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POINT DERIVATIONS FOR LIPSCHITZ FUNCTIONS AND
CLARKE’S GENERALIZED DERIVATIVE

Abstract. Clarke’s generalized derivative f9(z,v) is studied as a function
on the Banach algebra Lip(X,d) of bounded Lipschitz functions f defined
on an open subset X of a normed vector space E. For fixed x € X and fixed
v € E the function f9(x,v) is continuous and sublinear in f € Lip(X,d).
It is shown that all linear functionals in the support set of this continuous
sublinear function satisfy Leibniz’s product rule and are thus point deriva-
tions. A characterization of the support set in terms of point derivations is
given.

1. Introduction. A derivative concept for a class of functions f :
X — R defined on a subset X of a real vector space E may be viewed
as an operator D which assigns reals D(f,x,v) to triples (f,x,v), where
f is an element of a function class, x € X, and v € E. In applications
derivative concepts are mostly used as approximation tools for a function
f in a neighborhood of a point . Therefore studies of derivative concepts
usually focus on the properties of the function D(f,-,) with f thought of
as being fixed. However, if one is interested in characterizing a derivative
concept as an operator on a function space it seems more natural to focus
attention on the function D(-,z,v), where z and v are fixed. This is the
viewpoint of the theory of point derivations as introduced in [5]. In the
sequel we shall study Clarke’s generalized derivative [2]

D(f0.0) = £(r0,0) = limsup LEE =

t|0
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from the latter point of view. Clarke’s generalized derivative is continuous
and sublinear, not only as a function of the direction v, but also as a function
on the Banach space of Lipschitz functions f. Continuous sublinear func-
tions on Banach spaces are completely characterized by their support sets
which are subsets of the dual space. We show in the sequel that the support
set of the function D)y, = D(-, x0,v) consists of point derivations in the
sense of [5] and characterizes those point derivations which are contained in
the support set.

In the next section we review some properties of the algebra of Lipschitz
functions and explain the concept of its point derivations. Section 3 explores
the relation between point derivations and Clarke’s generalized derivative.
For the reader’s convenience we include the short proofs of [5].

2. Lipschitz functions and point derivations

2.1. The Lipschitz algebra. The following brief description of the Banach
algebra of Lipschitz functions follows the presentation given in [5]. Let (X, d)
be a metric space. A function f : X — R is called a Lipschitz function if
there exists a constant K > 0 such that for all z,y € X,

[f(z) = fy)| < Kd(z,y).

The set of all bounded Lipschitz functions defined on (X, d) is a real algebra
and will be denoted by Lip(X,d). For f € Lip(X,d) the following two
constants are finite:

[/ (z) — f(y)|

||f|]d::sup{ i) cx,y € X, :z:;éy},

[flloo == sup{[f(2)| : x € X}.
A norm on Lip(X,d) is defined by

L= M F a1 f oo
Arens and Eells show in [1] that (Lip(X,d), | -||) is always the dual space of
some normed linear space and hence complete. Moreover, (Lip(X,d), ||-||) is

a Banach algebra, i.e. for all f, g € Lip(X,d) the inequality || fg| < || f]- /9]l
holds. This follows from the inequality

[(fg)(z) — (f9)(y)] 1(9)(x) — (9) (W)
d(x,y) d(x,y)

which implies

< |f(@)|

1fglla < 1Iflloo - llglla + llgllco - I F1la
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and thus yields

191l = 1Fglloc + [[f9lla
< lloe - Nlglloo + [[flloc - llglla + llglloo - [1f1la
= [[flloc - (llgllco + llglla) + llglloo - Il 1l
<71 - Nlgll-

The Banach algebra (Lip(X,d),| - ||) will be called the Lipschitz algebra
on (X,d). The unit element is the characteristic function on X, which is
denoted by 1.

2.2. Point derivations. Point derivations are linear functionals on
Lip(X, d) which satisfy Leibniz’s product rule.

DEFINITION 2.1. Let (X, d) be a metric space and 2y € X. A continuous
linear functional [ € Lip(X,d)” is said to be a point derivation at xo € X if
for all f,g € Lip(X,d) Leibniz’s rule

I(fg9) = f(zo) - Ug) + g(zo) - U(f)
holds.

The linear space of all point derivations at zog € X will be denoted
by Der,, (Lip(X,d)). It is a weak-x-closed subspace of Lip(X,d)* (cf. [5],
Proposition 8.2).

