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Abstract

We are concerned here with Sobolev-type spaces of vector-valued functions. For an open sub-
set 2 C R and a Banach space V, we compare the classical Sobolev space W17 (2, V) with
the so-called Sobolev—Reshetnyak space RLP(Q, V). We see that, in general, WhP(Q, V)is
aclosed subspace of R'"7 (2, V). As amain result, we obtain that W7 (Q, V) = R'P(Q, V)
if, and only if, the Banach space V has the Radon—Nikodym property
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Introduction

This paper deals with first order Sobolev spaces of vector-valued functions. For an open
subset 2 C RV and a Banach space V, we will first consider the classical Sobolev space
WP (2, V) of functions defined on 2 and taking values in V. This space is defined using the
notion of Banach-valued weak partial derivatives in the context of Bochner integral, much
in the same way as the usual Sobolev space of scalar-valued functions.
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A different notion of Sobolev space was introduced by Reshetnyak [10] for functions
defined on an open subset 2 C RY and taking values in a metric space. Here we will
consider only the case of functions with values in a Banach space V. The corresponding
Sobolev—Reshetnyak space RLP(Q, V) has been considered in [6] and extensively studied
in [7]. This space is defined by a “scalarization” procedure, by composing the functions taking
values in V with continuous linear functionals of the dual space V* in a suitable uniform way.
It should be noted that there is a further notion of Sobolev space, in the more general setting
of functions defined on a metric measure space (X, d, ) and taking values in a Banach space
V. This is the so-called Newtonian—Sobolev space, denoted by N'-7 (X, V), which is defined
using the notion of upper gradients and line integrals. This space was introduced by Heinonen
et al. [7], combining the approaches of Shamungalingam [11] and Reshetnyak [10]. We refer
to the book [8] for an extensive and detailed study of Newtonian—Sobolev spaces. In the case
that the metric measure space (X, d, ) is an open subset €2 of euclidean space R¥ | it follows
from Theorem 3.17 in [7] or Theorem 7.1.20 in [8] that, in fact, R1-P(Q, V) = NLP(Q, V).

Our main purpose in this paper is to compare the spaces W7 (Q, V) and R"?(Q, V). In
general, we have that WLP(Q, V) is aclosed subspace of RLP(Q, V). As a main result, we
obtain that W1-P(Q, V) = RLP(Q, V) if, and only if, the space V has the Radon—Nikodym
property (see Theorem 4.6). Note that this contradicts Theorem 2.14 of [6]. It turns out that
the proof of Theorem 2.14 of [6] is not correct, and the gap is located in Lemma 2.12, since
the so-called w*-partial derivatives need not be measurable, and in this case they cannot be
the weak partial derivatives.

The contents of the paper are as follows. In Sect. 1, we recall some basic notions about
measurability of Banach-valued functions and Bochner integral. Section 2 is devoted to the
concept of p-modulus of a family of curves. We briefly review its definition and fundamental
properties, which will be used along the paper. In Sect. 3, the Sobolev space W17 (Q, V)
is considered. In particular, we prove in Theorem 3.3 that every function f € Wh7(Q, V)
admits a representative which is absolutely continuous and almost everywhere differentiable
along each rectifiable curve, except for a family of curves with zero p-modulus. The Sobolev—
Reshetnyak space R!*7(2, V) is considered in Sect. 4. We prove in Theorem 4.5 that every
function f € R""7(2, V) admits a representative which is absolutely continuous along each
rectifiable curve, except for a family of curves with zero p-modulus. Finally, in Theorem 4.6
we obtain that the equality wkr(Q, V) = RLP(Q, V) provides a new characterization of
the Radon—Nikodym property in Banach spaces.

1 Integration of vector-valued functions

Along this section, (2, X, n) will denote a o-finite measure space and V a Banach space.
We are going to recall first some basic facts about measurability of Banach-valued functions.
A function s : Q — V is said to be a measurable simple function if there exist vectors
V1, ..., Uy € V and disjoint measurable subsets Eq, ..., E, of € such that

m
s = ZviXEi'
i=1

A function f : Q2 — V is said to be measurable if there exists a sequence of measurable
simple functions {s,, : & — V}°° | that converges to f almost everywhere on Q. The Pettis
measurability theorem gives the following characterization of measurable functions (see e.g.
(4] or [8]):
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Theorem 1.1 (Pettis) Consider a o -finite measure space (2, X, i) and a Banach space V.
A function f : Q — V is measurable if and only if satisfies the following two conditions:

(1) f is weakly-measurable, i.e., for each v* € V*, we have that (v*, f) : Q — R is
measurable.

