RACSAM

Rev. R. Acad. Cien. Serie A. Mat.
VoL. 99 (2), 2005, pp. 167-181

Andlisis Matemdtico / Mathematical Analysis

A One-sided Version of Alexiewicz-Orlicz’s Differentiability
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Abstract. Modifying appropriately the method of a forgotten work [1], we show that if a continuous
mapping from a nonempty open subset U of a metrizable separable Baire topological vector space E
to a locally convex space is directionally right differentiable on U along a comeager subset of F, then
it is generically Gateaux differentiable on U. Our result implies that every metrizable separable Baire
topological vector space is weak Asplund. It partially covers also the similar statements of [8, 16, 23].

Una version lateral del teorema de diferenciabilidad de Alexiewicz-Orlicz

Resumen. Modificando adecuadamente el método de un trabajo olvidado [1], probamos que si una
aplicacién continua, de un subconjunto abierto no vacio U de un espacio vectorial topolégico metrizable
separable y de Baire E, en un espacio localmente convexo, es direccionalmente diferenciable por la
derecha en U segln un subconjunto comagro de E, entonces, es genéricamente Gateaux diferenciable
en U. Nuestro resultado implica que cualquier espacio vectorial topolégico, metrizable, separable y de
Baire, es débilmente Asplund. También cubre parcialmente similares resultados de [8, 16, 23].

1 Introduction

The main goal of the present article is to show that in a rather general setting the one-sided directional
differentiability of a mapping already implies its generic Gateaux differentiability. A precise formulation
of the obtained result and clarification of its connection with other known related statements will be easier
to give after recalling the corresponding definitions.

We consider vector spaces over the same field K of real R or complex C numbers and keep the following
notations:

— F is a topological vector space, U, H a non-empty subsets of E/ being U open,
— F a Hausdorff topological vector space,
— f: U — F afunction.

Moreover, for a fixed scalar t € K\ {0} and z € U we introduce a mapping Ay, ;: E — F, defined
ata given h € F as follows:

f(z+th) — f(x)
Agzi(h) = , t ’

when x +th € U
whenz +th ¢ U.

)
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We adopt the following definitions (cf. [4, 20, 28]):

Definition 1 The function f will be caled:

— Directionally differentiable at = along a vector h € E if the function t — Ay, (k) has a limit in F
ast — 0.

— Directionally differentiable at x along H if f is directionally differentiable at x along every h € H.
— Directionally differentiable at x if f is directionally differentiable at x along the whole space E.

— Directionally right differentiable at = along a vector h € E if the function t — Ay 5 +(h) has a limit
inFasteR, t>0andt— 0.

— Directionally right differentiable at « along H if f is directionally right differentiable at x along
every h € H.

— Directionally right differentiable or one-sided directionally differentiable at x if f is directionally
right differentiable at x along the whole space E.

If f is directionally differentiable at x along H, then the mapping Dy ,: H — F' defined for h € H by
the equality
Dyo(h) = lim Ay o(h)

is called the directional derivative of f at x along H.
Clearly, if f is directionally differentiable at x then its directional derivative at x is defined everywhere
onE,ie. Dy,: F— F.
If f is directionally right differentiable at « along H, then the mapping D+m: H — F defined for
h € H by the equality
DT (h) = li As (b
f,x( ) teR, t1>n(},t—>0 1 ;t( )
is called the directional right derivative or one-sided directional derivative of f at x along H.
If f is directionally right differentiable at x, then its directional right derivative at = is defined every-
where on F, i.e. D]Tx: E— F.

Definition 2 The function f is said to be Gateaux differentiable at x if f is directionally differentiable at
x and its directional derivative Dy ,: E — F'is a continuous linear mapping.

Definition 3 Let E, F' be normed spaces. The function f is said to be Fréchet differentiable at x if f is
directionally differentiable at x,

sup  [|Afqi(h) —Dsgo(R)]| —0 as t—0
hEE, ||h|=1

and the directional derivative Dy ;. is a continuous linear mapping.

If f is Fréchet differentiable at x, then f is continuous and Gateaux differentiable at x. A Gateaux
differentiable at x function may not be continuous at z; also, a continuous Gateaux differentiable at =
function may not be Fréchet differentiable at 2 ( even if U = R? and F = R).

Let us recall that a set in a topological space which is a countable union of nowhere dense sets is called
meager (or of the first category) and the complement of a meager set is called comeager (or residual). A
topological space X is called a Baire space if the intersection of any sequence of open dense subsets of X is
dense. If X is a non-empty Baire space, then the dense G5 subsets of X are not meager and any comeager
subset of X contains a dense G5 set. A comeager subset of a Baire space is a Baire space as well (see,
e.g., [10, Ch.IX, §5, Proposition 5]). The Baire-Hausdorff theorem asserts that if X is either a completely
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metrizable or a locally compact regular topological space, then X is Baire. There are also metrizable
separable Baire topological spaces which are neither completely metrizable, nor locally compact.

