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We introduce a second numerical index for real Banach spaces with non-trivial Lie
algebra, as the best constant of equivalence between the numerical radius and the
quotient of the operator norm modulo the Lie algebra. We present a number of
examples and results concerning absolute sums, duality, vector-valued function
spaces. . . which show that, in many cases, the behaviour of this second numerical
index differs from the one of the classical numerical index. As main results, we prove
that Hilbert spaces have second numerical index one and that they are the only
spaces with this property among the class of Banach spaces with one-unconditional
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Bishop-Phelps-Bollobas property for the numerical radius is given.
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1. Introduction

Given a real Banach space X, Sx is its unit sphere, X* is the topological dual
space of X and L£(X) is the Banach algebra of all bounded linear operators on X.
The numerical range of T € L(X) is given by

V(T) = {z*(Tx) : (x,2") € TI(X)},
* Corresponding author.
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where
II(X) :={(z,z") e X x X" : x € Sx, 2" € Sx+, 2"(z) = 1}.
The numerical radius of T € L£(X) is given by
v(T) :=sup{|A| : A e V(T)}.

The concept of the numerical range was introduced independently by G. Lumer
and F. Bauer in the 1960s, and it is an extension of the field of values of a matrix
introduced by O. Toeplitz in 1918. We refer the reader to the classical monographs
[3, 4] for a reference. More recent references are [6, § 2.1 and § 2.9] and [20]. It is clear
that v is a continuous seminorm which satisfies v(T) < ||T|| for every T € L(X).
Sometimes, v is actually an equivalent norm, and to measure this possibility, we
use the numerical index of X:

n(X) :=inf{o(T) : T € LX), |T|| =1}
=max{k >0 : k|T| <v(T) VT € L(X)}.
This concept was introduced in the 1970s [9] and we will give in § 1.1 an overview of
those known results about numerical index which will be relevant in our discussion.
Observe that n(X) = 1 if and only if v(T") = ||T|| for every T € L(X) and n(X) =0
if v is not equivalent to the usual norm in £(X). There are Banach spaces with
numerical index 0 in which the numerical radius is a norm (see example 1.8), but
the more general situation for a Banach space X with n(X) = 0 is that there exists
a non-null 7' € £(X) with v(T) = 0. This will be the case for most of the spaces
that we will consider from now on. Let us recall some notation. An operator T' €

L(X) is skew-hermitian if v(T) = 0. The Lie algebra of X is the set Z(X) of all
skew-hermitian operators on X, that is,

Z(X):={S € L(X) : v(S) = 0},

which is a closed subspace of £(X). Then, in £(X)/Z(X), we may consider two
norms:

1T+ Z2(X)|| == if{|T = S]] - § € Z2(X)}

v(T+ Z(X)) :=inf{o(T —8) : S€ Z(X)} =v(T)
forall T+ Z(X) € L(X)/Z(X) (the last equality follows from the straightforward
fact that V(T'—S) = V(T) for every T € L(X) and every S € Z(X)). Observe
that v is a norm on £(X)/Z(X), not merely a seminorm. It is immediate that

o(T) < ||T + Z(X)]| for every T € L(X), and we may define the second numerical
index of the Banach space X as follows

n(X) :=inf{v(T) : T € L(X),|T+ Z(X)|| =1}

= Iin 7U(T)
- f{||T+Z< oy T )T“(X)}
= max{k > 0 : k||T + Z(X)|| < v(T) VT € L(X)}.

It is clear that n/(X) € [0,1]. The value n'(X) = 1 means that v and the quotient
norm coincide on £(X)/Z(X), while n’(X) =0 if v and the quotient norm are
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not equivalent norms on £(X)/Z(X). Of course, if Z(X) = {0} (in particular, if
n(X) > 0), then n/(X) = n(X). Therefore, this new index would only be interesting
for Banach spaces with non-trivial Lie algebra. This is the reason why we only work
with real spaces as the numerical index of complex spaces is always greater than or
equal to 1/e. On the other hand, as v is a norm in £(X)/Z(X), it does not make
sense to define a ‘third numerical index’ of Banach spaces in the same way, since
its value would be the same as the second numerical index. In §1.1, at the end of
this introduction, we include a compilation of known results about the ‘classical’
numerical index which we will use throughout the paper.