(2) f is essentially separable-valued, i.e., there exists Z C Q2 with u(Z) = 0 such that
f(\ Z) is a separable subset of V.

Let || - || denote the norm of V. Note that, if f : Q& — V is measurable, the scalar-valued
function || f]| : 2 — Ris also measurable. Also it can be seen that any convergent sequence
of measurable functions converges to a measurable function.

For measurable Banach-valued functions, the Bochner integral is defined as follows. Sup-
pose first that s = Z;":l v; XE; 1S a measurable simple function as before, where Ey, ..., E,,
are measurable, pairwise disjoint, and furthermore ©(E;) < oo foreachi € {1, ..., m}. We
say then that s is integrable and we define the integral of s by

/;zsdu = Z,u(E,)v,-.

i=1

Now consider an arbitrary measurable function f : @ — V. We say that f is integrable if
there exists a sequence {s,},° | of integrable simple functions such that

lim / lIsw — flldp = 0.
n—oo Q

In this case, the Bochner integral of f is defined as:

/fdu := lim /s,ldu.
Q n—o0 Q

It can be seen that this limit exists as an element of V, and it does not depend on the choice
of the sequence {s,,}72 . Also, for a measurable subset E C €2, we say that f is integrable
on E if f xg is integrable on €2, and we denote [ fdu = [ f x& du. The following
characterization of Bochner integrability will be useful (see e.g. Proposition 3.2.7 in [8]):

Proposition 1.2 Let (2, X, ) be a o -finite measure space and V a Banach space. A function
f : Q — V is Bochner-integrable if, and only if, f is measurable and fQ I flldu < oo.

Furthermore, if f : @ — V is integrable, then for each v* € V* we have that (v*, f) :
Q — Riis also integrable, and

<v*,f9fdu>=/g<v*,f>du.
H[QfdMH S/QIIflldu-

Finally, we introduce the classes of Banach-valued p-integrable functions on (€2, X, )
in the usual way. We refer the reader to [4] or [8] for further information. Fix 1 < p < oo.
Then LP(£2, V) is defined as the space of all equivalence classes of measurable functions
f Q2 — V for which

In addition,

/ AP dp < oo.
Q
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Here, two measurable functions f, g : Q@ — V are equivalent if they coincide almost
everywhere, thatis, u({x € Q : f(x) # g(x)}) = 0. It can be seen that the space L? (<2, V)
is a Banach space endowed with the natural norm

Ifllp == (/Q IIfIIPdM)F :

As customary, for scalar-valued functions we denote L? (2) = L (2, R).

In the special case that € is an open subset of euclidean space R", endowed with the
Lebesgue measure, we will also consider the corresponding spaces Lf;c(Q, V) of Banach-
valued locally p-integrable functions. We say that a measurable function f : 2 — V belongs
to LY (Q, V) if every point in  has a neighborhood on which f is p-integrable.

loc

2 Modulus of a family of curves

The concept of modulus of a curve family can be defined in the general setting of metric
measure spaces (see e.g. [5] or Chapter 5 of [8] for a detailed exposition) but we will restrict
ourselves to the case of curves defined in an open subset Q of space R", where we consider
the Lebesgue measure £V and the euclidean norm | - |. By a curve in 2 we understand a
continuous function y : [a, b] — 2, where [a, b] C R is a compact interval. The length of
y is given by

()= sup Y ly(tj—1) =y ()l
j=1

n<--<tp ._

where the supremum is taken over all finite partitions a =ty < --- < t, = b of the interval
[a, b]. We say that y is rectifiable if its length is finite. Every rectifiable curve y can be
re-parametrized so that it is arc-length parametrized, i.e., [a, b] = [0, £(y)] and for each
0<s <t <{(y)wehave

Lylisg) =1 —s.

