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We survey recent results on the structure of the range of the derivative of a smooth map-
ping f between two Banach spaces X and Y. We recall some necessary conditions and
some sufficient conditions on a subset A of £(X,Y) for the existence of a Fréchet differen-
tiable mapping f from X into Y so that f’(X) = A. Whenever f is only assumed Gateaux
differentiable, new phenomena appear: for instance, there exists a mapping f from ¢!(N)
into R2, which is bounded, Lipschitz-continuous, and so that for all x, y € £1(N), if x # y,
then || f'(x) = /(D) > 1.

1. Introduction

The purpose of this work is to survey recent results obtained on the structure of the
set of derivatives of a smooth function. Let X,Y be separable Banach spaces such that
dim(X) = 1andlet f : X — Y be a mapping differentiable (in a sense to be specified later)
at every point of X. We are interested in the structure of the range of the derivative of f,
that is, in the set f'(X) = {f'(x); x € X} C L(X,Y). Several notions of differentiability
can be considered. We say that f is Gateaux differentiable at x € X provided that there
exists T € L(X,Y) such that for each h € X,

£%M =T(h), (1.1)

T is called the Gateaux derivative of f at x and is denoted T = f'(x). We say that f is
Fréchet differentiable at x € X provided that there exists T € (X, Y) such that for each
heX,

lim fx+h)— f(x)—T(h)
[l -0 IIhII

=0, (1.2)

T is called the Fréchet derivative of f at x and is denoted T = f’(x). We are interested in
the following questions.
(i) What are the topological properties of the set f'(X)?
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(ii) For which sets A € £(X,Y) does there exist a smooth mapping f : X — Y such
that A = f"(X)? Smoothness of f may have several meanings: ¢! mapping, everywhere
Fréchet differentiable mapping, everywhere Gateaux differentiable mapping, and every-
where Fréchet differentiable mapping with Lipschitz continuous derivative. How does the
notion of smoothness affect the answer to the above question?

(iii) What is the interplay between the geometry of the Banach spaces X and Y and
the structure of the set f'(X)? In particular, what additional properties of sets of the form
f'(X) can be derived when Y = R?

(iv) What additional properties can be obtained when f has a nonempty bounded
support (we then say that f is a bump function)?

We will see in Section 2 necessary conditions on a set A C X* so that there exists a
smooth function f from X into R such that A = f'(X). These necessary conditions de-
pend on the kind of smoothness considered, and on the fact that X is finite or infinite
dimensional. We will give sufficient conditions so that there exists a 6! function f from
X into R such that A = f'(X).

We present two results on the connectedness of f'(X) in Section 3 for real-valued
functions. Easy counterexamples show that there is no hope of extending these results to
mappings from a Banach space X to a Banach space Y of dimension greater than 1.

We will present in Sections 4 and 5 phenomena which can occur when f is Géteaux
differentiable, but not when f is Fréchet differentiable, and which are detailed in [7]. In
particular, for each infinite-dimensional separable Banach space X, we will construct in
Section 4 a Gateaux differentiable function f on X, with bounded support, and such that
forall x # 0, | f'(x) — f'(0)]l = 1. However, given a Lipschitz and Géteaux differentiable
function f from an arbitrary Banach space X into R, one can find, for every ¢ > 0, two
points x, y € X such that || f"(x) — f'(y)ll is less than e. And if moreover f has bounded
nonempty support, then f'(X) contains a norm neighborhood of 0 in X*. In Section 5,
we will consider the following question. Let X, Y be two Banach spaces. Is it possible
to construct a Lipschitz continuous mapping f : X — Y, Gateaux differentiable at each
point, and such that, for all x,y € X, x # y, we have || f"(x) — f'(y)|l = 12 Clearly, this is
not possible whenever £(X,Y) is separable. We will prove that this is not possible either
whenever Y = R, but such a construction will be carried out whenever (X,Y) = (¢£!,R?)
and whenever (X,Y) = (¢£,£9) with 1 < p < g < +co.

2. Sets which are the ranges of a derivative

We are interested here in the study of the set
F ={f(X);fisa6'-bump on X}. (2.1)

Observe that if X is separable with nonseparable dual, then there is no 6!-smooth bump
on X. So we will study & only for spaces with separable duals.