Let us briefly introduce the contents of the paper. The first examples are con-
tained in §2: finite-dimensional Banach spaces have a positive second numerical
index and Hilbert spaces have second numerical index one. An application is given
in §3: Hilbert spaces have the Bishop-Phelps-Bollobéas property for the numerical
radius. This answers a question posed in [17]. Next, we study in §4 the behaviour
of the second numerical index with respect to absolute sums of two spaces showing,
for instance, that the second numerical index of a cy- or £,-sum (1 < p < 00, p # 2)
of Banach spaces is smaller than or equal to the infimum of the second numerical
index of the summands. Some examples in which the reverse inequality is not true
are also given. With all of this, we are able to present some interesting examples.
For instance, we show that the set of values of the second numerical index contains
the interval [0,1/2]. Section 5 is devoted to study the duality relation: it is shown
that, in many cases, the second numerical index of the dual of a Banach space is
less than or equal to the one of the space, and that there are examples in which
this inequality is strict. Vector-valued function spaces are studied in § 6: it is shown
that the second numerical index of C(K, X), L1 (u, X) and Lo, (1, X) is not greater
than n/(X) (where K is a Hausdorff compact topological space and p is a positive
measure). On the other hand, if K contains more than one point and H is a two-
dimensional Hilbert space, then n’(C(K, H)) is not one. Section 7 is devoted to the
study of Banach spaces having an absolute structure and of general absolute sums.
We show that, in many cases, the second numerical index of a general absolute
sum of Banach spaces is less than or equal to the infimum of the second numerical
indices of the summands. As an application, we show that the set of values of n’(X)
when X runs over all three-dimensional spaces with numerical index zero is not an
interval and contains a non-trivial interval. Some other results are given which will
be used as tools in the next section. The main result of the paper is presented in
§ 8: Hilbert spaces are the unique Banach spaces with normalized one-unconditional
basis which have numerical index zero and second numerical index one. Finally, we
include some open problems in §9.

Finally, let us present some needed notation. Let X be a Banach space. For
x € X and z* € X*, we will use the notation (x*,z) = 2*(x) when needed. If H is
a Hilbert space, then (z | w) denotes the inner product of z,w € H.

1.1. Some known results about numerical index

Let us review here some known results about the numerical index of a Banach
space which will be relevant in the further discussion on the second numerical index.
We are not trying to provide an exhaustive list of all known results, but only those

https://doi.org/10.1017/prm.2018.75 Published online by Cambridge University Press


https://doi.org/10.1017/prm.2018.75

1006 S. K. Kim, H. J. Lee, M. Martin, and J. Meri

that are frequently used along this paper. We refer the reader to the survey paper
[16] for a compilation about known results on the numerical index of Banach spaces.
Since we are only dealing with real Banach spaces, we are including only the results
valid in this case.

The first result shows that, even though the exact computation of numerical
indices is complicated, it is possible to prove the existence of Banach spaces with
any possible value of the numerical index.

PROPOSITION 1.1 ([9, theorem 3.6]).

{n(X) : X Banach space of dimension two} = [0,1].
For 1 < p < oo and n € N, we write £ to denote the space R" endowed with the
p-norm. Even though the exact value of n(¢3) is unknown for 1 < p < oo, p # 2,
the result above can be improved as follows.

EXAMPLE 1.2 ([9, theorem 3.6] and [21, theorem 1]).
(1)1 <p<o0,p # 2 =]0,1], n(3) =0, n(E3) =n(€.) =1, and limy n(£2) =0,

p—2

It is known that the numerical index is continuous with respect to the Banach-
Mazur distance between (isomorphic) Banach spaces [10, proposition 2], and this
result shows that the set of values of the numerical index up to equivalent renorming
is always an interval. Moreover, this interval is never trivial and it is maximal in
many cases. We say that a Banach space X admits a long biorthogonal system
if there exists {(xx,z})}rean C X x X* such that z}(x,) =9dr, for A\,p € A and
the cardinality of A coincides with the density character of X. Examples of spaces
admitting a long biorthogonal system are reflexive spaces and separable spaces.