We can assume all rectifiable curves to be arc-length parametrized as above. The integral of
a Borel function p : 2 — [0, oo] over an arc-length parametrized curve y is defined as

y)
/Pds 22/ p(y(0)dt.
y 0

In what follows, let M denote the family of all nonconstant rectifiable curves in 2. For
each subset I' C M, we denote by F(I") the so-called admissible functions for I', that is, the
family of all Borel functions p : & — [0, oo] such that

/,odszl
Y

for all y € T". Then, for each 1 < p < oo, the p-modulus of T is defined as follows:
Mod,(T') := inf / pPdch.
peF ) Jo

We say that a property holds for p-almost every curve y € M if the p-modulus of the family
of curves failing the property is zero. The basic properties of p-modulus are given in the next
proposition (see e.g. Theorem 5.2 of [5] or Chapter 5 of [8]):
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Proposition 2.1 The p-modulus is an outer measure on M, that is:

(1) Mod, (%) = 0.
(2) IfTy C Ty then Mod ,(I'y) < Mod,,(I"2).
(3) Mod,, (U2 Tn) < 202 Mod,, (T

For the next characterization of families of curves with zero p-modulus we refer to The-
orem 5.5 of [5] or Lemma 5.2.8 of [8]:

Lemma2.2 LetI" C M. Then Mod ,(I") = 0 if, and only if, there exists a nonnegative Borel
function g € LP(2) such that
/ gds =00
Y

We will also use the following fact (see, e.g. Lemma 5.2.15 in [8]):

forally € T.

Lemma2.3 Let @ C RY be an open set, and consider a subset E of Q with zero-measure.
Denote l"_é;r ={y eM:L'\{r €[0,2()]: y(@t) € E}) > 0}. Then, for every 1 < p < 00,
Mod,(I';) = 0.

Next we give a relevant example concerning p-modulus, which is similar to Theorem 5.4

of [5].

Lemma2.4 Let N > 1 be a natural number; let w € RN be a vector with |w| = 1 and let
H be the hyperplane orthogonal to w, on which we consider the corresponding (N — 1)-
dimensional Lebesgue measure LN~'. For each Borel subset E C H consider the family
['(E) of all nontrivial straight segments parallel to w and contained in a line passing through
E.Then, forafixed1 < p < 0o, we have that Mod ,(I'(E)) = 0if, and only if, LN-LEy = 0.

Proof Each curve in I'(E) is of the form y, () = x + tw, for some x € E, and is defined
on some interval @ < t < b. For each ¢, r € Q with ¢ < r,letI'; , denote the family of all
such paths y,, where x € E, which are defined on the fixed interval [g, r]. According to the
result in 5.3.12 by [8], we have that

L‘,N_l (E)

r—qr

Suppose first that LV~ (E) = 0. Then Mod,(I'y ;) = O0forallg, r € Q withg < r. Thus by
subadditivity we have that Mod , (| o I'y,») = 0. Now each segment y, € I'(E) contains a

sub-segment in some I . This implies that the corresponding admissible functions satisfy
F(Uq’r Iy,r) C F(I'(E)), and therefore

Mod,,(T,.,) =

Mod,(I'(E)) = Mod, (| JT.,) = 0.
q.,r

Conversely, if Mod,(I'(E)) = 0 then Mod,(I';,,) = 0 for any ¢, r € Q with g < r, and
therefore LV ~1(E) = 0. ]

We finish this Section with the classical Fuglede’s Lemma (for a proof, see e.g. Theorem
5.7 in [5] or Chapter 5 in [8]).
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Lemma 2.5 (Fuglede’s Lemma) Let Q be an open subset of RN and let {g,, }o2 | be a sequence
of Borel functions g, : Q@ — [—00, 00] that converges in LP(2) to some Borel function
g 1 2 — [—00, 0o]. Then there is a subsequence {gn, }3° | such that

lim /|g,,k—g|ds=0
k— 00 y

for p-almost every rectifiable curve y in Q.

3 Sobolev spaces W'-P(Q, V)

Let 1 < p < oo, consider an open subset  of euclidean space RY, where we consider the
Lebesgue measure £V, and let V be a Banach space. We denote by C§°(2) the space of all
real-valued functions that are infinitely differentiable and have compact support in 2. This
class of functions allows us to apply the integration by parts formula against functions in
LP (2, V). In this way we can define weak derivatives as follows. Given f € L? (€2, V) and
i €{l,..., N}, afunction f; € L]IOC(Q, V) is said to be the i-th weak partial derivative of

fif
0
ai.fz—/wﬁ
Q 9X; Q

for every ¢ € C3°(R2). As defined, it is easy to see that partial derivatives are unique, so we
denote f; = d f/dx;. If f admits all weak partial derivatives, we define its weak gradient as
the vector Vf = (f1, ..., fn), and the length of the gradient is

s 2)?

i=1
Using this, the classical first-order Sobolev spaces of Banach-valued functions are defined
as follows.

of

8)(,‘

Definition 3.1 Let 1 < p < oo, Q be an open subset of RY and let V be a Banach space. We
define the Sobolev space WLP(Q, V) as the set of all classes of functions feLP(,V)
that admit a weak gradient satisfying d f/0x; € L (2, V) foralli € {1, ..., N}. This space
is equipped with the natural norm

s = ( [ ||f||p>f’+</g|vf|p>;.

