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1 Introduction and preliminaries

Convexity and smoothness are Banach space properties that involve metric inequalities and
geometric concepts. When the attention is centered in Banach lattices (and more concretely,
in Banach function spaces), better characterizations can be obtained, and new pro- perties can
be added to the study. The main result on smoothness of Banach function spaces is known
since the eighties, when Kutzarova and Troyanski proved that any order continuous Banach
function space with a weak unit admits an equivalent lattice uniformly Gateaux smooth norm
(see [21, Theorem 3.5 and Corollary 3.7]). Recently, some results providing new powerful
tools have been introduced in the study of this topic, both from the general Banach space
theory point of view and from the setting of the spaces of integrable functions (see [4]).

In this work, we are interested in obtaining more information about smoothness properties
of Banach function spaces. In particular, we will study the case of the order continuous spaces
L?(m), consisting of scalar functions which are p-integrable with respect to a (countably
additive) vector measure taking values in a Banach lattice. Although this class is interesting
by itself, it must be said that our aim is to use the results obtained about this in order to find
information on general Banach function spaces, via the well-known representation theorem
that establishes that fora given 1 < p < oo each order continuous p-convex Banach function
space E(u) over a finite measure can be represented as an L? (m) space for a positive vector
measure m (see [22, Proposition 3.30]; sometimes a renorming is needed). In this direction, it
has been studied in [20] when the convexity properties of a Banach function space E (i) are
preserved or even improved when the p-convexification E(u)1/p) of E(u) is considered.
As application of our results, we obtain some more examples of couples of Banach spaces
with the Bishop—Phelps—Bollobas property for operators and bilinear forms.

Let us recall some definitions and terminology. Given a real Banach space (X, || - ||), we
denote by By and Sy the unit ball and the unit sphere of X, respectively, and by X* its
topological dual. The space X, or its norm || - ||, is said to be Gdteaux smooth, or simply
smooth, if | - || is Gateaux differentiable at every x € Sy, that is, if there exists a (necessarily
unique) functional || - ||"(x) € Sx+ such that

li

thl| —1

im =Y gy, foreach ke X, )
t—0 t

The space X (orits norm || - ||) is called Fréchet smooth if it is Gateaux smooth and for every

x € Sx, the limit (1) is uniform with respect to & € By, that is, if

lx +zth| —1

lim sup l ;

t—0

=1 II/(X)(h)‘ the BX] =0.

If the space X is smooth and for every h € Sy, the limit in (1) is uniform with respect to
x € Sy, thatis, if

lx +zh| —1

lim sup [ ;

t—0

=1 II’(X)(h)‘ i X € Sx] =0,

then we say that X (or its norm) is uniformly Gateaux smooth. Finally, we say that X is
uniformly Fréchet smooth if it is Gateaux smooth and the limit in (1) is uniform with respect
to (x,h) € Sx x Sx.
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It is clear that uniformly Fréchet smoothness = uniformly Gateaux smoothness =
smoothness and that uniformly Fréchet smoothness = Fréchet smoothness = smooth-
ness, but the converse implications do not hold true in general, even up to renorming.
It is well-known (see e.g. [14, Theorem 13.25]) that if the space X (respectively X*) is
weakly compactly generated, then X admits an equivalent Gateaux smooth norm (respec-
tively Fréchet smooth norm). Another classical result (see e.g. [ 14, Theorem 9.14]) establishes
that Banach spaces having an equivalent uniformly Fréchet smooth norm are exactly super-
reflexive spaces. The class of uniformly Gateaux smooth renormable spaces was characterized
in [13] (see also [12]), where it was shown that X admits an equivalent uniformly Gateaux
smooth norm if, and only if, X is a subspace of a Hilbert-generated space (recall that a Banach
space Y is said to be Hilbert-generated if there exist a Hilbert space H and a bounded linear
operator T : H — Y with dense range). For more information on these properties, and their
interplay with Banach space geometry, we refer to the monographs [10, 14].

Let (2, X, 1) be a finite measure space. A Banach space E(u) is said to be a Banach
function space over (2, u) if E(u) is a linear subspace of L! (w) such that:

(i) if f € LO(u) and | f| < |g| p-a.e. for some g € E(u), then f € E(w) and || fll ) <

gl £y, and
(ii) forevery set A € ¥ the characteristic function of A, x4, belongs to E(u).

In this case, E(u) is a Banach lattice when endowed with the p-a.e. order.
Now, let X be a Banach space and m : ¥ — X be a (countably additive) vector measure.
For each x* in X* we write (m, x*) to denote the scalar measure given by the formula

(m, x*)(A) := (m(A), x*), A€X.

A Rybakov control measure for m is a measure of the form p = [{m, x§)| with x§ € Bxx
(where |(m, x)| stands for the variation of the measure (m, x;), which is necessarily finite
since m is supposed to be countably additive) satisfying that u(A) = O if, and only if,
[lm||(A) = O (here ||m|| denotes the semivariation of m). A Rybakov control measure for m
always exists for a suitable x; € By« (see[11,p.268]). A ¥-measurable function f : @ — R
is said to be integrable with respect to m if:

(i) foreach x™ € X*, f is integrable with respect to the scalar measure (m, x*), and
(i1) for each A € X there exists a (unique) vector f 4 fdm € X such that

/fd(m,x*):</ fdm,x*>, forall x*e X*.
A A

Forl < p < oo,let1 < p’ < oo be the conjugate exponent givenby 1/p + 1/p’ = 1. The
space L?(m) is the Banach function space over (2, X, ), where p is a Rybakov control
measure for m, consisting of those (equivalence classes of) functions f : 2 — R such that
| f1? is integrable with respect to m, endowed with the (lattice) norm

1/p
1
I Nerany = 1170 =sup[(/glf|"dl(m,X*>l) P ate BX*].