PROPOSITION 1.3 ([10, theorems 9 and 10]). Let X be a Banach space.
(a) {n(Y) : Y is isomorphic to X} 2 [0,1/3].

(b) If X admits a long biorthogonal system, then
{n(Y) : Y is isomorphic to X} D [0,1].

The result above shows that, among a wide class of Banach spaces, every value
of the numerical index except 1 can be reached up to equivalent renorming. On
the other hand, it is known that not every Banach space can be renormed to have
numerical index 1.

PROPOSITION 1.4 ([2, corollary 4.10]). Let X be an infinite-dimensional Banach
space with n(X) = 1. Then, X* D {;.

There is a relation between the numerical index of a Banach space and the one
of its dual.

PROPOSITION 1.5 ([9, proposition 1.2]). Let X be a Banach space. Then v(T) =
v(T*) for every T € L(X). Therefore, n(X*) < n(X).
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It was shown in [5] that the inequality above can be strict, solving a long-standing
open problem. Actually, the inequality n(X™*) < n(X) is the unique possible restric-
tion on the values of n(X*) and n(X), as the following results show. It does not
appear explicitly anywhere, but it can be easily deduced from the given references.

EXAMPLE 1.6 ([5, examples 3.1 and 3.3] and [19, proposition 4.2]). There are
Banach spaces X such that n(X™*) < n(X). Moreover, for every «, € [0,1] with
a > 3, there exists a Banach space X, g such that n(X, ) = a and n(X}; 5) = S.

Our next results deal with the computation of the numerical index. First, a
result about direct sums. Given an arbitrary family {X, : A € A} of Banach spaces
and 1 < p < oo, we denote by [®aeaXa]e, (respectively [BrcaXa]e,) the co-sum
(respectively £,-sum) of the family. In case A has just two elements, we use the
simpler notation X @, Y (respectively X &, Y).

PROPOSITION 1.7 ([22, proposition 1 and remarks 2]. Let {X : A € A} be a family
of Banach spaces. Then

(a) n ([@AEAX,\]%) < infy n(X)) for every 1 < p < co.

(b) n([®reaXile,) = n([EreaXale) = n([@reaXi]e) = infy n(Xy).
(¢) If n(Xy) >0 for every A\ € A, then

z ([@,\GAXA]CO) =2z ([@,\eAXA]e1> =2z ([@AeAX,\hm) = {0}.

As a consequence of this result and proposition 1.1, the following interesting
example follows.

ExAMPLE 1.8 (|22, examples 3.b]). There exists a Banach space X with n(X) =0
such that Z(X) = {0}.

Proposition 1.7(a) was extended to a wide class of arbitrary absolute sums of
Banach spaces in [25]. We will introduce the necessary notation about arbitrary
absolute sums in § 7, but we would like to mention here a couple of results concerning
absolute sums of pairs of Banach spaces. We recall that an absolute norm is a
norm | - |, on R? such that |(1,0)|, = [(0,1)|o = 1 and |(s,t)|a = |(|s], |t])|a for every
s,t € R. Given two Banach spaces Y and W and an absolute norm | - |4, the absolute
sum of Y and W with respect to |- |,, denoted by Y &, W, is the Banach space
Y x W endowed with the norm

1y, )l = [(lyll: [wDle (v €Y, weW).

For background on absolute sums the reader is referred to [26] and references
therein. Natural examples of absolute sums are the {,-sum @, for 1 < p < oo,
associated with the £,-norm in R?.

The first result is an extension of proposition 1.7(a) to absolute sums of two
Banach spaces.

https://doi.org/10.1017/prm.2018.75 Published online by Cambridge University Press


https://doi.org/10.1017/prm.2018.75

1008 S. K. Kim, H. J. Lee, M. Martin, and J. Meri

PROPOSITION 1.9 ([25, corollary 2.4]). Let Y, W Banach spaces and let &, be an
absolute sum. Then

n(Y @, W) < min{n(Y), n(W)}.