We denote by W7 (Q) = WhP(Q, R).

It can be shown that the space WLP(Q, V), endowed with this norm, is a Banach space.
Furthermore, the Meyers—Serrin theorem also holds in the context of Banach-valued Sobolev
functions, so in particular the space clQ, V)N whr(Q, V) is dense in WhP(Q, V). We
refer to Theorem 4.11 in [9] for a proof of this fact.

Recall that a function f : [a, b] — V is absolutely continuous if for each ¢ > 0 there
exists § > 0 such that for every pairwise disjoint intervals [ay, b1], ..., [am, bm] C la, b]
such that Y 7" | |b; — a;| < 8, we have that

DN = flapll <e.

i=1
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It is well known that every function in WLP(Q, V) admits a representative which is abso-
lutely continuous and almost everywhere differentiable along almost every line parallel to
a coordinate axis (see Theorem 4.16 in [9] or Theorem 3.2 in [2]). More generally, we are
going to show that this property can be extended to p-almost every rectifiable curve on .
We first need the following lemma:

Lemma 3.2 Ler Q be an open subset of RN and let V be a Banach space. If f € C'(Q, V)
and y is a rectifiable curve in 2, parametrized by arc length, then f o y is absolutely
continuous and differentiable almost everywhere. Moreover, the derivative of f o y belongs
to L' ([0, £(¥)], V) and

t
(foy)(®) —(f oy)O) 2/0 (foy)(v)dr.
foreacht € [0, ¢(y)].

Proof Sincey : [0, £(y)] — Qis arectifiable curve parametrized by arc length, in particular
it is 1-Lipschitz, so it is differentiable almost everywhere. Furthermore, the derivative y'(t)
has Euclidean norm |y’ ()| = 1 whenever it exists. Additionally f € C'(2, V), so the chain
rule yields that f o y is differentiable almost everywhere. Now denote &7 = f o y. Since

W) = lim h(t+ 1/n) — h(t)

we see that 4’ is limit of a sequence of measurable functions, and hence measurable. Fur-
thermore, as f € (2, V) and y ([0, £(y)]) is compact, there exists K > 0 such that
IVf(y(r))| <K forall T € [0, £(y)]). Then

N

d
3 f;y(r)) V@)
Xi

£(y)

£(y)
17111 =/0 IV fr (@) -y (DlldT =/0 dt

N
=[x
(U

concluding that #’ € L'([0, £(y)], V). Now for each v* € V*, applying the Fundamental
Theorem of Calculus to the scalar function (v*, i) we see that for each r € [0, £(y)] we have
that

i=1

a y)
fg;(f))H i (@lde < /0 IVfy @)l -y (0ldt < Ke(y),

t t
(v*, h)(r) — (v*, h)(0) = / W, W (r))dt = <v*,/ K (t) d‘L’>.
0 0
t
As a consequence, h(t) — h(0) = / h'(t)dt forevery t € [0, £(y)]. O
0

Theorem 3.3 Let 1 < p < oo, let Q be an open subset of RN and let V be a Banach space.
Thenevery f € WY“P(Q2, V) admits a representative for which f oy is absolutely continuous
and differentiable almost everywhere over p-almost every rectifiable curve y in 2.

Proof Let M denote the family of all nonconstant rectifiable curves in € which, without
loss of generality, we can assume to be parametrized by arc length. By the Meyers—Serrin
density theorem, there exists a sequence { f,};> ; of functions in CY(, V) converging to f
in Wh-2(Q, V)-norm. In particular, f, converges to f in L (2, V), and then there exists a
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subsequence of { f,,}°2 , still denoted by f,, converging almost everywhere to f. Choose a

null subset Q¢ C 2 such that f, — f pointwise on Q2 \ 9. Now consider
g, = 1[0, = Q e M: LI({r € [0. ()] : ¥ (1) € Qo)) > 0}.