For a given 1 < p < oo the most important properties and results of the well-known
Lebesgue spaces, L?(u), are also satisfied in our spaces L? (m). This is, for instance, the
case of Holder’s inequality (see [22, p. 133])

1fgliomy S W Fllramliglpp gy f € LP(m), g € LP (m),
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and the Lebesgue dominated convergence theorem (see [22, Theorem 3.7]).

In the sequel, we shall always assume that X is a Banach lattice and that the (countably
additive) vector measure m : X — X is positive, that is, the range of m is included in the
positive cone of X. In this case, the norm of L? (m) can be computed by the easier formula
(see [22, Lemma 3.13]),

1/p
, foreach f e LP(m).

I fllLrmy = ”/ | f17dm
Q

The reader can find the unexplained information on vector measures and integration of
scalar functions with respect to such measures in the monographs [11] and [22, Chapter
3], respectively.

Observe that, according to the aforementioned results in [21], the space L?(m), has an
equivalent uniformly Gateaux smooth lattice norm whenever p > 1 (and therefore, by the
resultin [13], this space is a subspace of a Hilbert-generated space). In [16, Theorem 3.1], it is
shown that L? (m)* is weakly compactly generated for p > 1. Consequently, L? (m) admits
an equivalent Fréchet smooth norm as well. However, as it is noticed in the recent paper [4,
Example 1], the canonical norm of L? (m) is not smooth in general. There, it is also shown
thatif m : ¥ — X is a positive vector measure and p > 1, then under a metric assumption
on the unit ball of L”(m)*, the (Gateaux) smoothness of the space X is transferred directly
to L?(m), when the canonical norm of this space is considered. Although the requirement
on the ball of L?(m)* holds very often, the general question about the necessity of such
assumption is posed in that paper (see [4, Problem (Q1)]). In this work, we give a positive
answer to this question. More precisely, we show that if X is Gateaux smooth and p > 1,
then the space L?(m), endowed with its canonical norm, is Gateaux smooth too. We also
obtain similar results for the properties of Fréchet, uniformly Gateaux and uniformly Fréchet
smoothness. The uniformly Gateaux smooth case is restricted to the order continuous Banach
function space over a finite measure setting. As a consequence of these results we deduce
that if L' (m) has any of the above properties of smoothness, then for every p > 1 the space
LP?(m) shares the same property, answering in particular [4, Problem (Q2)]. In the final part
of the work we provide new examples of pairs of spaces having the Bishop—Phelps—Bollobds
property for operators (and also for bilinear forms). In particular, we extend in the setting
of vector valued measures a result that ensures that, if 1 < p,g < oo and u is a scalar
measure, then the couple (L (), L (v)) satisfies the Bishop—Phelps—Bollobas property (in
both cases, linear and bilinear).

2 Gateaux and Fréchet smoothness of L? (m)

The main result of this section reads as follows.

Theorem 2.1 Let X be a Banach lattice, m : ¥ — X be a positive vector measure and
1 < p < oo. If the norm of X is smooth (Fréchet smooth), then so is the canonical norm on
L?(m).

As we mentioned in Introduction, the non parenthetic part of this theorem solves affirmatively
Problem (Q1) in [4]. An important ingredient in the proof of this result is the following
proposition, which will be also useful in the next section.

Proposition 2.2 Let X be a Banach lattice, m : ¥ — X a positive vector measure and
1 < p < o0. Then the mapping ¢ : LP(m) — X defined by the formula
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o) = [ 1f17dm. f L7,
Q
satisfies the following properties:

(i) @ is Gateaux differentiable on all of LP (m) and for every f, h € LP (m) we have
¢' () =p /Q sign(f)| 17~ hdm.

(ii) There exist Cp, > 0 and s > 0 such that

le" ()R = @ (I < Cpll f = &l gy 1Bl L2 )

whenever f,g € Brrony and h € LP(m). In particular ¢ is Fréchet differentiable.
Moreover we can take s = 1 if p > 2 and s = p — 1 otherwise.
(iii) @ is 2p-Lipschitzian on the unit ball of L? (m).

In the proof of this proposition, we shall use the following elementary inequalities (for
convenience we write 0¥ = 0).

Lemma 2.3 For each a, b € [0, 00) we have

(a+b) <d +b <29 @a+b), 0<r<l, 2)
la" =b"| <la—0b|", 0<r<l, 3)

a"+b <(@a+b) <2 Ya" +b), r>1, 4)
la" —b" | <r@ '+ YHa—bl, r=>1. 5)

Proof of Proposition 2.2 (i) Let us pick f, h € L?(m), and let (#,) be any sequence of non-
zero real numbers such that ¢, — 0. Since the function | - |? is differentiable on all of R we
get

lim 1£@) + h@)I” — | f (@)
1m

n th

= psign(f (@) f(@)|" " h(w),

for all ® € Q2. On the other hand, for every n € N, formula (5) yields
[f(@) + thh(@)|P — | f(w)]?