It is interesting that point derivations which reflect merely the product
rule can in fact be completely characterized by another property of the clas-
sical derivative, namely the fact that the derivative of f vanishes provided
f is the unit function or f has a root of second order. To formalize this, let
us denote by

m(zo) = {f € Lip(X,d) : f(x0) =0}
the closed ideal in Lip(X,d) of functions which vanish at 2o € X. Then the
ideal of functions in Lip(X,d) with a root of second order is given by

mQ(l‘g) =cl ({f = Zk:fjgj cfigi €m(zo), j=1,...k ke N}),
j=1

where cl denotes the closure in Lip(X,d). I. Singer and J. Wermer have
shown in [6] that point derivations can indeed be characterized by their
values for the unit function and their values on the latter ideal.

PROPOSITION 2.2. Let (X,d) be a metric space and xog € X. Then a
continuous linear functional | € Lip(X,d)" satisfies

(i) 1(1) =0,
(i) 1m?(ao) = 0,
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if and only if for all f,g € Lip(X,d) Leibniz’s rule
I(fg) = f(z0) - Ug) + g(x0) - 1(f)

s satisfied at xq.

Proof. “<” Assume that [ € Lip(X,d)" satisfies Leibniz’s rule. Since
12 = 1, Leibniz’s rule for f = g = 1 implies that /(1) = 2{(1), which means
that I(1) = 0.

Now assume that f, g € m(xo). Thenl(fg) = f(x0)-1(g)+g(x0)-I(f) =0,
and since [ is continuous, it follows that [|m?(xq) = 0.

“=” Assume that the continuous linear functional [ satisfies (i) and (ii).
Then for every f, g € Lip(X,d) we have

I(fg9) =1(fg — f(w0)g(z0)1)

= U((f = f(z0)1) - (9 — g(20)1) + f(20)(9 — g(20)1)
+ g(zo)(f — f(20)1))

=U((f = f(20)1) - (9 — 9(x0)1)) + f(@0) - U g — g(z0)1)
+ g(zo) - I(f = f(x0)1)

= f(xo) - U9 — g(20)1) + g(xo) - I(f — f(20)1)

= f(zo) - Ug) + g(xo) - (),

since (f — f(z0)1) - (g — g(z0)1) € m?(z0). =
In [5] D. R. Sherbert determines all point derivations in Lip(X,d). We

briefly outline his construction.
Consider the real Banach space

I°°:={x = (z,)

endowed with the supremum norm

nen - (Tn), ey bounded sequence}

|z|loo == sup |z,
neN

Let ¢ C I*° denote the closed subspace of all convergent sequences and let
lim : ¢ — R be the continuous linear functional which assigns to every
convergent sequence its limit. Consider a norm-preserving Hahn—Banach
extension LIM of the functional lim to [°°:

CHCZOO

R
with the following additional properties:

(1) LIMn—»oo Ty = LIMn—»oo Tn+1,
(ii) liminf, o 2 < LIM,, o0, < limsup,,_, . Zp.
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We shall use the notation LIM,,_,o, z, = LIM(z) for x := (2,)nen € I°°.
Such functionals LIM are called translation invariant Banach limits. For
their construction we refer to [3], Chapter 11.4, Exercise 22.

Now let 2o € X be a nonisolated point and let w := (Tn,¥n),eny C
{(s,t) € X x X : s # t} converge to the point (z¢,zo). Then

f(yn) — f(xn)>
d(ymxn) neN

is a continuous linear operator, since | Ty (f)|loco < || flla < [If]]-

It is easy to see that for any translation invariant Banach limit LIM the
continuous linear fuctional D,, : Lip(X,d) — R with D,,(f) = LIM(T,(f))
is a point derivation at xy € X. For abbreviation put A := {(s,t) € X x X :
s=t}.

T, : Lip(X,d) — I®° with T, (f):= (

PROPOSITION 2.3 ([5], Lemma 9.4). Let o € X be a nonisolated point
of a metric space (X,d) and w := (Zn, Yn),eny C (X X X)\ A be a sequence
which converges to (xo,xo). Then for every translation invariant Banach
limit LIM : I*° — R the continuous linear fuctional

D, : Lip(X,d) - R with D,(f)=LIM(T,(f))
1s a point derivation at xg € X.

Proof. First observe that for every convergent sequence (an),cy € €
and every bounded sequence (b,,),, oy € I°° the formula
LIM (a, - b,) = lim a, - LIM b,
n—oo n—oo n—oo

holds. Indeed, put a := lim, o a,. Then LIM,, o (ay, - by, — ab ) =
since (an - bp — aby), cy converges to zero and hence LIM, oo (ay - by)
aLIM,,_, by.