The mapping f: U — F is called generically Gateaux differentiable on U if it is Giteaux differentiable
at every point of a dense G5 subset of U.

A topological vector space F' will be called dually separated if for every y € F \ {0} there exists a
continuous linear functional w: F' — K such that u(y) # 0. Every Hausdorff locally convex space is dually
separated. If 0 < p < 1, then the sequence space [,, with its standard topology presents an example of a
non-locally convex complete separable metrizable dually separated space.

Our starting point was the following remarkable statement obtained in [1].

(AO) If FE is a real separable Banach space, F' is a Banach space, f: U — F is continuous and f is
directionally differentiable at every x € U, then f is generically Gateaux differentiable on U (see [1,
Theorem]).

In a huge amount of the literature dedicated to the differentiability questions of mappings between
Banach and more general spaces, seemingly only [30] contains [1] in its referencee’s list. However, even
in [30] the statement (AO) is not mentioned at all.

In the given article we show that, modifying appropriately the method of [1], it is possible to obtain the
next one-sided version of (AO).

Theorem 1 Let E be a real separable metrizable Baire topological vector space, U C E be an open set,
F be a metrizable topological vector space and f: U — F be a continuous mapping.

(a) If F is locally convex and f is directionally right differentiable at every x € U along a comeager
subset H of an open neighborhood of zero V. C FE, then f is generically Gateaux differentiable on U.

(b) If F is a (not necessarily locally convex) dually separated space and f is directionally right differen-
tiable at every x € U along whole E, then f is generically Gateaux differentiable on U.

It is clear that Theorem 1 contains and refines (AO). In the next remark we discuss a consequence and
some results related with Theorem 1 in case when £ = R.

Remark 1 Let U be an open subset of R. We note:

— f is directionally differentiable at x along 1 iff f is differentiable at x in ordinary sense. Moreover,
if f is directionally differentiable at x along 1, then Dy (1) = f'(z), where f'(x) stands for the
ordinary derivative of f at x.

— f is directionally right differentiable at x along 1 iff f is right differentiable at x in ordinary sense.
Moreover, if f is directionally right differentiable at x along 1, then Dfx(l) = fi.(x), where f! ()
stands for the ordinary right derivative of f at x.

— f is directionally right differentiable at x along —1 iff f is left differentiable at x in ordinary sense.
Moreover, if | is directionally right differentiable at x along —1, then Dﬁx(—l) = —f’ (x), where
11 (x) stands for the ordinary left derivative of f at .

Taking into account these observations, from Theorem 1 we get the next statement:

() If F is a metrizable locally convex space and f: U — F is a continuous function which is right and
left differentiable at each point x € U and f!, f' are continuous functions on U, then there exists some
comeager subset C' C U, such that f is differentiable at every point x € C.

Note, however, that the following stronger version of (I) (which is not a direct consequence of Theo-
rem 1) is true:

(D) If F is a Banach space and f: U — F is left and right differentiable at each point x € U, then
there exists some finite or countable subset S C U, such that f is differentiable at every point x € U \ S
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(see [14, Ch.VIII, §.4, Probleme 2 (b)]; in [2, p. 159, Lemma 1] a similar statement is proved for real-valued
functions and it is attributed to W. Sierpinski).

In the next remark are collected some other related results and consequences of Theorem 1.

Remark 2

a) Gateaux differentiability of convex functions

1) If U is an open convex subset of R and f: U — R is a convex function, then f is continuous on U, is
right and left differentiable at each point of U and the set of points of non-differentiability of f is at
most countable (see, e.g., [26, p. 9, Th. 1.16]).

(J2) IfU is a convex open subset of a real topological vector space and f: U — R is a convex functional,
then f is directionally right differentiable at each point of U (see, e.g., [26, p. 2, Lemma 1.2]).

M) If U is a convex open subset of a real separable Banach space FE and f: U — R is a continuous
convex functional, then f is generically Gateaux differentiable on U (this is the Mazur’s theorem,
see [24]; see also [26, p. 12, Th. 1.20]).

A topological vector space F is said to be a weak Asplund space provided every continuous convex
function defined on a nonempty open convex subset U of E is generically Gateaux differentiable on U

(cf. [26, p. 13, Def. 1.22] and [17, Def. 1.01]).

Theorem 1 together with (J2), implies the next generalization of (M):
(M1) If E is a real separable metrizable Baire topological vector space, then E is a weak Asplund space.

In particular, we get that every separable Baire normed space is weak Asplund. Whether every separa-
ble weak Asplund normed space is Baire, we do not know.

Note, however, that for some non-locally convex complete separable metrizable spaces E the conclusion
of (M1) may hold trivially (e.g., it is known that if E = L,[0,1) with0 < p < land f: E — Risa
continuous convex functional, then f is a constant functional).

(M2) An analogue of (M) may fail in general: the norm of E = L0, 1] is nowhere Gateaux differentiable
(this was noticed already in [24]).