In

< p(IlF @77 + 1P () P71 [h ()],

for each w € Q. As f, h € LP(m) we have | f(@)|”~' + |1,|?~h(w)|P~' € LP (m), and
Holder’s inequality guarantees the integrability of the last function in the previous inequality.
Thus, according to Lebesgue’s dominated convergence theorem, it follows that

tWh|P — | f|P
lim/ Ikl = 1117, :p/ sign(F)|f17~ hdm.
noJQ In Q

Since this equality holds for every f, h € L”(m) and every sequence #, — 0 with #, # 0
we deduce that ¢ is Gateaux differentiable at every f € L”(m) (note that the directional
derivatives are linear and bounded in % since ¢ is continuous and convex on f'), and

o' (f)(h) = p/ sign(f)|f|p71h dm, forall h e L?(m).
Q
(i) If f, g € L?(m), we denote by Ap and A the complementary measurable sets given by

Ap:={weQ :sign(f(w))=sign(g(w))} and A;:={w € Q: sign(f(w)) #sign(g(»))}.
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Then, for every h € L?(m) we have

o' (S (h) — ' (Wl =

/A (sign(f)I £17~" — sign(g)lg|”~")h dm H
0

+ H/A (sign(NIF17~" = sign(@)lgl”~")h dm” :

We shall estimate the two expressions of the right-hand side of this inequality, that we denote
by Ip and I, respectively. In order to do it, we consider three cases: p > 2,1 < p < 2 and
p = 2. From now on, we assume that f, g, h € Brr(m).
Case I p > 2. We shall prove that the result holds with C), := Zp_z((p — I)K;/p + 1),
where K, := 1if p > 3 and K, := 2!/G=P) otherwise.

(lo) Applying inequality (5) with r:=p — 1 > 1, Holder’s inequality, (2) and (4) and,
again, Holder’s inequality with s := p/p’ and s’ = (p — 1)/(p — 2), we obtain

Iy <

/ \Iflp‘l—lgl”‘lllhlde
Ao

<(p-1 /A (LF1P772 + 1g1P72) - |f—g||h|de
0
2 2\ e P e

<(p-1 / (ILF1P2 +1g1P72) 7 |h|?” dm | - H/ |f —¢|"dm

Ao Ao

D p=2) .1 1/p' p 1/p

<(p-1 / Kp(1f1+ 18)” P2 1 dm H/ If - g|" dm

Ao Ao

1y » (p=2)/p 1/p
<(p-DkK,” / (171+1gl)" dm / [R|? dm N f = gllLrm

Ao Ao

1/p -2
<(p- I)Kp/p (ILF zromy + lglLrom)”™ " IIf = gllLrom

1/p Ap—
< (p— DK/ 27721 f = glioem = Mpll f — glloim).

where M, := (p — K )/?'2P=2 > 0.
(1) Using (4) with r := p — 1 > 1 and Holder’s inequality we get
p-1 po-n |
I < (171+1g)" " |hldm| < (171+1gl) dm Nl e
A Aj

1/p'

- H/A (14 1g)" dm | =0 = x| oty = 1F = 817G

Adding up the last two inequalities it follows that

le' () = ¢ @I < Mpllf = gllLram + ILf — g5
-2
< (Mp+1f = gl 1S = glleram
< (Mp+2772) 11f = gllioamy = Coll f — gllLram.-

Case 2 1 < p < 2. We shall prove that in this case the inequality works with the constant
Cp:= 21/2=p) 4 1.
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(Io)] Because of (3) with 0 < r := p — 1 < 1 and Holder’s inequality we have

/Allfl—lgllp_llhldm”
0
, 1/p
/Ilfl—lgll(”_l)pdm‘ ‘
Ao

1/p
/ |h|P dm
Ao
p/p p—1
< ”f _g”Ll’(m) = ”f _g”LP(m)'

(1) Applying (2) with O < r := p — 1 < 1 and Holder’s inequality it follows that

Iy < <

/ 1£1771 = 1g17" 1] dm
Ao

=

I <

/ (LF12=" + 1g1P~ ) k| dm H <2V/@=p)
Ay

1/p

(f1+1gh?~ hldm H

1/p

Al

/ |h|P dm
Al

= 2YCPN(f — @) xar Iy - Ixas vy < 2YC7PF = g0,
__al/2— p—1
=2V — gl
Combining the last two inequalities we get
—1
e’ (S = @' @M < Cpll f = &N} oy

Case 3 p = 2. Following the lines in the previous cases, splitting the integral into over the
sets Ag and A1 and applying Holder’s inequality (with p = p’ := 2) it follows that

le" () — ¢ (@I < 201 f = &l 2my-

(iii)) If p > Ll and f, g € BLr(m), then using (5) with r:=p > 1, (4) with r:=p’, and Holder’s
inequality we get

< 21/(2_17)

/ (1 f]+1gh =17 dm'
Al

le(f) — @I < H/Q LF17 = 1glP[dm || < /Qp(lflp_1 +lglP7h) - If—glde
" 1/p’ 1/p
o[l | f—er
Q Q
, , . v 1/p
<p H/ 2P*1(|f|P(P*1) + |g|P(P*1)) de . / If —gl?dm
Q Q
1 1/p 1/p
=2 | [ vieryan] ) [ 7= giram
=2pllf —glzram-
So ¢ is 2 p-Lipschitzian on the unit ball of L” (m) and the result is proved. O

We are ready to prove Theorem 2.1.
Proof of Theorem 2.1 Let ® : LP (m) — [0, 400) be the function defined by the formula
() = leNOIl, fe€Ll(m).