Now let f, g € Lip(X,d) be given. From the above observation it follows
that

Dy (fg) = LIM(Tw(fg)
LM ((fg)(

0,

n—oo

) — (fg)(fvn)>

)
Yn
d(Yn, Tn)
g

1 ( =) o, 10n) = )

n—00 yn,xn) d(Yn, Tn)
9(Yn) — fyn) — flzn)
) LIM < ymxn > +g(wo) LIM <d(yn:vn)>
= [ (o) LIM(Tw(9)) + 9(0) LIM(Ty, (f))

= f(20)Dw(9) + g9(x0) Duw(f)-

Since D,, is continuous, it is a point derivation at g € X. m
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In Theorem 9.5 of [5] Sherbert shows that the space of all point deriva-
tions at a particular point xy is spanned by point derivations which are
constructed in the above way, where the Banach limit is arbitrary but fixed.

THEOREM 2.4. Let o € X be a nonisolated point of a metric space
(X,d) and Wy, :={w = (Tn, Yn) ey C X X X\ A: limz, = limy, = zo}.
Moreover, let LIM : I — R be a fized translation invariant Banach limit.
Then

Der,, (Lip(X,d)) = clspan{D,, = LIM(T},) : w € W, },

where clspan denotes the weak-x-closure of the linear hull in Lip(X,d)".

3. Clarke’s generalized derivative and point derivations. In this
section we assume that X C F is an open subset of a real normed vector
space (E, ||-||g). For every point g € X and every direction v € E Clarke’s
generalized directional derivative as defined in [2] is given by

Dellzy,v : Lip(X,d) — R,

DC1|1:0,v(f) = fo(:zco,v) — hgii}ép f($ + tl;) B f(x) ]

tl0

It is well known that Clarke’s generalized derivative is a continuous sublinear
function of the direction v. This led to the invention of Clarke’s subdiffer-
ential as an extension of the subdifferential of a convex function [2]. It is,
however, less known, although straightforward, that Clarke’s concept also

leads to a continuous sublinear function when considered as a function of
f € Lip(X,d).

PROPOSITION 3.1. Let (E, ||| g) be a real normed vector space, X C E an
open subset, o € X and v € E. Then the generalized directional derivative

Dellwow : Lip(X,d) — R
s a continuous sublinear function.

Proof. The function Dy, : Lip(X,d) — R is obviously sublinear.
To see that it is continuous, it suffices to show continuity at 0 € Lip(X, d).
This, however, is again obvious since

|f(zg,v)| = | limsup flz +tv) - f(z)

z—zg t
t10

< flla-llvlle < vlle - [ f]. =

Due to the Hahn—Banach theorem the continuous sublinear function
Dellzo.0 is completely determined by its support set

I(Detlzo,v)lo = {I € Lip(X, d)" : I(f) < Detlzo,v(f)}
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via the relation
Dallag,o(f) = sup  I(f).
lea(’Dcllzo,v)‘U
The support set of a continuous sublinear function on a locally convex space
has been studied in [4]. It is a nonempty, convex, weak-*-compact subset
of E*. The aim of this section is the study of the set 9(Dei|zq.v)|o0-

It is well known that Clarke’s generalized derivative does not obey Leib-
niz’s product rule (cf. [2], Proposition 2.3.13). However, our first result
shows that all elements of the support set O(Dqiz,,0)|0 are point derivations
and thus obey Leibniz’s product rule.

PROPOSITION 3.2. Let (E, || - ||g) be a real normed vector space, X C E
an open subset, vo € X and v € E. Then every element | € O(Dei|zy )0 is
a point derivation at xg.

Proof. To use Proposition 2.2 we show that for every I € 9(Dqiz.0)]o:

(i) 1(1) =0,

(i) I|m?(xg) = 0.
To prove (i), let I € (Deilsy.0)|o and ¢ € R. Then ¢-1(1) < (c1)°(zo,v) = 0.
For ¢ = 1 this implies /(1) < 0 and for ¢ = —1 it implies I(1) > 0; hence
I(1)=0.

To prove (ii), let again I € d(Dellzy )0, i-e. L(f) < fO(xo,v) for every
f € Lip(X,d). Suppose f € m(xg). Then Proposition 2.1.1 of [2] implies
that, on the one hand,

1(f?) < (f*)%(20,v) < 2|f(20)] - f*(w0,0) =0
and, on the other hand,
H=1?) < (=)0, v) = (f*)° (0, —v) < 2|f(x0)| - f* (20, —v) = 0.

Therefore I(f?) = 0 for every f € m(zo). Since gh = £((g + h)? — g*> — h?),
it follows from the continuity of [ that [|m?(zg) = 0. m
The following result characterizes the set O(Dei|z,,0)|0 and is comple-

mentary to Theorem 2.4.