From (M2), since the Banach spaces E = L,[0,1] and 1o, are isomorphic, we get that 1, admits an
equivalent norm which is nowhere Gdteaux differentiable (see also [26, Example 1.21] for a simple example
of a nowhere Gdteaux differentiable continuous seminorm given on l).

It follows from (J2) and (M2) that Theorem 1(b) may fail when E is a non-separable Banach space and
F = R (we do not know whether or not some version of (AO) remains true when E is a non-separable
Banach space).

In connection with (M2) let us mention that the class of weak Asplund spaces is much wider than the
class of separable Banach spaces as the next generalization of Mazur’s theorem shows:

(Asl) If E is a (not necessarily separable) closed subspace of a WCG Banach space, then E is a weak
Asplund space ([3, Th. 2]; see also [26, p. 37, Th. 2.45] and [17, Th. 1.3.4]).

Whether every WCG Baire normed space is weak Asplund, we do not know.
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b) Fréchet differentiability of convex functions
It is known that if a continuous convex f: U — R given an open convex subset U a finite-dimensional
Banach space F is Gdteaux differentiable at a point x € U, then it is Fréchet differentiable at x. A similar
assertion is not true in general as the next result shows.

(BF) If E is an infinite-dimensional real Banach space, then there exists an equivalent norm f : E — R
and a point © € E, such that f is Gateaux differentiable at x, but f is not Fréchet differentiable at x
(see [9, Theorem 1]).

A normed space FE is said to be an Asplund space provided every continuous convex function defined
on a nonempty open convex subset U of E is Fréchet differentiable at each point of some Gg subset of U
(see [26, p. 13, Def. 1.22]; cf. also [17, Def. 1.01]).

(As2) A Banach space E is an Asplund space iff every separable closed subspace of E has a separable dual
(cf. [3, Th. 1]; see also [26, p. 32, Th. 2.34] and [17, Th. 1.1.1]).

We refer to [7, 13, 17, 18, 26] for an extensive study of the differentiability problems of convex and
Lipschitz functions given on a Banach space.

c) Differentiability in complex spaces

(Sukh) If E is a complex Banach space and f: U — C is locally bounded and is directionally differentiable
at every x© € U, then f is Fréchet differentiable at every x € U (see [28, Th. 10]).

(Z1) If E, F are complex Banach spaces and f: U — F is directionally differentiable at every x € U,
then for every x € U the directional derivative D¢ , : B — I is linear (see [32, (2.3)]).

When E is infinite-dimensional, in (Z1), in general, it cannot be asserted the continuity of Dy ,: E — F
(because, if f: E — C is a non-continuous linear functional, then D¢ , = f, Vx € E).

(Z2) If E, F are complex Banach spaces, the restriction of f: U — F on some comeager subset of U
is continuous and the function f is directionally differentiable at every x € U, then f is Fréchet
differentiable at every x € U (see [32, (4.10)]).

An analogue of (Sukh) (and hence, of (Z2) too) is not true for real spaces: a continuous function
f: R? — R may be Gateaux differentiable at every x € R?, but may not be Fréchet differentiable at every
r € R2

We can consider (AO) and Theorem 1 as a real continuous separable and category version of (Z2).

d) Other results related with Theorem 1
The next statement can be considered as a refinement of (AO)

(LW) If E is real separable Banach space, F' is a Banach space, f is continuous on U and there is a dense
G subset B of U such that at every x € B the function [ is directionally differentiable along a G
subset H C E which is dense in a non-empty open subset of E, then there exists a dense G5 subset
A of B such that f is Gateaux differentiable at every x € A (see [23, Th. 3.1]; ¢f also, [8, Coroll. 2
to Th. 1]).

In [16] it was proved the next one-sided version of (LW):

(Fa) Let E be a separable Banach space, F' a Banach space, U, V be nonempty open subsets of E and
f: U — F be a continuous mapping. Suppose that there exists a dense G subset S of U X V such
that¥(x, h) € S the function t — Ay, ¢(h) has a limit in F ast > 0 and t — 0.

Then there exists a dense G5 subset A of U such that f is Gateaux differentiable at every x € A
(see [16, Th. 3.1]).
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In [31] is contained the next version of (Fa):

(Zh) If E is a (not necessarily separable) WCG Banach space, f: U — R is continuous and there is a
dense Gs subset B of U such that f is directionally right differentiable at every x € B, then there
exists a dense G set A C B such that f is Gateaux differentiable at every x € A (see [31, Th. 4.4]).

Our Theorem 1 partially covers (ILW) and (Fa). 0O

The one sided directional differentiability was considered in [2, 19, 27] and many other works.

2 Auxiliary results and proofs
The following easily provable observations will be used later.

(S1) If f is directionally differentiable at z along h € E and t € K is a fixed scalar, f is directionally
differentiable at  along the vector th and Dy ,(th) = tDy . (h).