At first, we shall show that if X is smooth, then ® is Gateaux differentiable at every f €
Srr(my. We already know that ¢ is Gateaux differentiable on L? (m). Pick h € L?(m) and
t € R with ¢ # 0. Using the triangle inequality we get
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|(f +th) — () = (le(f) + 1t (M = lle(OH)|
= [le(f +th)l = lle(f) +to' ()|
< |e(f +1th) —o(f) —to' ()| .

Thus,
‘4>(f+th) —2(f) o)+’ (HMI = lle(H
t t
h) —

f H o o) _ “’/(f)(h)H |
Since, by hypothesis, the norm || - || on X is Gateaux smooth, we have

/ h _

le(f) + 1o (fi( M= lle(H - 1P (YD) as 0.

Consequently,

O+t =0

; I 10 (f), @' (f)(h)) as t— 0.

Therefore since the directional derivative is linear and bounded in / (because, for instance,
® is continuous and convex around f) then it is Gateaux differentiable at f. Now, bearing in
mind that || - [ n) = o0 P, where a(t) = [111/P, it easily follows that || - || Lr () is Gateaux
differentiable on L” (m)\{0}, and

1 ey (YD) = p~ @ (YR = p~ (Il 1" (@(f)). @' (FH(B)). (6)

The statement about Fréchet smoothness is now easy. Indeed, by Proposition 2.2 (ii) the
mapping ¢ is Fréchet differentiable at f. Thus, if the norm on X is Fréchet differentiable,
according to the chain rule [17, Theorem 69] it follows that the function | - |[Lrgn) =
(@ o |l - INY? is Fréchet differentiable at every f € LP (m)\{0}. o

Remark 2.4 According to Smulyan Lemma (see e.g. [14, Corollary 7.22]) it follows that if
X is Gateaux smooth then for a given f € Syp(;) there exists a unique norm one functional
x;‘c € X™* such that x}(q)(f)) = 1, and moreover, x;? = |l - '(¢(f)). Therefore, from (6) it
follows that if f, h € Szr(m), then

1 1y (YR = p~ %, @' () () = /Q sign(f)|f17" hd(m, x%).

As a consequence of Theorem 2.1, we obtain a positive answer to the second question
posed at the end of [4]. Recall that for a given vector measure (not necessarily positive)
m : X — X, the formula

mo(A) = xa, Ac€Z,

defines another (countably additive) positive vector measure, mop : X — Li(m). It is
well-known (see e.g. [22, Proposition 3.28(i),Proposition 3.30]) that L?(m) is isometri-
cally isomorphic to L? (mg). Therefore, we obtain the following result, which improves [4,
Corollary 3.1] since in this case we do not need the assumption that L'(m) has the Fatou
property.
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Corollary 2.5 Let X be a Banach space, m : ¥ — X be a vector measure and 1 < p < oo.
If the space L' (m) is Gateaux smooth (Fréchet smooth), then so is L (m).

Notice that, there exist non-trivial examples of spaces L!(m) with good properties of
smoothness. For instance, consider, for each 1 < r < oo, the positive vector measure
my : % — L"([0, 1]) given by

my(A) = xa, A€X.

Since Ll(m,) is isometrically isomorphic to L” ([0, 1]), and this space is Fréchet smooth,
so is L' (m,). However, we want to point out that our result gives new examples. This is for
instance the case of the following space related with the measure associated to the Volterra
operator.

Example 2.6 Consider, for 1 < r < oo, the Volterra integral operator V, : L"([0, 1]) —
L' ([0, 1]) defined by means of the formula

t
Vi(H)(1) = /0 f)du, feL([0,1]),1 € [0, 1]. )

Hence, the Volterra measure of order r is the L" ([0, 1])-valued vector measure defined on
B([0, 1]), the Borel o-algebra in [0, 1] associated to the Volterra operator which is given by

t
vr(A) = Ve (xa) =/0 xawydu, A e B([0, 1]). ®)

The corresponding space L (v,) is nowadays well-known (see for instance [22, Example
3.10]). In particular in [22, Example 3.26], it is shown that, for 1 < r < oo,

L7([0, 1)) € L' ([0, 1) € L' (Jv;]) € L' (v) € L' (1),

with all inclusion being strict. For 1 < p, r < oo the space L (v,) is Fréchet smooth.

3 Uniform smoothness of L7 (m)

In this section, we establish the analogue of Theorem 2.1 for the properties of uniformly
Gateaux and uniformly Fréchet smoothness. Unfortunately, we have not been able to obtain
the first case in full generality. In this case we restrict ourselves to positive vector measures
with values in an order continuous Banach function space. The result concerning uniform
Fréchet smoothness can be achieved easily using the Smulyan characterization of this property
(see e.g. [14, Fact 9.7]).