Elements of & can be very small: it follows from [12] that if f is a function on ¢y with
locally uniformly continuous derivative, then f’(cp) is included in a countable union of
norm compact subsets of £!. In particular, the norm-interior of f’(co) is empty in €.
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In [3], Azagra and Jiménez-Sevilla constructed an example of a 6!-smooth function on
£2 5o that the norm interior of f'(£2) is empty in £2.

Elements of ¥ can be very large: it was noticed in [1] that whenever X is an infinite-
dimensional Banach space with separable dual, there exists a ‘6! -smooth real-valued func-
tion on X with bounded support and such that f'(X) = X*. On the other hand, it was
observed in [4] that if X and Y are separable Banach spaces and if X is infinite dimen-
sional, one can always find a Gateaux differentiable function f : X — Y such that f'(X)
coincides with £(X,Y).

We recall that sufficient conditions on a subset A of a dual Banach space X* so that it
is the range of the derivative of a real-valued function on X which is Fréchet differentiable
at each point have been obtained in [2, 5, 6, 10]. We recall here the results of [2].

In order to study & in finite-dimensional Banach spaces, we first introduce some def-
initions. Let A € X* be arcwise connected, and let x, y € A. We define a distance in A by
the following formula:

da(x,y) = inf {diam (y([0,1]));y : [0,1] — A continuous, y(0) = x, y(1) = y},
(2.2)

and a measure of precompactness of A for the distance d, is defined by the following
indices:

m(A) = sup {inf {da(yiryj)s1 <i<j<n}}. (2.3)
(V1525005 yn) EAT

It is easy to see that whenever X is finite dimensional, an element of & is compact, arc-
wise connected, and 0 lies in its interior. Azagra, Fabian, and Jiménez-Sevilla proved the
following theorem.

THEOREM 2.1. Let X be a finite-dimensional Banach space, and let U C X* be open,
bounded, and connected such that 0 € U. Then,

li}lnrn(U)=O:U€Ef’:lirrlnrn(ﬁ):0. (2.4)

The structure of & for infinite-dimensional Banach spaces has been investigated by [2],
and then improved in [9]. Recall that a metric space A is said to be analytic if there exists a
mapping ¢ : NN — A which is continuous and onto. Whenever X is infinite dimensional,
an element of & is analytic, arcwise connected, and 0 lies in the interior of its norm
closure.

THEOREM 2.2. Let X be an infinite-dimensional Banach space with separable dual, and let
U C X* be open and connected such that 0 € U. Let A be an analytic subset of X* such that
U C A C U. Consider the following assertions:

(1) for all x € A, there exists y : [0,1] — A continuous, such that y(0) = 0, y(1) = x, and

y([0,1)) C U,

2)Aed,

(3) forall x € A, there exists y : [0,1] — A continuous, such that y(0) = 0 and y(1) = x.
Then (1)=(2)=(3).
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The structure of the range of f” whenever f” is Lipschitz continuous has been investi-
gated in [11]. We denote

F1={f'(X); f is a¢"!-bump on X}. (2.5)

Note that the existence of a ‘6"!-smooth bump on X is a strong condition on X. It implies
that X is superreflexive. This condition is satisfied for instance in L? spaces for 2 < p <
+00.

The condition A € ¥, is very restrictive in finite dimensions, as shown by the following
necessary condition obtained by Gaspari. We first introduce some definitions. Let A € X*
be arcwise connected, and let x, y € A. We define a distance in A by the following formula:

0a(x,y) = inf {length (y([0,1]));y : [0,1] — A continuous, y(0) = x, y(1) = y},
(2.6)

and a measure of precompactness of A for the distance §, is defined by the following
indices:

£,(A) = sup {inf {6a(yisyj);1 <i<j<n}}. (2.7)
(Y1520 yn) EA™
ProrosiTioN 2.3. Assume that dim(X) = d < +oo and that A € &, then the sequence
(nV4¢,(A)) is bounded.