By Lemma 2.3, Modp(I‘;gO) = 0. In addition, for every curve y € M\ Fgo theset E :={t €
[0, £(y)] : y(¢) € Q0} has zero measure, and therefore f,, o y — f o y almost everywhere
on [0, £(y)].

On the other hand, as f, — f in W"P(Q, V), we also have that |V f, — Vf| — 0 in
L?(2). Then we can apply Fuglede’s Lemma 2.5 and we obtain a subsequence of { f,}° ,,
that we keep denoting by f;,, such that

lim/|Vf”—Vf|ds:0 M
n—oo ]/

for every curve y € M\ T'j, where Mod ,(I'1) = 0. Notice that for every curve y € M\ T’
the Fuglede identity (1) will also hold for any subcurve of y, since

/ |an—Vf|dS§/|an—Vf|dS
Vs, 14

foreach0 <s <t < {(y).

Furthermore, by Lemma 2.2, the family of curves I'; satisfying that fy IV flds = oo
or [ y |V fulds = oo for some n has null p-modulus. Finally, we consider the family I' =
I} UT2 U, and note that, by subadditivity, Mod , (I") = 0.

Now fix a rectifiable curve y € M\ T'. Foreach n € N by Lemma 3.2 the function f, oy

is almost everywhere differentiable, its derivative g, = (f, o ¥) = (Vf, o y) - y’ belongs
to L1([0, £(y)], V) and satisfies

fnoy<r>—fnoy<s>=/ gndc! @)

N

foreach s, t € [0, £(y)]. Moreover, taking into account that y is parametrized by arc-length,
we see that |y’| = 1 almost everywhere on [0, £(y)], and we obtain that, for every function

uewhr, v,
ou ,
AP T
8x,~ Y )/,

——oy| -yl <IVuoy|l-ly'|=Vuoyl

[(Vuoy) ¥l =

Then forany 0 < s <t < £(y) we have that

t t t
/gndzl—fooy)‘y’dﬁ‘ s/ lgn — (Vfoy)-ylldC!
S N S
t
=/ |V fuoy =V for)-y|ac!
5
t
5/ IV fy = VfloydcL!
S

s/|an—Vf|ds”1’>°o.
Y
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Hence (Vfoy) -y e L'([0, £(y)], V) and

t t
lim | g,dc' =/ (Vfoy) -y dch. 3)
s

n—o00 s

Next we are going to see that the sequence {f, o ¥}, is equicontinuous. This will follow
from the fact that {|V f;, o y|}°2 , is equiintegrable, that is, for every & > 0 there exists § > 0
such that

sup/ IV fuoyldC' <eif A C[0,£(y)]and £'(A) < 6.
A

n>1

Fix ¢ > 0. Then by (1) there exists ng € N such that
£(y) L
/ IVfuoyl—IVfoylldL <3 Vn > no “
0
Now notice thatas y ¢ I'; then |V f,, o y| and |V f o y| are integrable on [0, £(y)], hence by

the absolutely continuity of the integral we can choose ad > 0 such that forany A C [0, £(y)]
with £1(4) < 8

&
/|anoy|dc‘ <% s)
A

foralln € {1,...,no} and

/|Vfoy|d£1<§. (©)
A

Then for n > ng by (4) and (6)

L(y)
/anowdz:ls/ |Vfoy|d£1+/ IV oyl = Vf oyl dL!
A A 0

8+8
<-4+ =-=ce
2 2

This, together with (5), gives that

f|anoy|d£l <e¢
A

for every n € N, as we wanted to prove. Hence by (2) we have that, if 0 < s <1 < {(y) are
such that s — 7| < §, then

t
Ifuoy(s) = fuoy®I < f VfuoyldLh <e.
N
This yields that {f, o y}72, is an equicontinuous sequence. Since in addition {f, o y}7°,
converges on a dense subset of [0, £(y)] we obtain that, in fact, {f, o y};2, converges
uniformly on [0, £(y)].
Now we choose a representative of f defined as follows:

lim,— ~ fn(x) if the limit exists,

0 otherwise.

fx) :=i
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19 Page 100f 14 |. Caamafio et al.