Theorem 3.1 Let X be a Banach lattice, m : ¥ — X be a positive vector measure and

1 < p < oo. If the norm of X is uniformly Fréchet smooth, then so is the norm || - || Lr(n) on
L?(m).
Proof Thanks to Theorem 2.1, the norm || - || () is Fréchet smooth, and bearing in mind

the corresponding formula for the derivative (Remark 2.4), for every f, h € Sp» () we have

I W () = P~ (. @ (D),
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where x;i is the unique functional in Sy+ such that x’;(go(f)) = [lo(f)|l = 1. Thus, for each
f. 8, h € SLrm) we have ‘

P 1 1y (DB = 1 [y @] = (x5, ' Y0 = (x5 ' @) )
= (x5 ' Dt = ¢ @) + (¥} — x5, @ @)
= 19/ (NI = @' @WI + I1x} = x5+ ¢/ @ W]l
On the other hand, Proposition 2.2 (ii) guarantees that

le" () — @ (@I < Cpll f = &llppgmy and ¢ (@M < Cpliglyrmy = Cp

for some constants C, > 0 and s > 0. Consequently, for every f, g € Sy r(n) we have

1 W O = 1 Wy @] = 7' Cp (1 = 830y + 165 = 521) . ©)

Now, let (f,,) and (g,) be two sequences in Sy » () such that || f;, — g llLrny — 0. Since,
by Proposition 2.2 (iii), the mapping ¢ is 2 p-Lipschitzian on the unit ball of L? (m) we get
lo(fn)—@(gn)|l —> 0.Onthe other hand, as the norm ||- || on X is uniformly Fréchet smooth,
according to §mulyan Lemma it follows that the mapping Sx > x +—— |- [|'(x) € Sy is
norm-to-norm uniformly continuous, and thus, ||x;in - x;n || — 0. Applying inequality (9),
with f := f, and g := g,, we obtain

1 0y i) = I gy (80| — O,

and a new appeal to Smulyan Lemma yields that the norm || - || Lp(m) 1s uniformly Fréchet
smooth. O

As a consequence of Theorem 3.1, we obtain the following uniformly Fréchet counterpart
of Corollary 2.5.

Corollary 3.2 Let X be a Banach space, m : ¥ — X be avector measureand 1 < p < o0.
If the space L' (m) is uniformly Fréchet smooth, then so is LP (m).

Another consequence of Theorem 3.1, the former corollary, and the fact that super-
reflexivity is equivalent to the existence of an equivalent uniformly Fréchet smooth renorming,
is the following result.

Corollary 3.3 Let X be a Banach lattice, m : ¥ — X be a positive vector measure and
1 < p < oo. If either X or L' (m) is super-reflexive, then so is the space LP (m).

Now, we present an application of the former result (see [4, Example 7]).

Example 3.4 Let u the Lebesgue measure on [0, 1] and let (A;);>1 be a sequence of pairwise
disjoint measurable subsets of [0, 1]. Define the positive £,-valued vector measure m : ¥ —
{5 given by

m(A) =D u(ANAde, A€,
i>1

where (e;) is the usual canonical basis of £>. It is easy to check that v := |(m, x)|, where
x5 = Q- 2)1'21 € ¢, is a Rybakov control measure for m. Since in this case X = ¢, then
for 1 < p < oo, the space
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Lrom = {7 €100 3 ([ 1170 <00t =B L Gua),

i>1 2p
is super-reflexive.

Remark 3.5 The space L' (m) is not necessarily super-reflexive, even if the Banach lattice X
where the measure m takes its values is super-reflexive. Indeed, if m is the Lebesgue measure
of [0, 1], then X = R while L'(m) = L'([0, 1]), and this space is not even reflexive. Our
results also apply to the case of the vector measure v, associated to the Volterra operator
introduced above. More concretely, if | < r < oo then the space L' (v,) is not reflexive ([22,
Example 3.26(iv)]).

We end this section with the case of uniformly Géteaux smoothness. The argument
employed in Theorem 3.1 does not seem to work now. As we said before we restrict ourselves
to positive vector measures with values in an order continuous Banach function space.

Theorem 3.6 Let E(w) be an order continuous Banach function space over a finite measure
space (2, X, n), m : ¥ — E(u) a positive vector measure and 1 < p < oo. If the norm of
E () is uniformly Gdteaux smooth, then so is the norm || - || Lp ) on LP (m).

The proof in this case relies on the following lemma, which provides a characterization of
the uniform Géateaux smoothness for the class of order continuous Banach function spaces.
In order to simplify the notation, since our space E(u) will be Gateaux smooth, for each
x € Sg(u let us denote by x* the derivative || - ||'(x) (that is, x* is the unique norm one
functional in E (u)* norming the vector x).

Lemma 3.7 Let E(it) be an order continuous Banach function space over a finite measure
space (2, ¥, n). Then, E(w) is uniformly Gdteaux smooth if, and only if, E(w) is Gdteaux
smooth and for every x € Sg(,) and every & > 0, there is § > 0 such that

|(|)c]k —xfl,x)’ <& whenever x1,x2 € Sgqy and |lx; —xal| < 6.