The second result allows to calculate the Lie algebra of many absolute sums of
two Banach spaces and will be very useful in our discussion.

LEMMA 1.10 ([27, lemma 5]). Let Y, W be Banach spaces and &, be an absolute
sum different from the lo-sum. Then every element in Z(Y ©, W) is diagonal (i.e.
it commutes with the projections). Moreover, given T € Z(Y @, W), there exist
SeZ(Y) and R € Z(W) such that

T(y,w) = (Sy,Rw) (yeY, weW).

Next, we deal with vector-valued function spaces. We recall some common nota-
tion. Let X be a Banach space. Given a compact Hausdorff topological space,
C(K, X) (resp. Cy(K, X)) is the Banach space of all continuous (resp. weakly con-
tinuous) functions from K into X endowed with the supremum norm. If L is a
locally compact Hausdorff topological space, Cy(L, X) is the Banach space of all
continuous functions from L to X vanishing at infinity. For a completely regular
Hausdorff topological space Q, we write Cp(€2, X ) to denote the Banach space of all
bounded continuous functions from € into X with the supremum norm. If (A, 3, u)
is a measure space, a strongly measurable function from A to X is a pointwise limit
of a sequence of countably valued measurable functions. The space L (u, X) is the
Banach space of equivalence classes of those strongly measurable functions f from
Q to X for which

1]l = / 17 ()]l dpa(t) < oo.

We write Lo (1, X) for the Banach space of all equivalence classes of strongly
measurable functions f from € to X for which

|flloc =Inf{A=0: [[f(D)] <X ae} < oo

PROPOSITION 1.11 ([22, theorems 5 and 8], [23, theorem 2.3], [18, theorem 2 and
proposition 5], and [8, corollary 3.3]). Let K be a compact Hausdorff topological
space, let L be a locally compact Hausdorff topological space, let 2 be a completely
reqular Hausdorff topological space, and let u be a positive o-finite measure. Then,
for every Banach space X,

n(C(K, X)) = n(Cw (K, X)) = n(Co(L, X)) = n(Cp(Q, X)) = n(L(p, X))

I
=8
h
8
F
=
i

We would like to finish this section with two useful results to calculate the
numerical radius. The first one was actually used in the proof of the result above.
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LEMMA 1.12 ([3, theorem 9.3]). Let X be a Banach space. Write rx : TI(X) — X
for the natural projection, and let T be a subset of TI(X) such that wx(T') is dense
m Sx. Then

o(T) = sup{|a*(Tz)| : (z,2%) e T}
for every T € L(X).

The second result in this line is very recent and deals with a new numerical range
of operators between different Banach spaces introduced by M. Ardalani [1]. Let us
briefly recall this concept. Let G : X — Y be a bounded linear operator between
two Banach spaces X, Y with |G| = 1. Then, for every bounded linear operator
T:X — Y, the numerical range of T with respect to G is defined in [1] as

Va(T) = m {y*(Tx) : € Sx, y* € Sy~, y*(Gz) > 1 -4},
6>0

and the numerical radius of T with respect to G is
va(T) :=sup{|\| : A€ Va(T)}.

When G is the identity operator on a Banach space X, it is shown in [1, Lemma 2.4]
that Vg(T') = V(T') for every T € L(X) and so, the new notion of the numerical
radius and the classical one coincide in this case. Even more, it is shown in [20,
remark 2.6] that the same is true if in the definition of Vi (7T') we only consider
functionals z* in a fixed 1-norming subset of X*. Recall that a subset A of Sx~ is
said to be 1-norming (for X) if ||z|| = sup{|z*(x)| : * € A} for every x € X or,
equivalently, if the weak-star closed convex hull of A is the whole of Bx«.