(S2) If f is directionally right differentiable at z along h € F and ¢t € R, ¢ > 0 is a fixed scalar, then f is
directionally right differentiable at z along the vector th and D} (th) = tD7 . (h).

(S3) If f is directionally differentiable at = along h € E, then f is directionally right differentiable at x
along the vector h and Dy ,(h) = D}rw(h).

(S4) If h € FE is a vector such that f is directionally right differentiable at x along the set {Ch : ( €
K, || =1} and Dfx(gh) = CDfx(h) V¢ € K, |¢] = 1, then f is directionally differentiable at
x along h and Dy . (h) = D;m (h).

(S5) If E, F are vector spaces over R, the set H is an additive subgroup of E, f is directionally right
differentiable at z along H and DY ,(h1 + hy) = D (h1) + D} (h1) Vhi,ho € H, then [ is
directionally differentiable at « along H and Dy ,(h) = D;{m(h) Vh e H.

(S6) If f is directionally (right) differentiable at = along h € E and u is a continuous linear mapping from
F to a topological vector space G, then uo f: U — G is directionally (right) differentiable at = along
hand Dyog o (h) = u(Dy.2(h) (D} () = u(D ().

uo f,x

To present a proof Theorem 1, we need several statements which may have an independent interest. The
next Lemma is a one-sided version of Lagrange’s mean value theorem.

Lemma 1 Letty,to € R, t; < to and ¢: [t1,12] — R be a function satisfying the conditions:
(cl) ¢ is bounded and attains its supremum and infimum on [t1, ts].
(c2) ¢ is right differentiable at every point of |t1, ta].
(c3) @ is continuous at ty.

Then:

(a) There exist X € [0,1] and s1, s2 €]t1,ta[ such that

p(t2) — p(t1)

22 S (s + (L= ) ()
2 — U
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(b) There exists s €ty, ta[ such that

lp(ta) — o(t1)]

<o, (s)].
P I (s)]

(c) If ' (t) > 0, Vt €]ty tof (resp. if ¢/ (t) < 0, Vt €lty1,t2]), then ¢ is increasing (resp. is
decreasing) on [t1,ta].

PROOF. We will prove first the next
Step 1. If ¢ satisfies (c1) and is right differentiable at every point of [t1,ta[, then

p(t2) — p(t1) -\

(a’) There exist X € [0,1] and s1, 82 € [t1, to[ such that 0 (s1)+(1— A)(p:r(52).

22—l
() If ' (1) > 0, Vt € [ti,ta (resp. if ¢/ (t) < 0, Vt €]t1,tz]), then ¢ is increasing (resp. is
decreasing) on [t1, ta].

Proof of Step 1. (a’). Lett; = 0,t2 = 1 and ¢(1) — ¢(0) = 0. In this case (a’) will be proved if we
can see that
Js1, s2 € [0,1] ¢l (s1) <0< ¢l (s2). (1)

Since ¢(1) = ¢(0), it follows easily from (c/) that

Ja, B [0,1] p(a) < o(t) < (), Vte[0,1]. )

If we take now any «, 3 € [0, 1] for which (2) holds, then (1) will be true with s = § and 51 = a.
The conclusion of (a’) when [t1, 2] # [0, 1] follows from the already proved step, applied to the function
¥:[0,1] — R given forat € [0, 1] by equality:

ot +t(ta —t1))  plt2) — <P(t1)t.

t) :=
w() to — 1 to — 1

Since (¢’) follows from (a’), Step 1 is proved.
Step 2. Proof of (a). Lett; = 0, t2 = 1 and ¢(1) — ¢(0) = 0. In this case (a’) will be proved if we can
see that
Js1, 52 € [0,1] ¢ (51) <0< ¢ (59). 3)

Take any «, 8 € [0, 1] for which (2) holds.

If «, 5 €]0, 1], then (3) will be true with so = § and 51 = .

It remains to prove (3) in remaining cases:
Case l: = 3=0,
Case2: a=0and 0 < B < 1,
Case3: f=0and 0 < a < 1.

In case 1 the function ¢ is identically zero, and so, (3) holds trivially. Therefore we can exclude this
case and can suppose that p(«) < ().

Consider Case 2. For s; := (3, we have ¢/, (s1) < 0. So, we need to find some sy €]0, 1] such that
¢’ (s2) > 0. Suppose this is not possible; then we shall have ¢’, (s) < 0 Vs €]0, 1[. Fix a number r €]0, 3.
Since (c2) is satisfied, ¢ is right differentiable at each point of [r, 3[. An application of Step 1 (¢’) for the
restriction of ¢ to [r, 3], together with ¢/, (s) <0 Vs € [r, 3], gives that ¢ is decreasing on [r, 3]. Hence,
o(r) > o(8), ¥r €]0, 8]. From this, since (c3) is satisfied at t; = 0, we get

p(0) = lim  o(r) > ¢(),

but this contradicts to the inequality ¢(0) = p(a) < ¢(). Consequently, the relation ¢/, (s) < 0 Vs €
]0, 1] cannot hold, hence some s, €0, 1] we have ¢/, (s2) > 0 and (3) is proved in Case 2.
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The validity of (3) in Case 3 can be verified in a similar way.
The conclusion of (a) when [t1, t2] # [0, 1] follows from the already proved step, applied to the function
1: [0,1] — R given forat € [0, 1] by equality:

ot tta —t1))  o(ta) —p(tr)
W(t) = — -t

(b) and (c) follow from (a). W

Remark 3 (1) Lemma 1(a) in case of a continuous ¢ is contained in [15, 16.3]; as L. Maligranga
informed us, it dues, probably, to D. Kurepa.