The proof of this lemma is based on the fact that if the space E(w) is order continuous,
then the (topological) dual space E(u)* coincides isometrically with the Kithe dual space
E (), which can be identified with the set of functionals defined by integrals given by a
function (see [22, Proposition 2.16, Remark 3.8] and the references therein), and a §mulyan
type criterion for uniformly Gateaux smoothness (see e.g. [15, Lemma 2.5]), which ensures
that a Banach space X is uniformly Gateaux smooth if, and only if, X is Gateaux smooth
and for every i € By, the mapping Sx > x —> || - ||'(x)(h) € R is uniformly continuous.

Proof of Lemma 3.7 Only the left-to-right implication needs a proof. So, suppose that E ()
is uniformly Gateaux smooth and fix x € Sg(,) and &€ > 0. Then there is a § > 0 such that

|(xi" —xi‘,x)} <e,

for all pairs x1, xo € E(u) satisfying that [|x; — x2|| < § (recall that, for i = 1,2, the
functionals x; are identified with the derivatives || - II'(x;)). Pick any two vectors x1, x3 €
E () with ||x; — x2]| < é. Since the space E () is order continuous, the topological dual
space E(1)* can be identified with the Kothe dual, E(u1)’. More concretely the functionals
x}, x3 € E(u)* are associated with two (X-measurable) functions g1, g> € E(u)’ by means
of the formula

<x,-*,X>=/x-gidu, xeE(), i=12
Q
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With this notation let A := {w € Q : (g1 — g2)(w) > 0} € X, and write A = Q\A and
© := x4 — Xxac. Since | (x| — x2)®| = |x| — x2], it is clear that

1 = x)O = [lx1 — x2l.

Now, for every y € Sg(,) we denote by g the function in E(u)" which is identified with
y* (the unique norm-one functional in E(x)* norming y). Then by using again the order
continuity of E(x) one obtains that

"y =/ y-gdu =/ Oy - Ogdu.
Q Q
In other words, the functional (®y)* € E(u)* is identified with the function ©g € E(u)’.

Finally, using the uniform Gateaux smoothness of E (1) with the pair of vectors x; = ©Ox;
(i = 1, 2), that satisfy ||x] — x2]| < 8, we get

e > |(X] =%, x)| = [((Ox1 — Ox)*, x)| = ‘/QX~(®g1 — Og2)du

’

= ‘/ x-|g1 —gzldﬂ‘ = |(Ix] — x31, x)
Q
as we wanted to show. O

Proof of Theorem 3.6 Since E () is uniformly Gateaux smooth it is, in particular, Gateaux
smooth, and Theorem 2.1 ensures that the space L? (m) is Gateaux smooth. Therefore we only
have to prove that for every & € Sy (), the function Sppny > f > | - ||/L,,(m)(f)(h) e R,
is uniformly continuous. For each function f € Sy»(,) we denote by x}". the unique norm-

one functional in E(u)* norming the vector ¢(f) = fQ | f1Pdm € E(u). Bearing in mind
Remark 2.4 we have

Wy Y = 1+ 1y (@) ()|
=p (x5 @ (W) = (x5, ¢ () ()]
< p (I = x5 @ (D) + g, @' () () — @' (@) (W))). (10)

Fix e > 0 and h € Spr (). Using Proposition 2.2 (ii) we find a constant Cj, > 0 such that

(g ' () =& @) < ¢ (NH) =" @M = Cp| f =gl (AD

for some s € {1, p — 1} and all f, g € Brr(y). On the other hand, since E () is uniformly
Gateaux smooth, by using the previous lemma we have that, for the fixed element y =
@(h) € E(u), thereisady > Osuch that, if x1, xo € Sg(,) satisfy the inequality ||x; —x2|| <
81, then the corresponding norm-one functionals x{, x5 attaining their norms, satisty that
[(xf = x31, o(h)| = (Ixf — x31, @(h)) < (¢/2)”. Let us take 8 > 0 such that

1/s S
0 <8 <min (”—8) 2t (12)
2C, 2

Fix f, g € Sppgny suchthat || f — gllLrm) < 8, and letx1 = @(f) € E(n) and xp = ¢(g) €
E(1). Using Proposition 2.2 (iii) we get

|x1 =2 = lo(H) =@ =2pf — gl Lpim <81
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Therefore, if we denote by x% and x; the norm-one functionals norming respectively x| =
@(f) and x» = ¢(g), because of Lemma 3.7 we get

(Ix5 = xil. o) < (e/2" 7177 (13)

Hence using the positivity of the measure m and taking into account that | f|?~! € § LY (m)?
as an application of Hélder’s inequality and (13) we obtain

(xF = xz. @' (H )| = Kp/g sign(f)|f1P~ hdm, x% — x;;>

IA

—1 *
p/Q F17~ kI dim, x5 — xE])

1 1/p
(/ |h1P d(m, |xF — x;fl))
o .