LEMMA 1.13 ([1, lemma 2.4], [20, remark 2.6]). Let X be a Banach space and let
A C Sx+ be 1-norming. Then

o(T) = gnf(’)sup{|a:*(Tx)| s xe€Sx, " €A 2" (x) >1-6}
>
for every T € L(X).
2. First examples

PROPOSITION 2.1. If X is a finite-dimensional space, then n'(X) > 0.

Proof. This is an obvious consequence of the finite-dimensionality of £(X)/Z(X),
from which follows that the two norms || - +Z(X)]|| and v(-) have to be equivalent.
(]

In the infinite-dimensional case, we may find examples of spaces with n’(X) = 0.
EXAMPLE 2.2. There are infinite-dimensional Banach spaces X with »n/(X) = 0.

Proof. Tt is shown in example 1.8 that there exists a Banach space X with n(X) =0
but such that Z(X) = {0}. Then, we obviously have that n'(X) =n(X)=0. O
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The main example here is the somehow surprising fact that Hilbert spaces have
second numerical index one. We will see in §8 that, among Banach spaces with
normalized one-unconditional basis, Hilbert spaces are the only ones having classical
numerical index zero and second numerical index one.

THEOREM 2.3. Let H be a Hilbert space. Then n'(H) = 1.

We will use the following known results, which we prove here for the sake
of completeness. Recall that in a real Hilbert space H endowed with an inner
product (-|-), H* identifies with H by the isometric isomorphism =+ (- | z).
Therefore, TI(H) = {(z,2) € H x H; x € Sy} and so for every T € L(H), one
has v(T) = sup{|(Tx | )| : * € Sy }.

LEMMA 2.4. Let H be a Hilbert space.
(a) Z(H)={T € L(H) : T = —T*}.
(b) If T € L(H) is selfadjoint (i.e. T =T*), then |T| = v(T).
Proof. (a) For every T € L(H), we have
2Tz |y)+ (x| Ty) = (T(z+y) [z +y) — (@ —y|T(x—y)).

Now, if v(T) =0, then (Tz|z)=0 for every z € H, so it follows that
(Tz| y)=—(x|Ty) for every z,y € H, that is, T* = —T. Conversely,
if T* =—T, one has (Tz |z) = —(x | Tx) = —(Tx | x), so (Tz |z) =0 for
every x € H, that is, v(T) = 0.

(b) For z,y € Sy, as T is selfadjoint, we have by polarization,
ATz [y)l =Tz +y) [z+y) = (T(x—y) [z —-y)|

v(T)(llz +ylI* + llz = y[1*)

u(T)2l|z[|* + 2]lylf*) = 40(T).

N

Taking supremum on z,y € Sg, we get ||T]| < v(T).

O
Proof of Theorem 2.3. Fix T' € L(H). The result will follow from the following two
claims.
Claim 1. [T+ Z(H)|| = (T +T%)/2|.
We have
T+T* T-T* T-T*
T= —; + 5 and € Z(H)

by lemma 2.4(a). This shows that || T+ Z(H)| < ||(T'+ T%)/2||. On the other hand,
for every S € Z(H), we have that S+ S* =0, so

T+T" T+T* S+85° T+S)+(T+S5)"
< + ¢ )+ ) < T+ 5.
2 2 2 2
Taking infimum on S € Z(H), we get ||(T+T%)/2|| < ||T + Z(H)||, as desired.
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Claim 2. v(T)=||(T +T*)/(2))|.
We use again that

T+T* T -T* T-T*
= + and
2 2 2

by lemma 2.4(a), to get that

T

€ Z(H)

VUU—V<T2T>,SOMﬂ—v(TzT>.

Since (T + T*)/2 is selfadjoint, lemma 2.4(b) gives us that

T+T\ || T+T*
= (555) 5

More examples will be given in §4.

3. An application to the Bishop-Phelps-Bollobas property

Our goal here is to give an application of the second numerical index to the theory
of the numerical radius attaining operators. We first need some definitions.

DEFINITION 3.1. Let X be a Banach space.