(2) The ordinary mean value theorem is not a consequence of Lemma 1(a), because, even if o: [0,1] — R
is continuous and it is right differentiable at every point of [0, 1|, there may not exist a point s € [0,1]

with property: p(1) — p(0) = go;(s).

(3) Lemma 1(c) in case of a continuous @ is known, see [12, Cor. 3.2.1]. In [11, Ch. 1, §2, Prop. 2] is
contained the next more general result:

(PrBo) If for a continuous ¢: [t1,t2] — R there exists an at most countable set A C [t1,t2] such that ¢
is right differentiable at each point of [t1,t3] \ A and ¢, (s) > 0 for every s € [t1,t2] \ A, then
p(t1) < p(t2)-

In (PrBo) “an at most countable set A C [t1,t3]” cannot be replaced by “a nowhere dense set A C
[t1,t2]” (see [11, Ch.1, §2, p. 22, Rem. 2]).

Lemma 2 Letr (F,| - ||) be a normed space and ¢: [0,1] — F be a continuous function which is right
differentiable at every point of [0, 1].

(a) (cf [12, Cor. 3.2.2]) There exists s €]0, 1] such that ||p(1) — ©(0)]| < ||90/+(8)||

(b) Foreveryr € [0, 1] there exists s €]0, 1] such that
lp(1) = #(0) = 4 ()] < llp(s) = 4 ()]

PROOF. (a). By Hahn-Banach theorem for some continuous linear functional u: F' — R with ||lu|| <
1 we have ||¢(1) — ¢(0)]| = u(¢(1) — ¢(0)). An application of Lemma 1(b) to the function u o ¢ gives (a).
(b). Fix r € [0, 1[ and apply (a) to the new function t — 1 (t) := ¢(t) — ¢, (r)t. W

Remark 4 The following stronger version of Lemma 2(a) is known: if a continuous ¢: [0,1] — F there
exists some finite or countable subset A C [0, 1], such that ¢ is right differentiable at every point t €
[0,1[\ A, then there exists s €]0, 1] \ A such that ||p(1) — @(0)|| < H(pl_‘_(s)H (see [11, Ch. L, §2, exer. 14],
or [14, Ch. VIII, §5, Prob. 7]).

Lemma 3 Let E be a real Hausdorff topological vector space, U C E be an open set, F' be a normed
space, f: U — F be a mapping and the elements b € U, h € E be such that

(b+th:te 0,1} CU. @)
If either

(crd) the mapping f is continuous and it is directionally right differentiable at every x € U along the
vector h,
or
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(dd) the mapping f is directionally differentiable at every x € U along the vector h, then there exists
s €0, 1[ such that

1£(b+h) = f(b) = Dy (M)l < 1 DF 4 g, (h) = Dy (M- )
PROOF. Write A = {t € R : b+ th € U}. Since U is open in E, the set A is an open in R and

since (4) is satisfied, [0, 1] C A. Consider p: A — F given for t € A by the equality: ¢(t) = f(b+ th).
If (crd) is satisfied, then ¢: A — F'is continuous, right differentiable at every ¢ € A and

¢\ (t) = D;r,b+th,(h)a vt € A.

Now an application of Lemma 2(b) for the restriction of ¢ to [0, 1] C A gives (5).
If (dd) is satisfied, then p: A — F differentiable at every ¢t € A and

¢'(t) = Dy pren(h), vt € A.

Since the differentiability of ¢ implies its continuity on A, again an application of Lemma 2(b) for the
restriction of p to [0,1] C A gives (5). W

The next statement is a one-sided version of [1, Lemma].

Proposition 1 Let E be a real Hausdorff topological vector space, n > 1 a natural number, hy, ... hy, €
FE, U C E be an open set, xq € U, F be a Hausdorf{f topological topological vector space and f: U — F
be a continuous mapping.

(a) If F is locally convex, f is directionally right differentiable at every x € U along the set {h1, ..., h,}
and the maps © — D}:x(hi), i =1,...,n — 1 are continuous at x, then f is directionally right
differentiable at xy along the vector hy + - - - + h,, and

D;ro (h‘1 +o h”) = D}r@o (hl) et D}rmo (hn) (6)

(b) If F is a (not necessarily locally convex) dually separated space, f is directionally right differentiable
atevery x € U along whole E and the maps x — D?m(hi), i =1,...,n — 1 are continuous at x,
then equality (6) holds.