/ 1/
= plg =" (0 = 53l 00)

IA

pl —x;

/ 1/p
= p2"7 (U = xilen) " < pe2. (14)
Finally, putting (14) and (11) in (10) and bearing in mind (12) we have
1 ) )
0y YR = 1 oy (@) ()| < ;(”5 + cpaﬂ) <s.
The proof is done. O

Now, we establish the uniformly Gateaux smooth counterpart of Corollaries 2.5 and 3.2.
Although in Theorem 3.6, the measure m must take values in an order continuous Banach
function space, we do not require such assumption now. The reason is that L' (m) is always an
order continuous Banach function space (see [22, Proposition 3.28]) over a Rybakov measure
for m.

Corollary 3.8 Let X be a Banach space, m : ¥ — X be a vector measure and 1 < p < oo.
If L' (m) is uniformly Gateaux smooth, then so is the space LP (m).

As a combination of the previous results we obtain the following corollaries.

Corollary 3.9 Let E(1t) be an order continuous Banach function space over a finite measure
space (2, 2, ), m : ¥ — E(u) be a positive vector measure and 1 < p < oo. If E(u) is
simulteanously Fréchet and uniformly Gdteaux smooth, then so is the space L (m).

Corollary 3.10 Let X be a Banach space,m : ¥ — X be avector measureand1 < p < oo.
If L' (m) is simultaneously Fréchet and uniformly Gateaux smooth, then so is the space
LP(m).

4 Applications

In this final section we apply our results in order to obtain some examples in the setting of the
well-known Bishop—Phelps—Bollobds property and its corresponding bilinear form version.
In [6], Bishop and Phelps proved that the set of norm-attaining functionals on a Banach
space is dense in its dual space. Some years later, Bollobds [7] gave a quantitate version of
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this theorem, known now as the Bishop—Phelps—Bollobds theorem. In [1], the corresponding
version for operators was studied. In particular, it was shown there that the version of the
theorem fails in general when we pass from functionals to operators, and hence the Bishop—
Phelps—Bollobds property (BPBP for short) was introduced. More recently, the corresponding
version for bilinear forms has been studied in [3,9]. Recall that a couple (X, Y) of Banach
spaces satisfies the Bishop—Phelps—Bollobds property for operators (BPBP for operators, for
short) if, for each ¢ > 0 there exist n(e) > 0 and B(e) > 0 with lim;_.o 8(¢) = 0 such that
for every operator T € Sg(x.y), if xo € Sx is such that ||Tx¢l| > 1 — n(e), then there exist
ug € Sx and S € S (x,y) satisfying

[So)ll =1, lluo —xoll < B(e), and [IS-T] <e.

Analogously, the pair (X, Y) enjoys the Bishop—Phelps—Bollobds property for bilinear forms
(BPBP for bilinear forms, for short) if, for each ¢ > 0 there exist n(¢) > 0 and B(g) > 0
with lim,— B(t) = 0 such that for every bounded bilinear form A € S;2x . yy, if (x0, yo0) €
Sx x Sy is such that |A(xg, yo)| > 1 — n(e), then there exist (ug, v9) € Sy x Sy and
B e S[;(Xxy) satisfying

|B(uo, vo)| =1, max{|lup — xoll, [lvo — yoll} < B(e), and [IS—T| <e.

We start with the case of BPBP for bilinear forms. In [3, Theorem 2.2]), it is shown that
if X is a uniformly convex Banach space, then for every Banach space Y, the couple (X, Y)
enjoys this property. Thus, if X is any Banach space, m : ¥ — X is a vector measure and
1 < p < oo, then the pairs (¢7, L9(m)) and (L? (), L9 (m)) have the BPBP for bilinear
forms for 1 < g < oo. Now, we address our attention to the case p = 1. In [3], it is proved
that for a given Banach space Y, the pair (Zl, Y) has the BPBP for bilinear forms if, and
only if, the pair (Y, Y*) satisfies an isometric property, called the approximamate hyperplane
series property (AHSP), and that this property is fulfilled if the Banach space Y is uniformly
Fréchet smooth. Therefore, Theorem 3.1 yield the following corollaries.

Corollary 4.1 Let X be a Banach lattice, m : ¥ — X be a positive vector measure and
1 < g < o0o. If the norm of X is uniformly Fréchet smooth, then (£', L9(m)) has the BPBP
for bilinear forms.

Corollary 4.2 Let X be a Banach space, m : ¥ — X be a vector measure and 1 < g < oo.
Ifthe norm ole (m) is uniformly Fréchet smooth, then (e', L9(m)) has the BPBP for bilinear
forms.

For the case of the pair (L'(1), Y)—where u is a o-finite scalar measure—, a similar
result is obtained in [2], but in the setting of Asplund spaces. More concretely, it is proved
there that if ¥ is an Asplund space, then the pair (L' (1), ¥) has the BPBP for bilinear forms
if, and only if, the pair (Y, Y*) has the AHSP. Since the presence of an equivalent Fréchet
smooth renorming implies Asplundness we have the following results.

Corollary 4.3 Let X be a Banach lattice, m : ¥ — X be a positive vector measure and
1 < g < oo. If the norm of X is uniformly Fréchet smooth, then (L'(w), L9 (m)) has the
BPBP for bilinear forms.