With this definition we obtain that, for every curve y € M \ I' and every ¢ € [0, £(y)], the
sequence {(f, o ¥)(¢))}2, converges to f o y (). Therefore, using (2) and (3) we see that,
for every s, t € [0, £(y)],

(fon)®) = (foy)s) = lim ((fyoy)(®) = (fuoy)(s)

t t

= lim gndﬁl:/ (Vfoy)-ydch.
n—o0 s s

From here we deduce that f oy is absolutely continuous and almost everywhere differentiable

on [0, £(y)]. ]

We point out that, as can be seen in Theorem 4.16 in [9] or Theorem 3.2 of [2], the classical
Beppo Levi characterization of Sobolev functions also holds in this setting. More precisely,
for an open subset 2 of R¥, a Banach space V and 1 < p < oo, we have that a function
f € LP(2, V) belongs to wLlP(Q, V) if, and only if, f admits a representative which is
absolutely continuous and almost everywhere differentiable along almost every line parallel
to a coordinate axis, and whose (a.e. pointwise defined) partial derivatives also belong to
LP(Q2,V).

4 Sobolev-Reshetnyak spaces R"P(Q, V)

A different notion of Sobolev spaces was introduced by Reshetnyak [10] for functions defined
in an open subset of R" and taking values in a metric space. Here we will consider only
the case of functions with values in a Banach space. These Sobolev—Reshetnyak spaces have
been considered in [7] and [6]. We give a definition taken from [6], which is slightly different,
but equivalent, to the original definition in [10].

Definition 4.1 Let Q be an open subset of RY andlet V be a Banach space. Given1 < p < oo,
the Sobolev—Reshetnyak space R (2, V) is defined as the space of all classes of functions
f e LP(R, V) satisfying

(1) for every v* € V* such that ||[v*|| < 1, (v*, f) € WhP(Q);
(2) there is a nonnegative function g € L” () such that the inequality |V (v*, f)| < g holds
almost everywhere, for all v* € V* satisfying |[v*|| < 1.

We now define the norm

I fllgrr == 1fNp + ; gl ps

inf
SER(S
where R(f) denotes the family of all nonnegative functions g € L?(2) satisfying (2).

It can be checked that the space RYP (2, V), endowed with the norm || - || rl.r,1s a Banach
space. We also note the following.

Remark 4.2 Let @ C RY be an open set and let V be a Banach space. If f : Q@ — V is
Lipschitz and has bounded support, then f € R""7($2, V) for each p > 1.

As we have mentioned, our main goal in this note is to compare Sobolev and Sobolev—
Reshetnyak spaces. We first give a general result:
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Theorem 4.3 Let Q be an open subset of RN and let V be a Banach space. For 1 < p < o0,
the space WhP (2, V) is a closed subspace of RVP (2, V) and furthermore, for every f €
wbLP(Q, V), we have

1fIgr < 1 flwir < VN If gL

Proof That W''7(Q, V) ¢ RYP(Q,V) and | fllgir < [Ifllw1r forall f € WhP(Q, V)
was proved in Proposition 2.3 of [6].

Now we will show the opposite inequality. Consider f € W'7(Q, V), let g € R(f), and
choose a vector w € RN with |w| = 1. Taking into account Theorem 3.3 and Lemma 2.4 we
see that, for almost all x € €2, there exists the directional derivative

1
Dy f(x) = lim ;(f(x +1w) — f(x)) e V.

For each v* € V* with |[v*|| < 1 we then have, for almost al x € €,

| Dy (v*, Y] = V", f)x) - w| < V", f))] < gx).

Thus, again for almost all x € €,

1Dy f )l = sup [(v*, Dy f(x))| = sup [Dy(v*, f)(x)] < g(x).

lvrli<1 o<1

In this way we see that the weak partial derivatives of f are such that ||(d f/9x;)(x)|| < g(x)

forevery i € {1,..., N} and almost all x € Q. From here, the desired inequality follows.
Finally, from the equivalence of the norms on W17 (2, V) we see that it is a closed subspace.
O

However, the following simple example shows that the opposite inclusion does not hold
in general. The same example has been used in Proposition 1.2.9 of [1] and Example 6.3 of

[2].

Example 4.4 Consider the interval I = (0, 1) and let f : I — £°° be the function given by

sin(nt) |*°
n

n=1

f(t)=:

forallt € I.Then f € RVP(I,£%°) but f ¢ WhP(I,£%).