(a) [13] X is said to have the Bishop-Phelps-Bollobds property for the numerical
radius if for every 0 < e < 1, there exists 7(¢) > 0 such that whenever T €
L(X) and (z,2*) € II(X) satisfy v(T) =1 and |z*Tz| > 1 — n(e), there exits
S e L(X) and (y,y*) € TI(X) such that

v(S)=y*"Syl =1, ||T-S]<e Jz—yll<e and |z*¥—y"| <e.

(b) [17] X is said to have the weak-Bishop-Phelps-Bollobds property for the
numerical radius if for every 0 < € < 1, there exists 7(¢) > 0 such that when-
ever T € L(X) and (z,2*) € II(X) satisfy v(T) =1 and |[z*Tz| > 1 —n(e),
there exits S € £(X) and (y,y*) € II(X) such that

v(S) =1ly"Syl, [IT-Sl<e Jo—yl<e and [z"—y*| <e.

Notice that the only difference between these two concepts is the normalization
of the numerical radius of the operator S.

The following result is an extension of [17, proposition 6], where it is proved
under the more restrictive assumption n(X) > 0.

THEOREM 3.2. Let X be a Banach space with n'(X) > 0. Then, the weak-Bishop-
Phelps-Bollobds property for the numerical radius and the Bishop-Phelps-Bollobds
property for numerical radius are equivalent in X .

Proof. One implication is clear. For the converse, assume that for each 0 < e <
1, we have n(e) > 0 satisfying the conditions of the weak-Bishop-Phelps-Bollobés
property for the numerical radius. Fix 0 <e < 1. If T € £(X) with v(T) =1 and
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(x,2*) € TI(X) satisfy that |[2*Tz| > 1 —n(e), there exist S € £(X) and (y,y*) €
II(X) such that

o(8) =ly*Syl, [IS-Tl<e, Jlz—yl<e and 2" -y*| <e
Observe that
38 -T) > o(S—T) > o(T) —v() = 1 - u(S)
so v(S) > 1—e > 0 and we may and do define S; = (1/v(5))S. Then we have
1=v(51)=y"Swyl, llz—yl<e and [z" -y <e.
Finally, we can write

151+ 2(X)) = (T + Z(X))||

<[5+ 2000 = (5 2000 | + s + 2000 - (@ 4 2009
< ”SJ;(‘Z()X)”|U(S) — 1+ (S + 2(X)) — (T + 2(X))|

1
< () oD £ 15 7]

. GOk 2]
<(n/(X)+1>||s Tl < =25

So there exists Sy € Z(X) such that [[(S1+ S2) —T| < ((n'(X)+1)/n/(X))e.
Then we have

1= U(Sl) = ’U(Sl + SQ) = |y*(51 + Sg)y‘

An obvious change of parameters finishes the proof. O

As a consequence, we obtain that these two properties are equivalent for finite-
dimensional spaces but, actually, both are always true in this case. This was proved
in [17, proposition 2] and the argument given there is very similar to the above
one. On the other hand, it is proved in [17, proposition 4] that a Banach space
X which is both uniformly convex and uniformly smooth has the weak-Bishop-
Phelps-Bollobds property for the numerical radius. When n’(X) > 0, theorem 3.2
gives that X actually has the Bishop-Phelps-Bollobés property for numerical radius.
An interesting case, which is not covered by [17, corollary 7], is the following. It is
just a consequence of the above discussion and theorem 2.3.

COROLLARY 3.3. Let X be a Hilbert space. Then X has the Bishop-Phelps-Bollobds
property for the numerical radius.

4. Direct sums of Banach spaces and more examples

We present now an inequality for the second numerical index of absolute sums of
Banach spaces.
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PROPOSITION 4.1. Let X be a Banach space and Y , W closed subspaces of X such
that X =Y ®, W, where @B, is an absolute sum different from the {5-sum. Then,

n'(X) < min{n/(Y),n (W)}.

We need the following lemma, which is based on lemma 3.3 of [7] and uses
lemma 1.10.