We now give a sufficient condition on a set A so that A € &;. We say that a subset A of
X* is star shaped if for every y* € A, [0, y*] C A. We say that A is uniformly star shaped
if there exists y > 0 such that for every y* € A, conv(yBx+ U {y*}) C A. Gaspari observed
in [11] that there exists a compact star shaped subset of R¢ such that 0 is in the interior
of K and K ¢ &1, and there exists a bounded open star shaped subset A of the separable
infinite-dimensional Hilbert space so that A ¢ ¥'. However, he obtained the following
theorem.

THEOREM 2.4. Assume that X is an infinite-dimensional Banach space so that there exists a
@V!-smooth bump function on X. If U C X* is open, bounded, and uniformly star shaped,
then U € ¥,.

3.1s the range of f’ connected?

Whenever f : X — R is everywhere Fréchet differentiable, this question was answered by
J. Maly in 1996.

TaeoreM 3.1. If X is a Banach space and f : X — R is Fréchet differentiable at every point,
then the set f'(X) is connected in (X*, | - ||).

There exists a mapping f from R? into R?, Fréchet differentiable at each point, and
so that the cardinal of {det(f’'(x)); x € R?} is 2. Therefore f'(R?) is not connected.
Consequently, there is no analog of Maly’s theorem for vector-valued mappings. Such
an example was communicated to us by J. Saint-Raymond: take f(x, y) = (x?,/ycos1/x?,
x%/ysin1/x?) whenever (x, y) # (0,0) and £(0,0) = (0,0). In this case, we have {det(f’(x));
x € R?} = {0,3/2}.
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Whenever f is assumed to be Gateaux differentiable, the following result was obtained
by R. Deville and P. Hajek.

ProrosITION 3.2. Let X be an infinite-dimensional Banach space, and let f be a real-valued
locally Lipschitz and Gateaux differentiable function on X. Then either f is affine or f'(X)
has no w*-isolated points.

This result was improved by Matrai who recently obtained it in [13].

ProrosITION 3.3. Let X be a separable Banach space, and let f be a real-valued locally
Lipschitz and Gateaux differentiable function on X. Then f'(X) is connected in (X*,w*).

4. Isolated points in the range of the derivative of a function

From now on, we say that a real-valued function on an infinite-dimensional Banach space
X is a bump function if it has bounded nonempty support. We will denote by B(r) the set
of all x* € X* such that |[|x*|| < r. If X is a Banach space, x € X, and r > 0, we denote by
Bx(x,r) (resp., Bx(x,r)) the open ball (resp., closed ball) in X of center x and radius r.

ProposiTioN 4.1. If f is a continuous and Gateaux differentiable bump function on X, then
the norm closure of f'(X) contains a ball B(r) for some r > 0.

Proof. The ranges of the derivative of f and of the function af((- — x¢)/a) are the same.
So, there is no loss of generality if we assume that f(0) # 0 and the support of f is con-
tained in the unit ball. Furthermore, if the conclusion of the proposition holds for f,
it also holds for — f. So we can assume that f(0) < 0. Let g € X* be such that ||gll <
—f(0), fix ¢ arbitrary such that 0 < e < —f(0) — |lgll, and define ¢(x) = f(x) — g(x) if
x <1 and ¢(x) = +co otherwise. According to the Ekeland variational principle, there
exists xo such that ¢(x) = ¢(x) — €llx — x0ll. We have ||xol| < 1, otherwise [|x|l = 1 and
9(0) = f(0) = p(xo) — ellxoll = lIgll — &, a contradiction with the choice of . Therefore
llo"(xo)ll = Il f"(x0) — gll < e. This shows that the norm closure of f'(X) contains the ball
B(~£(0)). 0

In view of the above proposition, a natural conjecture would be that the norm closure
of f'(X) is norm connected, or at least that f'(X) does not contain an isolated point.
This is not so as shown by the following construction.

THEOREM 4.2. Let X be an infinite-dimensional separable Banach space. Then, there exists
a bump function f on X such that f is Gateaux differentiable at every point, f' is norm-to-
weak™ continuous, and || f'(0) — f'(x)|l = 1 whenever x # 0. If X* is separable, it can be
assumed that f is 6! on X \ {0}.