Corollary 4.4 Let X be a Banach space, m : & — X be a vector measure and 1 < g < 00.
If the norm of L' (m) is uniformly Fréchet smooth, then (L'(w), L1(m)) has the BPBP for
bilinear forms.
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These results can be extended to the general vector measure setting. Indeed, since the dual
space X* is uniformly convex if the space X is uniformly Fréchet smooth, we get

Corollary 4.5 Let X| be a uniformly Fréchet smooth Banach lattice, m| : 1 — X| be a
positive vector measure, X be a Banach space, my : ¥y — X be a vector measure, and
1 < p; <oofori=1,2. Then (LP'(m)*, LP2(my)) has the BPBP for bilinear forms.

Corollary 4.6 Fori = 1,2 let X; be Banach spaces, m; : £; — X; be vector measures and
1 < pi < oo. Ifthe norm ole (my) is uniformly Fréchet smooth, then (LP' (m1)*, LP2(my))
has the BPBP for bilinear forms.

Remark 4.7 (i) The space X, does not need to be uniformly Fréchet smooth. (ii) Since the
pair (L'(w), L' (1)*) does not have the AHSP (see [3, Proposition 4.8]) then (¢!, L'(w))
does not have the BPBP for bilinear forms. Hence, the result cannot be extended for p; = 1
(i =1,2). (iii) For 1 < p; < oo and p, = 1 the result is also true. (iv) Finally, for p; = 1
and 1 < py < oo we do not know if the result is true.

The counterpart of the previous corollaries for the BPBP case is now a direct consequence
of the natural identification of the space of bounded bilinear forms defined on X x Y with
the space of bounded linear maps from X into Y*. Indeed, this identification means that if
the pair (X, Y) has the BPBP for bilinear forms then the pair (X, Y*) has the corresponding
BPBP (now for operators).Therefore:

Corollary 4.8 Let X be a Banach lattice, m : ¥ — X be a positive vector measure and 1 <
q < oo. Ifthe norm of X is uniformly Fréchet smooth, then (¢!, L9 (m)) and (L' (w), L9(m))
have the BPBP for bilinear forms.

Corollary 4.9 Let X be a Banach space, m : ¥ — X be a vector measure and 1 < g < oo.
If the norm ole (m) is uniformly Fréchet smooth, then (¢!, L9(m)) and (L' (w), L9 (m))
have the BPBP for bilinear forms.

And also the corresponding vector valued case:

Corollary 4.10 Let X| be a uniformly Fréchet smooth Banach lattice, my : X1 — X
a positive vector measure, X, a Banach space, my : ¥y — X, a vector measure, and
1 < pi <oofori=1,2. Then (LP'(m)*, LP2(my)*) has the BPBP.

Corollary 4.11 Fori = 1,2 let X; be Banach spaces, m; : ¥; — X; vector measures and
1 < p; < oo. Ifthe norm of L' (m1) is uniformly Fréchet smooth then (LP' (m1)*, LP2 (m2)*)
has the BPBP.

Some other results can be obtained. Namely, since the pairs (cg, Y), (C(K), Y)—being K
a compact Hausdorff topological space—and (L°°(u), Y) have the BPBP for all uniformly
convex Banach space Y (see [18,19]), we have

Corollary 4.12 Let X be a Banach lattice (resp. a Banach space) , Y a Banach space,
m : X — X a positive vector measure (resp. a vector measure) and 1 < p < oo. If the
norm of X (resp. L' (m)) is uniformly Fréchet smooth, then (co, LP (m)*), (C(K), L? (m)*)
and (L*°(w), LP (m)*) have the BPBP.

In a similar way, since for the Asplund case one has that both (X, A)—being .4 a uniform
algebra—and (X, Co(L))—where L is a locally compact Hausdorff topological space—,
have the BPBP (see [5,8]), we obtain



750 L. Agud et al.

Corollary 4.13 Let X be a Banach lattice (resp. a Banach space) , Y a Banach space,
m : ¥ — X a positive vector measure (resp. a vector measure) and 1 < p < oo. If the
normof X (resp. LY(m))is uniformly Fréchet smooth, then (LP (m), A) and (L? (m), Co(L))
have the BPBP.

Of course, some examples given in this work recover very well-known examples of pairs
of Banach spaces having the BPBP (both for operators and for bilinear forms). This is,
for instance , the classical case of (£, L”(u)) where 1 is a scalar o-finite measure and
I < p < o0 or,even (£g, @21, L?(1)4,;)) (see Example 3.4) in both cases for 1 < ¢ < oo
(and also replacing £, for the corresponding L7 (v)). However, for 1 < r, p < oo, the space
L?(v,) associated to the Volterra operator given in Example 2.6 gives us some new results.
We finish this paper with a short list of examples of pairs of spaces having the BPBP (both
for operators and for bilinear forms).

Example 4.14 (i) The pairs (¢4, L?(v,)) and (L9 (), L? (v,)) have the BPBP for bilinear
forms.

(i) The pairs (L? (v,)*, L9(m)) and (L? (v,)*, L9(m)*) have the BPBP for bilinear forms
for all vector measure m.

(iii) The pairs (€9, LP(v,)*), (L9(u), LP(v)"), (co, LP(v;)*), (C(K), LP(v,)*) and
(L*°(w), LP(vy)*) have the BPBP.

(iv) The pairs (L7 (v;), Co(L)), (L?(v,), A), (L?(v), Co(L)) and (L”(v,), .A) have the
BPBP.
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