Proof Since f is Lipschitz, we see from Remark 4.2 that f € R"7 (I, £%°)foralll < p < oo.
Suppose now that f € W12 (I, £°). From Theorem 3.3 we have that f is almost everywhere
differentiable on p-almost every rectifiable curve in /. Since, by Lemma 2.2, the family
formed by a single nontrivial segment [a, b] C I has positive p-modulus, we obtain that f
is almost everywhere differentiable on /. In fact, this follows directly from Proposition 2.5
in [2]. But this is a contradiction, since in fact f is nowhere differentiable. Indeed, for each
t € I, the limit

1
fim — (f(t+h) = f(®))

does not exist in £°°. This can be seen taking into account that f (/) is contained in the space
co of null sequences, which is a closed subspace of £°°, while the coordinatewise limit is

{cos(nt)}52 |, which does not belong to cp. ]

Before going further, we give the following result, which parallels Theorem 3.3, and whose
proof is based on Theorem 7.1.20 of [8].
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Theorem 4.5 Let Q2 C RN be an open set, let V be a Banach space and suppose 1 < p < oc.
Then, every f € RY“P(Q, V) admits a representative such that, for p-almost every rectifiable
curve y in 2, the composition f o y is absolutely continuous.

Proof Consider f € RLP (€2, V). In particular, f is measurable, hence there exists a null set
Eo C Qsuch that f(2\ Ep) is a separable subset of V. Then we can choose a countable set
{vi}2, C V whose closure in V contains the set

F(Q\Eo) = fF(Q\ Eo) ={f(x) = f(y):x,y e R\ Ep} C V.

Additionally, we can apply the Hahn-Banach theorem to select a countable set {v}}7°, C V*
such that (v, v;) = |lv; || and [[v]|| = 1 for each i € N. As before, let M denote the family
of all nonconstant rectifiable curves in 2. From Theorem 3.3 we obtain that, for eachi € N,
there is a representative f; of (v}, f) in WP () such that f; is absolutely continuous on
p-almost every curve y € M. Let E; denote the set where f; differs from (v}, f), and define

Qo = J; Ei U Ep, which is also a null set. Now let g € R(f) and define

g"(x) = sup [V (v}, f(x)|

We may also assume that g and g* are Borel functions and g*(x) < g(x) for each x € Q. In
particular, g* € L?(2). Foracurve y : [a, b] — 2 in M, consider the following properties:

(1) the function g* is integrable on y;
(2) the length of y in 2 is zero, that is, L't €[a, b]: y(t) € Qo}) =0;
(3) foreachi e Nandeverya <s <t <b,

t
0@ = AN = [ V6 N @ldr < /| ¢* ds.
s Ylis.)

By Lemma 2.2 and Lemma 2.3, respectively, we have that properties (1) and (2) are satisfied
by p-almost every curve y € M. From Theorem 3.3 we obtain that property (3) is also
satisfied by p-almost every curve y € M. Thus the family I" of all curves y € M satisfying
simultaneously (1), (2) and (3) represents p-almost every nonconstant rectifiable curve on
Q. Now we distinguish two cases.

First, suppose that y : [a, b] — 2 is a curve in I" whose endpoints satisty y (a), y (b) ¢
0. Hence we can choose a subsequence {v,-j }f/?":l converging to f(y (b)) — f(y(a)), and
then

ILf(y(B) = fy@)ll = jlingo flvi, I

= lim |(v}, vi))|

j—00
= timsup (v, vi; = F (@) + F ) + 1, f (@) = fr D))
j—o00
= timsup (i, = £ @) + F G+ 1], £ @)) = (], £y BD)])
j—o00

— 7 £ @) — (o FBD)]
= 1, (@) — f1, (r (B))] < f ¢ ds.

14

Suppose now that y : [a, b] — Q is a curve in " with at least one endpoint in 9. In fact,
we can suppose that y (a) € Qo. By property (2), we can choose a sequence {#};2, C [a, b]
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converging to a and such that y (zx) ¢ 9. Then by the previous case

If @) — fly@l < / g*ds
V|[tk,t11
for any k,/ € N, and hence, as g* is integrable on y, then {f(y(%))};Z, is convergent.
Suppose now that o : [c,d] — 2 is another curve in I satisfying o(c¢) = y(a), and let
{sm}or_; C [c,d] be a sequence converging to a such that o (s,) ¢ 2o for every m € N.
Then

ILf (v @) — fo(sm)) 5/ km= 00

o |[C~~YmJ

ghds + / ghds
Y lla,]

This proves that the limit of f(y(#)) as k — oo is independent of the curve y and the

sequence {7 }72 ;. Now we choose a representative fo of f defined in the following way:

(1) If x € )\ Qo we set fo(x) = f(x).