Remark 4.3. According to the above discussion, 0 is not an isolated point of f'(X), so
necessarily f'(0) # 0.

Proof. The theorem is proved using the following two lemmas.

LEmMA 4.4. Let X be a Banach space, let U be an open connected subset of X* such that
0 € U and x* € U. Assume that there exists on X a Lipschitz continuous bump function
which is Gateaux differentiable (resp., Fréchet differentiable) at every point. Then there exists
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a Lipschitz continuous bump function 3 on X with support contained in the unit ball, which
is Gateaux differentiable (resp., Fréchet differentiable) at every point, such that 5'(X) Cc U
and 3’ (x) = x™* for all x in a neighborhood of 0.

LEmMA 4.5. Let X,Y be two Banach spaces, a € X, let V be an open neighborhood of a, and
let f:V =Y be continuous on V and Gdteaux differentiable at every point of V '\ {a}. If
f'(x) has a limit € in £(X,Y) endowed with the strong operator topology as x tends to a,
then f is Gateaux differentiable at a and f'(a) = ¢.

Sketch of proof of Theorem 4.2. Let a* € X* such that 1 < [|a*|| < 2. It is possible to con-
struct (W},)n=0, a decreasing sequence of norm open, norm connected, and weak™ open
subsets so that
(1) if y; € W, and if (y;) is bounded, then (y}) converges to a* for the weak™
topology,
(2) for every n and every x € Wy, |lx —a*| > 1.

Let (x}) C X* be a sequence such that xf = 0 and for every n, x} € W,. Since X is
separable (resp., X * is separable), there exists on X a Lipschitz continuous bump function
which is Gateaux differentiable (resp., Fréchet differentiable) at each point. According to
Lemma 4.4, there exists a Lipschitz continuous bump b, which is Gateaux differentiable
(resp., Fréchet differentiable) at every point, such that b;,(X) C W, — x;*, with support in
the unit ball and such that b;,(x) = x5, — x; for all x satisfying ||x|| < §,,. Denote ¢; = 1
andforn =2, ¢, = ]_[f:_l1 8,. Define

n

b(x) = ib(}) (4.1)
n=1

b is Gateaux differentiable at each point of X \ {0}, and its support is contained in the unit

ball. By construction, b’ (X \ {0}) € X* \ B(a*,1), and b'(x) ¥ a* as x — 0. Lemma 4.5
then shows that b is Gateaux differentiable at 0 and that b’ (0) = a*. O

5. Can all the derivatives be far away from each other?

The aim of this section is to investigate the following question: if X, Y are Banach spaces,
is it possible to construct a mapping f : X — Y, everywhere differentiable, so that for
everyx,y € X, if x # y, then || f'(x) — f'(y)|l = 12 We first notice that, under mild regu-
larity assumptions, the answer to the above question is negative for real-valued functions.

ProrosITION 5.1. Let X be a Banach space and let f : X — R be a Lipschitz continuous (or
merely locally uniformly continuous), everywhere Gateaux differentiable function. Then, for
every x € X and every € >0, there exist y,z € Bx(x,¢) such that || f'(y) — f'(2)|l < e.

Idea of proof. Take any h € X such that || k| is small enough, and consider the lower semi-
continuous function defined by ¢(y) = f(y +h) — f(y). The Ekeland variational princi-
ple then tells us the existence of y € X, not far from x such that [l¢’(y)|l < e. Therefore,
if we denote z = y +h, then || f'(y) — f'(2)|l <&, and y and z are not far from x.

The answer to the above question will also be negative if f is everywhere Fréchet dif-
ferentiable.
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ProrosiTioN 5.2. Let X,Y be separable Banach spaces and let f : X — Y be an everywhere
Fréchet differentiable locally uniformly continuous mapping. Then, for every x € X and ev-
ery € >0, there exist y,z € Bx(x,¢€), ¥y # z, such that || f'(y) — f'(2)|| < &

The answer to the above question will also be negative if £(X,Y) is separable.