THEOREM 3.3. Let (E, || - ||g) be a real normed vector space, X C E an
open subset xo € X and v € E with ||v||g = 1. Moreover, let
Dellzow : Lip(X,d) — R

with

Datlaof) = £°(0,v) = limsup L) = F(2)
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be the generalized directional derivative. Then
I(Dellzy,v)|o = clconv{D,, : w € Wy, (v)},

where clconv denotes the weak-x-closure of the conver hull in Lip(X,d)
and

*
)

Weo (v) :={w := (Zn, Un) pen € Wao * Yn — Tn € Ry - v}

Proof. Let a translation invariant Banach limit LIM : [®® — R and a
sequence w := (Tn, Yn) ey € Wao(v) be given. Then there exists a sequence
(Tn)neN of positive numbers which converges to zero such that y, = x, +7,v
for all n € N. Hence for every f € Lip(X,d),

D, (f) = LIM(T, () = LIM <f<yn>—f<x>>

n—0o \ |lyn — znllE
— LIM <f(xn + Tnv) — f(*%@))
n— 00 Tn
< lim sup fzn + TZ_U) — fl@n) < fo(xo,v)

since LIM,, o0 b,, < limsup,,_, . b,, for every bounded sequence b:= (by,),, en-
Hence
cleonv{Dy, : w € Wy, (v)} C O(Deilzg,v)lo-

To prove equality, we show that for every f € Lip(X,d) there exists a
Dg € cleonv{D,, : w € Wy, (v)} such that Dg(f) = f°(z0,v). Note that
for every f € Lip(X, d) there exists a sequence (x,),,cy converging to zo and
a sequence of positive real numbers (7,), oy converging to zero such that

t - n n - n
0] — ey FE ) = F@) - fwn 70) = fon)

r—1x0 t n—oo Tn

t]0

Hence for the sequence @ := (Zpn, Zn + Tnv),cny € Wa, (v) we have

<f(wn+7nv) f(ﬁvn)>

Dy (f) = LIM(Ty(f)) = LIM

n— oo Tn

— lim f(@n +70v) — f(70) _ fo(l‘o,?)). -
n— oo Tn

In [5], p. 266, Sherbert points out that there is no strict analogy between
the classical derivative of a function and point derivations and mentions the
example f : R — R defined by f(z) := 22 sin% for x # 0 and f(0) = 0. This
function is differentiable at x¢g = 0 but has at zo = 0 point derivations with
values in the interval [—1,1] (see also Example 2.2.3 of [2]).

However, as pointed out in Proposition 2.2.4 of [2], there is a close anal-
ogy between Clarke’s generalized derivative and the concept of strict differ-

entiability in the sense of Bourbaki. More precisely, let (E, || - |g) be a real
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normed vector space, X C E an open subset, and xg € X. Then a locally
Lipschitz function f: X — R is said to be strictly differentiable at xo € X
in the sense of Bourbaki if there exists a continuous linear functional [ € E*
such that

t _
N (CESDES (N
T—T0 t
t10
for all v € E. The functional [ € E* is called the strict derivative of f at
xo € X.
In view of the relation between Clarke’s generalized derivative and the

concept of strict differentiability we obtain the following result.

PROPOSITION 3.4. Let (E, || - ||g) be a real normed vector space, X C E
an open subset, o € X and f € Lip(X,d). Then the following statements
are equivalent:

(a) There exists a linear functional | € E* such that D(f) = l(v) for
every v € E and every D € O(Deilzy.0)]o-
(b) The function f is strictly differentiable at zq in the sense of Bourbaki.

Moreover, if any of these statements holds, then [ is the strict derivative
of f.

Proof. Suppose statement (a) holds. Then there exists a linear func-
tional [ € E* such that l[(v) = D(f) for all D € 9(Del|zy.0)]0. Hence
Dcl|x0,v(f) = sup D(f) = l(v)v
Ded(Dellzg,v)lo
which shows that Clarke’s generalized derivative is linear in v € E. Propo-
sition 2.2.4 of [2] shows that statement (b) holds.

Conversely, suppose (b) holds. Using again Proposition 2.2.4 of [2] we
deduce that Dej|,, (f) is a continuous linear function of v. Moreover, from
Theorem 3.3 it follows that for all v € E and all D, D’ € 9(Dei|w.0)|0 We
have D'(f) = D(f), since a Banach limit coincides on convergent sequences
with the ordinary limit. Hence for all D € O(Dcilz,,0)|0 We have D(f) =
Deilzo v (f), which means that D(f) is constant for every D € 9(Dei|zo,0)]0- ®

The last proposition shows that the orthogonal complement of the linear
span of the union of all sets 9(Dqi|z,.0)|0 Over v € E is the set of all Lipschitz
functions which are strictly differentiable at z( in the sense of Bourbaki and
have a critical point at xg.
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