < fO¥(1), Vi, te[ab].
Proof. Is an immediate consequence of Proposition 3. 0

Definition 6. Let f € F be a locally Lipschitz function on dom(f). The lower Dini derivative
f':TM — [—00,400] is said to be monotone (respectively, strictly monotone) if, for any minimal
geodesic v : [a,b] — M with its end points in dom(f), the map ¢, : [a,b] — [—00, +00] defined by
o~ (t) = f'(~(t),7/(t)) is monotone non-decreasing (respectively, increasing).

Note that in above definition we not assume that dom(f) is a convex set.

Lemma 2. If v is a geodesic such that v(0) = p, 7(1) = ¢ and ([0, 1]) C dom(f), then there exist
t,t € (0,1) such that

F @A ®) < fla) = flo) < f (1D, 7 ()
Proof. Let v : [0,1] — R be defined by ¥ (s) = f(v(s)) — s(f(q) — f(p)). So, from Corollary 3 is
sufficient to show that there exist £, € (0,1) such that

V(1) <0 <P 1).

First we will prove that there exist ¢ € (0,1) such that /(,1) < 0. Since v is continuous in [0, 1]
and ¥(0) = (1) = f(p), there exists s; € (0,1] a global minimum of 1. Now let sop € (0, s1).
We have two possibility: i) ¥/(sg,1) < 0 or ii) ¥/(sg,1) > 0. If i) occur take ¢ = sg, otherwise
¥'(s0,1) > 0 implies that there exists § € (sp, s1) such that ¥ (sg) < ¢(5). Hence, by the continuity
of 1 there exists t € (sg, 51) such that 1 (s) < ¥(t) for all s € [sq, 51], which imply ¥/(£,1) < 0. The
second inequality can be shown by similar argument used in the first one. O

Corollary 5. If v is a geodesic in M such that to > t1, v([t1,t2]) C dom(f), then there exist
t,t € (t1,t2) such that

oy < J0t2) — fF(v(t)

F(v(@®).9(®) < o < S (v(@), 7 (@) -
2 1
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Proof. Defining the geodesic a(s) = y(sta+ (1 —s)t1) we have o(0) = vy(¢1) and a(1) = v(t2). Now,
note that v — f’(p,v) is positively homogeneous, for all p € dom(f). So, applying Lemma 2 the
statement follows. O

Lemma 3. If f’ is monotone, then dom(f) is convex.

Proof. Take p, ¢ € dom(f) and  a minimal geodesic joining p to ¢q. Assume without lose of
generality that (0) = p and (1) = g. Define

t:=inf {t € [0,1] : [y(t), ¢] € dom(f)}, t:=sup{t€[0,1]: [p, v(t)] € dom(f)}.

Since f is locally Lipschitz on dom(f) we have that dom(f) is open, so 0 < < 1 and 0 < £ < 1.
Assume by contraction that ([0, 1]) ¢ dom(f) or equivalently that 0 < ¢ and # < 1. Now, take
0 < \<t<t<7< 1. Definition of ¢ and ¢ implies that the minimal geodesic segments joining
v(7) to ¢ and p to y(A) are in dom(f). Thus, from Corollary 5 there exist 1 € (0, \) and 5 € (7,1)
such that

FO) = fp) S A (v(00), A (1)), (L= 7)f'(7(t2), 7 (t2)) < f(q) = F(7(7)).

Above inequalities together with monotonicity of the derivative f’ imply that

FORD PO LB (o). o)+ 905 = £ atta). o' (2)
flp) . 19
ST T aea

Since f € F, 0 <t and £ < 1, letting A goes to £ and 7 goes to ¢ in the above equation we obtain

fy(®) _ f(p) AC)
1—4 & Q-1

f((1)
t

_l’_

So, f(y(t)) < 400 and f(y()) < +oo, ie., v(t), ¥(t) € dom(f). As dom(f) is open we obtain
a contradiction with the definitions of # and #. Therefore, ([0, 1]) € dom(f) and the statement
follows. -

Theorem 2. f is convex if, and only if, f’ is monotone.

Proof. Assume that f is convex. First note that dom(f) is convex. Let ~ : [a,b] — M be a minimal
geodesic with its end points in dom(f) and take ¢1,t2 € [a,b] such that ¢; < t2. Since dom(f) is
convex we have that v([t1, t2]) € dom(f) and using Corollary 4 we obtain that

(t2 = t) f" (v(t), 7 (1)) + f(y(t) < f(r(t2)), (1 —t2)f" (7(t2), 7' (t2)) + f(7(t2)) < F((t)),
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Therefore, as t; < to it follows from latter two inequality that f’ (y(¢t1),7'(t1)) < f' (v(t2),7 (t2)),
hence f’ is monotone.