LEMMA 4.2. Let X be a Banach space and Y, W closed subspaces of X such that
X =Y @&, W, where @, is an absolute sum different from the ly-sum. Then, given
an operator T € L(Y), the operator T € L(X) defined by

Tly+w)=Ty (yeY,weW),
satisfies |7l = T, o(F) = o(T), and |F + Z(X)| = |T + Z(V)]|.

Proof. Fix T € L(Y). That ||T|| = |T|| and v(T) = v(T) is proved (under weaker
assumptions) in [7, lemma 3.3]. Let us prove now that |7+ Z(X)|| < || T+ Z(Y)|.

Indeed, for S € Z(Y), we have v(S) = v(S) =0, so
IT +2(X)| < |IT = 5| = IT = S| = T - S|I.

Taking infimum on S € Z(Y), we get the claim.
For the reversed inequality, let us fix S € Z(X) and use that @, is not the f3-sum
and lemma 1.10 to get that
s (51 0
-(% s)

where S € Z(Y') and S, € Z(W). Now, one has
. T8 0
i7-81= ("5 5) |71 sizir ez
2

where the first inequality is true since we are dealing with an absolute sum. Finally,
we just have to take infimum on S € Z(X) to get the desired inequality, finishing
the proof. O

Proof of Proposition 4.1. Fix T € L(Y) with [|T + Z(Y')|| # 0. By lemma 4.2, there
is an operator T' € L£(X) with [|T+ Z(X)| = [|T + Z(Y)|| and such that v(T) =
v(T). Then,
P B (I
IT+2x)| 1T+21)]
Taking infimum with 7" € L(Y") satisfying [|T"+ Z(Y)]|| # 0, we get n/(X) < n/(Y).
t

As a consequence of proposition 4.1, we obtain the following result for ¢y and
£p-sums.
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COROLLARY 4.3. Let {X : XA € A} be a family of Banach spaces. Then

n/([BreaXi]e,) < inf n/(Xx), and n/([BreaXi]e,) < inf n'(Xy)

for 1<p<oo, p#2.

Proof. If we write X = [@xcaXa]e,, then for every A € A, X = X\ @, Y for suitable
space Y. Then, the result follows from proposition 4.1. The case of ¢y is absolutely
analogous. |

We will extend this corollary to more general absolute sums of Banach spaces in
§7.
We use now proposition 4.1 to give some interesting examples.

EXAMPLE 4.4. The second numerical index is not continuous with respect to the
Banach-Mazur distance, even in the set of Banach spaces with numerical index
Zero.

Indeed, for 1 < p < oo, let X, = 6127 @, 03. First observe that the mapping p —
X, is continuous with respect to the Banach-Mazur distance. Next, we have that
n(X,) =0 for every p as n(X,) < n(f3) =0 by proposition 1.7. Also, n'(X,) <
n'(£2) = n(€2) by proposition 4.1, so ;1_% n'(X,) =0 (see example 1.2). On the

other hand, n/(X3) = n/(¢3) = 1 by theorem 2.3.

Observe that in the previous example the Lie algebra of the limit space dif-
fers from that of the limiting spaces. In the next result, we show that the second
numerical index is continuous with respect to the Banach-Mazur distance when
we restrict to spaces with the same Lie algebra. Its proof follows the lines of
proposition 2 in [10] from where we also borrow some notation. Given a Banach
space X with Lie algebra Z(X), we denote by £'(X) the set of all equivalent norms
on the Banach space X whose Lie algebra coincides with Z(X). This is a metric
space when provided with the distance given by

d(p,q) =log(min{k > 1 : p < kq, ¢ <kp}) (p,qe€&'(X)).

If pe&(X) and T € L(X), we write v,(T) for the numerical radius of T in the
space (X, p), we also use the symbol p to denote the associated operator norm and so
p(T'+ Z2(X)) = infgezx)p(T — S). Finally, n'(X, p) is the second numerical index
of the Banach space (X, p).

PROPOSITION 4.5. Given a Banach space X, the mapping p — n'(X,p) from &'(X)
to R is continuous.