(a’,b’) The conclusion of (a) (resp. of (b)) remains true for a not necessarily continuous f: U — F provided
f is directionally differentiable at every x € U along the set {hy,..., h,} and the maps x —
D;{l(hz) i = 1,...,n — 1 are continuous at xq (resp. f is directionally differentiable at every

x € U along whole E and the maps v — D}:x(hi), 1=1,...,n — 1 are continuous at x).

PROOF. (a,a’) First we shall prove:
(a1) Proposition 1(a,a’) is true when F' is a normed space.
Write ay := Y7, hj, k= 1,2,...,n. Itis needed to show that

Jim A Faot(ar) — ; D}, (h)| =0. (7)
Fix € > 0. Let us find a § > 0 so that
ol A (a1) = kz_l D}, ()| <6,  Vt€lo,d]. (8)
Since the maps z — D?T(hl), i =1,...,n—1 are continuous at z, there is a neighborhood V of zero
in F such that xg + V C U and
1D}, (h) = Df . (hi) || < e/4(n —1), VeeV, k=1,...,n—1. )
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Let Vj be a balanced neighborhood of zero in E such that V) + Vj C V. Since V}, is absorbing, there is a
61 > 0 such that
tar € Vo, and thy € V VtE[O,(Sl], k=1,2,...,n.

Since f is directionally right differentiable at ¢ along h,,, there is a 0 < d2 < 1 such that

|2 mat(ha) = DF o ()| < /4 Ve €]0,62]. (10)
Write § := min(d1, d2) and fix a number ¢ €]0, ).
Since
n—1
o+ tay) = f(wo) = Y _[f (w0 + tax) — f(wo + tars1)] + [f(xo + tan) — f(xo)],
k=1
we have
f(@o + ta1 .
=2 Dja
k=1
n—1 f(ggo + tak) — f(xo + tak+1) — D]—l_,wo+tllk+1 (thk)
t
k=1

n—1
Z {D}:Io+tak+1 (hk) - D}:Zo (hk)] + [Af’m‘)?t(h ) Dl—l_»mo (hn)] ’
k=1

Since V is balanced, for a fixed k < n we have
zo +tagy + sthy € xg+Vo+ Vo Cxog+V CU, VSE[O,l],

an application of Lemma 3 gives the existence of numbers s; €]0, 1] such that

1f (w0 + tay) — f(xo + taks1) = DF 4 iar,, ()]

<Dt Dt

fafg++tak+1(thk)||v k=1,...n—1.

Fiwottapp1+skthy (thy) —

From this and preceding relation we obtain:

n—1
+ +
HAf’IO’ al Z Df m0 hk)H = Z HDf7130+tak+1+5kthk (hk) - Df7f0+tak+1(hk)H
k=1

n—1
+ 3 [Pt o8) = Dy ()| + [ Ao (ton) = D, ()
=1

Since tag41 + spthy € V, k=1,...n —land tapy; € V, k= 1,...n — 1 from (9) and triangle
inequality we can write:

n—1

Z H frxot+tag41+sithy (hk) f,10+tak+1 hk)H < 6/2
k=1

Again from (9) we have:

S 07 01 D1 ] <
k=1
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From the last two relations and (10) we get:
HAf,mo,t(al) - ZD;zo(hk)H <e,  VEE]o,d]
k=1

Since £ > 0 is arbitrary, (8) (and hence (a;) too), is proved.

Let now F be an arbitrary Hausdorff locally convex space. Then there exists a family (Y;) ;¢ of normed
spaces and a family (u;);es of continuous linear mappings u;: F' — Y}, such that the topology of F is
determined by (u;),cs. Taking into account this fact and observation (S6), for F' Prop. 1(a) will be proved
if we can show:

(a2) For a normed space Y and for a continuous linear mapping u: F —'Y

o(Bpeaa(E ) = X7, ()| =0
k=1 k=1 Y

Clearly, (az) follows from the already proved (aq ), applied to the mapping uo f: U — Y.
(b, ") Fix a continuous linear functional v : ' — R. An application of (a) to the functionuo f : E — R
gives that u o f is directionally right differentiable (is directionally differentiable) along A + - - - + h,, and

lim
t>0,t—0

D+

uo f,xo

(h1+...+hn):D+

uo f,xo

(1) +---+ D, (). (11)

uof,zo

Since, by assumption, f itself is directionally right differentiable (is directionally differentiable) along
hi+ -+ hy, from (11) we get:
w(DF

frzo

(hi 4+ hn)) =u(Df, (1) + -+ Df, (hn)). (12)

Since (12) holds for an arbitrary continuous linear functional u and F' is dually separated, we get that (6)
holds as well. W

To simplify formulations, for an element /& and a nonempty subset W of an additive topological Abelian
group E we write h — Wy := {h — x : x € Wy} and call W, an AO-set with respectto V C E if

Wom(hl —Wo)ﬂ(hg —Wo) #@ Vhi,ho € V. (13)

Proposition 2 Let E be a real Hausdorff topological vector space, U C E be an open set, F be a
Hausdorff topological vector space, f: U — F be a continuous mapping and Wy C E be a AO-set with
respect to a neighborhood V' of zero in E.