ProrosITION 5.3. Let X, Y be Banach spaces and let f : X — Y be an everywhere Gdteaux
differentiable function. If £(X,Y) is separable, then, for every x € X and every € >0, there
exist ¥,z € Bx(x,¢€) such that || f'(y) — f'(2)|l <.

In view of the above propositions, one could believe that whenever X, Y are Ba-
nach spaces (or vector-normed spaces) and f:X — Y is a mapping which is Gateaux
differentiable at each point of X, then for every & > 0, there exist y,z € X such that
lf"(y) = f'(2)|l <e.Our next result proves that this is not so.

THEOREM 5.4. There exists a Lipschitz mapping F : €' — R2, Gateaux differentiable at each
point of €', such that |F'(x) — F'(y)ll¢ e ,r2) = 1 whenever x,y € €%, x # y. Moreover, for
each h € £', x — F'(x)h is continuous from €' into R2.

We will construct F and G with the properties of Theorem 5.4 using series. We were
inspired by a construction from [8]. We need an auxiliary construction.

LEMMA 5.5. Given A = (a’,a,b,b’) € R* such thata’ <a<b< b’ and e >0, there exists a
@G> -function ¢ = e : R? — R? such that
(i) lop(x,y)| < & forall (x,y) € R?,
(i) ¢(x, y) = 0 whenever x & [a’,'],
(iii) [1(0¢/0x)(x, )|l < € for all (x,y) € R?,
(iv) I(@p/9y)(x, ¥)|| = 1 whenever x € [a,b],
(v) 1(09/9y)(x, y)Il <1 forall (x,y) € R?,
(vi) if p(x, y) = (@1(x, ¥), @2(x, ¥)), then (091/dy)(x,0) = 1 whenever x € [a,b].

Proof of Lemma 5.5. Let f: R — R be a €~ -smooth function such that 0 < 3(x) < 1 for
all x, B(x) = 0 whenever x & [a’,b’], and B(x) = 1 whenever x € [a,b]. If n > 1 is large
enough, then the function defined by ¢(x, y) = (B(x)/n)(sin(ny),cos(ny)) satisfies the
desired properties. O

We will also use the following criterion of Géateaux differentiability of the sum of a
series.

Gateaux differentiability criterion. Let X and Y be Banach spaces and, for all n, let f, :
X — Y be Gateaux differentiable mappings. Assume that (2. f,) converges pointwise on
X, and that

0 fn . .
Vh, ( Z % (x)) converges uniformly with respect to x. (5.1)

Then the mapping f = >, fu is Gateaux differentiable at every point of X, and for
allx e X, f'(x) = 2,21 f, (x) (where the convergence of the series is in £(X,Y) for the
strong operator topology).
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The proof of this criterion is elementary and omitted here.

Sketch of proof of Theorem 5.4. Fix an enumeration Ax = (ay,ak,br,b;), k € N, of all
quadruples of dyadic numbers such that a;, < ai < bx < by Fix m}, = 2k.3n &5 0, and
let &} be positive real numbers such that >, > ;7 &f = ¢. Define f,x : €' — R? such that
if x = (x;) € €, then

fn,k(-x) = gDAk,S]': (-xn)xmﬁ)- (52)

fuk is @ €* mapping on ¢!. Define F : ¢! — R? by
Fx)= > > fuk(). (5.3)

neNkeN

It is easy to see that F is well defined. One can also check that for all 4,

Z sup

n=1x€X

\%(x) < (1+e)lhll. (5.4)

So, for all h,(2.(df,/0h)(x)) converges uniformly with respect to x. According to the
Gateaux differentiability criterion, the mapping F is Gateaux differentiable on ¢!, and
F is (1 +¢)-Lipschitz-continuous on €. Finally, the mappings f,.x have been selected in
such a way thatif x # y € £!, then [|F' (x) — F'(y) l¢(e1,r2) = 1 — 2e. O

Remark 5.6. Note that for p > 1, the dual of €7 is separable. Therefore, by Proposition 5.3,
it is not possible to replace €! by € (p > 1) in Theorem 5.4. However, there exists a
Lipschitz function H : £2 — £2, Gateaux differentiable at each point of ¢2, such that for
every x,y € £2,if x # y, then

[H' (x) = H ()] 2y = 1. (5.5)
This will follow from the following more general result.