(2) If x € Qo and there exists y : [a,b] — 2 in " such that y(a) = x, we set fo(x) =
limg 00 f(y (%)) where {# )72, C [a, b]is a sequence converging to a such that y (1) ¢
Qo for each k.

(3) Otherwise, we set fo(x) = 0.

By definition, fiy = f almost everywhere and, for every y : [a,b] - Qin [,

1oy ®) — foly @)l < / ot ds < / ¢ ds.
Y

v

Furthermore, as this also holds for any subcurve of y by the definition of I', we also have
that foreverya <s <t <b

I fooy @) — fooy(sll 5/ gds. 0
Vs
Therefore, the integrability of g on y gives that f o y is absolutely continuous. O

Note that in the previous theorem, in contrast with Theorem 3.3, for p-almost every
curve y the composition f o y is absolutely continuous but, in general, it needs not be
differentiable almost everywhere unless the space V satisfies the Radon—Nikodym Property.
Recall that a Banach space V has the Radon—Nikodym Property if every Lipschitz function
f :la, b] — V is differentiable almost everywhere. Equivalently (see e.g. Theorem 5.21 of
[3]) V has the Radon—-Nikodym Property if and only if every absolutely continuous function
f :la,b] — V is differentiable almost everywhere. The name of this property is due to
the fact that it characterizes the validity of classical Radon—-Nikodym theorem in the case
of Banach-valued measures. We refer to [4] for an extensive information about the Radon—
Nikodym Property on Banach spaces.

We are now ready to give our main result:

Theorem 4.6 Let Q2 be an open subset of RN, let V be a Banach space and 1 < p < 0o. Then
whr(Q, v) = RYP(Q, V) if, and only if, the space V has the Radon—Nikodym property.

Proof Suppose first that V has the Radon—Nikodym Property. Consider f € R"“7(2, V) and
let g € R(f).Fix adirection e; parallel to the x;-axis forany i € {1, ..., N}. From Theorem
4.5 we obtain a suitable representative of f such that, over p-almost every segment parallel
to some ¢;, f is absolutely continuous and, because of the Radon—-Nikodym Property, almost
everywhere differentiable. Therefore, by Lemma 2.4 and Fubini Theorem we have that, for
almost every x € Q and every i € {1, ..., N}, there exists the directional derivative
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Jf(x+he) — fx)
P :

Note that each D, f is measurable, and that from Equation (7) above it follows that
| De; f(x)|| < g(x)foralmosteveryx € Q.Thus D, f € LP (2, V)foreachi € {1,..., N}.
In addition, for every v* € V* we have that (v*, D, f) is the weak derivative (v*, f). Then
for every ¢ € C3°(2)

d d
<v*,fwDe,-f>=/<p<v*,De,~f>=—f ai<v*,f>=<v*,—/ i’f>.
Q Q Q 0x; Q 0x;

Thus for every i € {1,..., N} the directional derivative D,, f is, in fact, the i-th weak
derivative of f, thatis, 8 f/dx; = D,, f € LP(2, V). It follows that f € W!P(Q, V).

For the converse, suppose that V does not have the Radon—Nikodym Property. Then there
exists a Lipschitz function 4 : [a, b] — V which is not differentiable almost everywhere.
We may also assume that [a, b] x Ry = R is an N-dimensional rectangle contained in €2,
where Ry is an (N — 1)-dimensional rectangle. The function f : [a, b] X Ry — V given by
f(x1,...,xN) = h(xy)is Lipschitz, so it admits an extension f : © — V whichis Lipschitz
and has bounded support. Then, as noted in Remark 4.2, we have that f e RLP(Q, V).Onthe
other hand, £ is not almost everywhere differentiable along any horizontal segment contained
in [a, b] x Rp = R. From Lemma 2.4 and Theorem 3.3, we deduce that f ¢ Wl’p(Q, V).o

De, f(x) = lim

To finish with, we would like to point out that there are also other known characterizations
of Radon—-Nikodym Property in terms of spaces of Banach-valued Sobolev functions. See,
e.g., the mapping properties considered by Arendt and Kreuter [2].
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