(a) If F is locally convex, f is directionally right differentiable at every x € U along Wy and for every
h € Wy the map x — D;{,z(h) is continuous at x = xy € U, then f is directionally differentiable at
xg and the directional derivative Dy ., : E — I is a linear mapping.

(b) If F is a (not necessarily locally convex) dually separated space, f is directionally right differentiable
at every x € U along whole E and for every h € Wy the map v — D}'E (h) is continuous at
x = x9 € U, then the directional derivative Dy .. : E — F'is a linear mapping.

(a’,b’) The conclusion of (a) (resp. of (b)) remains true for a not necessarily continuous f: U — F provided
f is directionally differentiable at every x € U along W and for every h € Wy the map x —
D;{z(h) is continuous at x = xg € U (resp. f is directionally differentiable at every x € U along

whole E and for every h € Wy the map x — D":m(h) is continuous at r = x9 € U).

(c) In(a) and (b) in general it may happen that the linear mapping Dy .. : E — F'is not continuous.
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PRrROOF. Fix a neighborhood V' of zero in E for which (13) holds.

Item (a,a’). Thanks to observations (S1) and (S5), the directional differentiability of f at 2y and the
linearity of Dy ., : I/ — F will be proved if we can show the validity of the next statement:

(V) For every hi,ha € V the mapping fis directiona]ly right differentiable at xy along the set
{hl, ho, h1 + hg} and D}:xo (hl + hg) f o (h1) + Df 2o (hg)

Let hy, ho € V. Then, since W is an AO-set with respect to V', we have: WyN(hy —Wy)N(he —Wy) #
(). The last relation implies that there are elements h', "', h'" € Wo with hy = h"' + 1/, ho =R + R/
Hence, hy + hy = 2h"" + h' + h".

Since f is directionally right differentiable at 2 along the set {h’, h”’; h"’} and the maps = — sz (W),
x— D} (W), x — D} ,(h"") are continuous at x, by Proposition 1(a) we conclude:
(D) fis dlrectlonally rlght differentiable at xq along the vector b/ + b’ = h; and

D (W) + DF,. (h).

fizo

(h1) = D},

Fao (W 41 = Df

frxo
(2) f is directionally right differentiable at 2o along the vector A" + h’" = hs and
D}, (ha) = Df, (0" +1") =D}, (h")+ Dj, (h").
(3) f is directionally right differentiable at x along the vector 21’ + h’ + h'' = hy + hgy and
fgco(hl —|—h2) 0(2h///+h/ h”) fa;o( h///) +D+ (h/) +Df wo(h//).

Clearly, from (1), (2) and (3) (since D*)I0 @2n") = QD}F,xo(hm)) we have also that D":mo(hl + h2) =
Dy, () + D}, (hs) and (V) is proved.
Item (b,b’). In this case the proof is analogous, the only difference is that instead of Proposition 1(a), it

is needed to use Proposition 1(b).

Item (c). It remains to show that in either of cases the directional derivative Dy . : 2 — I’ may not be
continuous. This is shown in [6] by means of an example of a uniformly continuous real valued functional
f given on a countably dimensional real inner product space F, with properties:

— f is directionally differentiable at every x € F,
— for every h € E the mapping « — Dy ,.(h) is continuous on E,

— for every x € E the directional derivative Dy, : £ — R is a discontinuous linear functional. W

Proposition 2 is applicable, e.g., when W = E. Some versions of Proposition 2(a’) for W, = E and
F = R are contained in [20, Th. 24] and [29, Th. 2.1].

Lemma 4 Let E be a Baire topological group (written additively), V' an open neighborhood of zero in E,
Wo C V a set which is comeager in V. Then Wy is an AO-set with respect to V.

PROOF. Fix hi,hy € V and denote V3 = VN (hy — V) N (he — V). Then 0 € V3, hence, V5 is a
non-empty open set. Since Wy, is comeager in V', we have that hy — W is comeager in h; —V and ho — W)
is comeager in ho — V. Consequently, Wy N'V3, (hy — Wy) N V3 and (he — W) N V3 are comeager subsets
of the non-empty open set V3, which is a Baire space as well. This implies that

Wo N (he — Wo) N (he — Wo) N V3 # 0,
hence, (13) is satisfied too. W
The proof of Theorem 1 we need two more results, the first of which is a version of the Baire theorem.