Now, assume that f’ is monotone. Let v : [a,b] — M be a geodesic and let ¢1,ts € [a,b] such
that t1 < to. If v(¢1) ¢ dom(f) or v(t2) ¢ dom(f) we have

fov((T =Nt + M2)) < (1 =N f(v(t1)) + Af(v(t2)),

for all A € [0,1]. Now, suppose that y(t1),v(t2) € dom(f). So, Lemma 3 implies that v([¢t1,t2]) C
dom(f). Thus, for all t € (¢1,t2) we obtain from Corollary 5 that there exist s; € (¢1,%) and
s9 € (t,ta) such that

FO®) = f(y(t)) < (= t)f'(v(s1),7'(51)), (k2 = ) f'(7(s52), 7 (52)) < (f((t2)) — f(7(2)).
Thus, letting ¢t = (1 — \)#1 + Mo in above equation we obtain from monotonicity of f’ that

(1 =Nf(v(t) + Af(v(E2) = F(v(@) = =(L = N [F (@) = F(v(E))] + A[f (v(E2)) = f(7(2))]

> (L= M)Atz — 1) [=f'(v(51),7'(51)) + f'(7(s2),7 (s2)]
>0,

for all A\ € [0,1]. Which implies that f o~y((1 — A)t1 + At2)) < (1 = N)f(y(t1)) + Af(7(t2)), for all
A € [0,1]. Therefore f is convex. O

5 Sufficient Optimality Conditions for Optimization Problem

In this section we are going to obtain a sufficient optimality conditions for constraint optimization
problems in terns of the Dini derivative.

Proposition 4. Let C C M be a convex set. Assume that f : M — IR is convex in C'. Consider
the following nonlinear programming problem

min f(p)
(P) {s.t. peC.

Let p* € C. If for all p € C we have that f'(p*,v,.,(0)) > 0, where ~,+;, is a minimal geodesic from
p* to p with 7,.,(0) = p* and 7,.,(1) = p. Then p* € C' is a solution to (P).

Proof. Given p, p* € C and )+, a minimal geodesic from p* to p with 7}’,*[,(0) = p* and 7;’;*;;(1) =p.

Since C'is convex we have that v,+,([0,1]) C C. Now, as f is convex we conclude from Corollary 4
that

fo) = f(0") + £ (07, 7,(0)).
Because f'(p*,7,+,(0)) > 0, latter inequality implies that f(p) > f(p*). So, p* is a solution to
(P). O

14



Corollary 6. Let f,g; : M — IR be convex, for ¢ = 1,--- ,m. Consider the following nonlinear
programming problem

(]5) { min  f(p)

s.t. gi(p) <0, i=1,---,m.

Let p* be a feasible point to (P). If for all p, a feasible point to (P), there exist a vector
w= (1, , m) € IR™ such that

f,(w*v%lg*p(t*)) + Z,Ui.gi/(x*v’)/;/j*p(t*)) Z 07 H 2 07 and Z:ulgl(x*) = 07 (7)
i=1 i=1

where 7+, is a minimal geodesic from p* to p with v,.,(0) = p* and ~,.,(1) = p. Then p* is a
solution to (P).

Proof. Since f,g; : M — IR are convex, for i = 1,--- ,m, and pu > 0 we conclude that C := {p €
M :gi(p) <0, i=1,---,m} is convex and h : M — IR defined by h(p) = f(p) + > i, 1igi(p) is
also convex. Moreover,

f(p) = h(p), forall peC. (8)

Take p € C' and 7+, a minimal geodesic from p* to p with 7,.,(0) = p* and ~,,.,(1) = p. From the
first inequality in (7) we obtain that ’(p*,,.,(0)) > 0 and as p* € C' it follows from Proposition 4
that p* satisfies h(p) > h(p*), for all p € C. Thus, from (8) and the equality in (7) we obtain that

f(p) = h(p) = h(p*) = f(p*),

for all p € C, and the proposition is proved. O

6 Final Remarks

A complete, simply connected Riemannian manifold of nonpositive sectional curvature is called
a Hadamard manifold, see Example 5 above. Hadamard-Cartan Theorem [19] asserts that the
topological and differential structure of a Hadamard manifolds coincide with those of an Euclidean
space of the same dimension. More precisely, at any point p € M, the exponential map exp, :
T,M — M is a diffeomorphism. Furthermore, for any two points p,q € M there exists a unique
geodesic joining p to ¢, which is minimal. As a consequence, all convex sets are strongly convex.
So, the Definition 6 becomes

Definition 7. Let f € F be a locally Lipschitz function on dom(f). The lower Dini derivative
J' i TM — [—00,+0o0] is said to be monotone if

f'(pexp,q) + f'(g, exp; 'p) <0,

for any two points p, ¢ € M.
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Since we have obtained results only for locally Lipschitz functions defined on finite dimensional

Riemannian manifolds, we expect that the results in this paper will be one more step toward a
characterization for Lipschitz and convex functions on more general settings.
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