THEOREM 5.7. Let X, = P if 1 < p < +o0 and X = ¢o. Fix 1 < p, q < +o0. The following
assertions are equivalent.

(1) There exists a Lipschitz continuous mapping H : X, — X, Gateaux differentiable at
each point of X, such that for every x,y € X,, x # y, then ||[H'(x) — H’' WDl x,) = 1.

(2)p=q

(3) £(Xp,Xy) is not separable.

Proof of Theorem 5.7. According to Proposition 5.3 above, (1) implies (3). If p > g, then
by Pitt’s theorem, all operators from X, to X, are compact, hence £(X,,X,) is separable.
Therefore (3) implies (2). So it remains to prove that (2) implies (1). Assume that p < g
and let (e,) be the usual basis of X,. Let Tx € £(R?,X,) defined by Tk(x,y) = xex +
yex+1. Let Ay, &, my, and @a, . be defined as in the proof of Theorem 5.4. Let fy :
X, — Xj be such that if x = (x;) € X, then f,k(x) = Tiny o @a,er (Xu, Xmy ): the function
H : X, — X, we are looking for is defined by

H(x)= > > fuk(). (5.6)

neNkeN
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As in the proof of Theorem 5.4, H is well defined, Gateaux differentiable at each point of
X, and Lipschitz continuous, and there exists a > 0 such that for every x, y € X, if x # y,
then [|[H'(x) — H' (y)ll¢(er,e0) = a. O

References

D. Azagra and R. Deville, James’ theorem fails for starlike bodies, J. Funct. Anal. 180 (2001),
no. 2, 328-346.

D. Azagra, M. Fabian, and M. Jiménez-Sevilla, Exact filling of figures with the derivatives of
smooth mappings between Banach spaces, to appear in Canadian Mathematical Bulletin.

D. Azagra and M. Jiménez-Sevilla, On the size of the sets of gradients of bump functions and
starlike bodies on the Hilbert space, Bull. Soc. Math. France 130 (2002), no. 3, 337-347.

D. Azagra, M. Jiménez-Sevilla, and R. Deville, On the range of the derivatives of a smooth func-
tion between Banach spaces, Math. Proc. Cambridge Philos. Soc. 134 (2003), no. 1, 163-185.

J. M. Borwein, M. Fabian, L. Kortezov, and P. D. Loewen, The range of the gradient of a continu-
ously differentiable bump, J. Nonlinear Convex Anal. 2 (2001), no. 1, 1-19.

J. M. Borwein, M. Fabian, and P. D. Loewen, The range of the gradient of a Lipschitz C'-smooth
bump in infinite dimensions, Israel J. Math. 132 (2002), 239-251.

R. Deville and P. Hajek, On the range of the derivative of Gateaux-smooth functions on separable
Banach spaces, Israel J. Math 145 (2005), 257-269.

R. Deville and M. Ivanov, Smooth variational principles with constraints, Arch. Math. (Basel) 69
(1997), no. 5, 418-426.

M. Fabian, O. F. K. Kalenda, and J. Kolé#, Filling analytic sets by the derivatives of C'-smooth
bumps, Proc. Amer. Math. Soc. 133 (2005), no. 1, 295-303.

T. Gaspari, On the range of the derivative of a real-valued function with bounded support, Studia
Math. 153 (2002), no. 1, 81-99.

, Bump functions with Holder derivatives, Canad. J. Math. 56 (2004), no. 4, 699-715.

P. Hajek, Smooth functions on ¢, , Israel J. Math. 104 (1998), 17-27.

T. Matrai, Graphs of Gateaux derivatives are w* -connected, Real Anal. Exchange 29 (2003/2004),
no. 1, 291-297.

Robert Deville: Laboratoire Bordelais d’Analyse et Geométrie, Institut de Mathématiques de Bor-
deaux, Université de Bordeaux 1, 351 cours de la Libération, 33405 Talence Cedex, France
E-mail address: deville@math.u-bordeaux.fr


mailto:deville@math.u-bordeaux.fr