Proposition 3 Let X, F' be metrizable topological spaces, p,: X — F, n = 1,2,... be continuous
mappings, p: X — F a mapping such that p(x) = lim, p,(z), Vo € X. Then the set C(p) of all
continuity points of p is comeager in X.
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For a proof see [21, §31.X, Remark 5 and §34. VII].
The second needed result is the Kuratowski-Ulam theorem obtained in [22], (see also [21, §22.V, Th. 1],
[25, p. 56, Th. 15.1] and [23, Lemma 2.2]):

Proposition 4 Let O and Y be separable metric spaces and W be a comeager subset of O X Y. Then
there exists a comeager subset C' C O, such that for every x € C the set {y € Y : (x,y) € W} is comeager
inY.

Let us underline that the separability and the metrizability of E in the proof of Theorem 1 will be used
only through Proposition 4.

PROOF OF THEOREM 1

Case (a). Fix an open neighborhood Vj of zero in F such that H is comeager in Vj. First we will prove
the next assertion:

(AA) If the assumptions of Theorem 1 are satisfied for an open set U having the foom U = O + V/,
where O is a non-empty open subset of £ and V' C V} is a balanced open neighbourhood of zero in E, then
there exists a set R C O, comeager in O, such that for every = € R the function f is Gateaux differentiable
at x.

Proof of (AA).LetY = HN V. Since H is comeager in Vj and V is open, we get that Y is comeager
in V. In particular, Y # (.

Then since f is directionally right differentiable at every x € O C U along h € Y C H, we have:

(z,h) — p(a,h) = D;I(h) = liﬁn Afzi/m(h), V(z,h) € O x Y.

Since V is balanced we have that z + (1/n) - h € U,V € O, h € V, n € N. The last relation and
the continuity of f on U imply that the maps (z,h) — Ay, 1/,(h), n = 1,2,... are continuous from
O x Y to F; consequently, since the spaces O x Y and F' are metrizable, we can apply to the mapping
p: O xY — F Proposition 3 and get that the set W := C(p) of all continuity points of p is comeager in
O x Y. Now, since F is a separable metrizable space, by Proposition 4 there exists a set C' comeager in O,
such that

(KU) forevery z € C'theset W, = {h € Y : (x,h) € W} is comeagerin Y.

Since O is a Baire space, its comeager subset C' contains a dense G4-subset of O; in particular C' # {).
Now we fix xy € C. It is sufficient to prove that:

(A) The map f is directionally differentiable at xo and Dy, : E — F is linear.
(©) Dy 4, : E — F is continuous.

Proof of (A). Denote Wy = Wy,. From (KU) we have that W, is comeager in Y. Since Y is comeager
in 'V, we obtain that Wy is comeager in V. From Lemma 4 we conclude that W is an AO-set with respect
to V and write:

(I)Woﬂ(hl—Wo)ﬂ(hQ—Wo)#(b, Vhl,hQEV.

By assumption, f is directionally right differentiable at every = € U along the set H. From this, since
Wy C H and and zq € C, we obtain:

(2) f is directionally right differentiable at every = € U along the set W, and for every i € Wj the map
x Dzm(h) is continuous at .

Taking into account (1) and (2), we can apply Proposition 2(a) and conclude that (A) is true.

Proof of (C). According to (A) for each given h € F the function f is directionally differentiable at x¢
along h; hence,

Df-,fﬂo (h) = hTILIl Af,xo,l/n(h); Vh € E. (14)

Since h — Ay 1/n(h), n = 1,2,... are continuous mappings from a metrizable space V' to a

metrizable space F, it follows from (14) and Proposition 3 that the set C(Dy ;,) C V of all continuity
points of Dy, : V — F'is comeager in V. Since V' is a Baire space, C(Dy ,,) is not empty. From this
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and the linearity of D fo! : E — F (which we have again by (A)) it follows that D+ :EF — Fisa
continuous linear mapping. Therefore f is Giteaux differentiable at x¢ and (AA) is proved

Now we show that Theorem 1 for the general case when U # E is an arbitrary open set can be derived
from (AA).

Let (V},)nen be a fundamental sequence of balanced open neighbourhoods of zero in E such that V,, +

Vo C Vho1 C Vo, n = 2,3,.... For each natural number n denote by O,, the complement in E of the
closure of (E\U)+V,,. Then O,, C O,,11 CU,n=1,2,... and U = U2, O,,. Fix a natural number %k
so that Oy, # 0. Then we have also O, +V,, C Op10 C U, n = k,k+1,.... Fix a natural number n > k.

We can apply (AA) to function f: O, +V,, — F and get the existence of a set R,, C O,,, comeager in O,
such that for every x € R,, the function f is Gateaux differentiable at x. Then the set C' = U2, R,, will
be comeager in U and will have the property that for every = € C' the function f is Gateaux dlfferentlable
at x.

Case (b). In this case the proof is analogous, the only difference is that instead of Proposition 2(a), it is
needed to use Proposition 2(b). W

Remark 5 In case when E is a complete metrizable space, in the above given proof the continuity of the
directional derivative can be established also by means of well-known Banach’s theorem (see [5, Ch. 1,
Th. 4]).
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