Proof. Fix pg € &'(X) and r > 0, let B={p € & (X) : d(p,po) < log(l+r)}, and
S ={T € L(X) : po(T + Z(X)) = 1, po(T) < 2J.
Our first aim is to show that the mapping
(,T) — p(T + 2(X))

is uniformly continuous on B x S. To do so, take 77,75 € S and, fixed 0 <
0 < 1, take p,q € B satisfying d(p,q) < log(1l + J) which gives p < (1 + d)g and
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q < (14 9)p. Observe that
p(Ty + 2(X)) — p(T2 + 2(X)) < p(T1 = T2) < (1 +r)po(Ty — T2).
Therefore, we can write
p(T1 + Z2(X)) — q(T2 + Z(X))
=p(Ty + Z(X)) — p(T2 + Z(X)) + p(T2 + Z2(X)) — q(T2 + Z2(X))
< (L+7)po(Th — To) + p(T2 + Z2(X)) — (T2 + Z(X)).

Now, given € > 0, take S € Z(X) satisfying ¢(To — S) — ¢(T> + Z(X)) < & and
observe that

p(Tz + 2(X)) = ¢(Tz + 2(X))
<p(Ta = 8) —q(Ta + Z2(X)) < p(T2 = 5) —q(Ta = 5) +¢
S@+6)q(T2 = 85) —q(Ta = 5) +e
=0q(To — S)+e<oq(Ta+ Z(X))+ (14 0)e
SOI1+r)po(Te+ Z2(X)+ (1 +8)e=0(1+7r)+ (14 d)e.
So we can continue the above estimation as follows:
p(Ty + 2(X)) — (T2 + 2(X))
< (A +7)po(Th = T2) + p(T2 + 2(X)) — (T2 + 2(X))
SA+7r)po(Th —T2) +6(1+7) + (1 +6)e
and the arbitrariness of € gives
p(Ty + Z2(X)) = q(Tz + Z2(X)) < (L+7)po(Th = T2) + 6(1 + 7).
Finally, exchanging the roles of p and ¢, we obtain
Ip(T1 + Z(X)) = (T2 + Z(X))| < (L4 7)po(Ty = T2) + (1 + )

which gives the uniform continuity of the mapping (p,T) — p(T + Z(X)) on
B xS.

On the other hand, it is observed in the proof of [10, proposition 2] that the map-
ping (p,T) — v,(T') is uniformly continuous on bounded sets, so it is uniformly
continuous on B x §. Therefore, using the fact that

1
inf{p(T+ 2(X)) :pe B, TS} > T+ >0

we deduce that the mapping ¥ : B x § — R given by

U(p,T) = p(T“ing)) (peB,T€S)

is uniformly continuous. This implies that the mapping
pr— nf{¥(p,T) : T € S} =n'(X,p)

is continuous on B. O
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For the classical numerical index, the inequality in proposition 4.1 is an equality
when the absolute sum is the ¢;-sum or the /,.-sum. The next example shows that
this is not the case for the second numerical index.

EXAMPLE 4.6. Let H be a Hilbert space with dim(H)>2 and W be
a mnontrivial Banach space. Suppose that X =H®, W or X =H® W.
Then n/(X) < V3/2 < 1.

Proof. Fix two orthogonal elements y;,ys € Sg and w; € Sy. Choose wi € Sw
such that wi(w;) = 1. We suppose first that X = H ©o W and we consider the
operator Ty € L(X) given by

Ta(y,w) = ((y1 | y)yr + V207 (w)y2,0)  ((y,w) € X).

We start showing that v(77) < 3/2. Indeed, given ((y, w), (y*, w*)) € II(X), we have
that

max{[[yl, |w|} =1, [y"[| + [w*[| =1, and
L=y"(y) +w"(w) = ly*[llyll + [[w*[w]-

Therefore, y*(y) = |ly*||ly]| and w*(w) = |Jw*||||w]||. Since H is a Hilbert space and
y* () = lly*llllyll, we get that [lylly* = ylly*||. If [ly|| <1, then necessarily [[wl]| =
1, so |Jw*|| =1 and |y*|| =0 (otherwise we would get ||y*||||y|l + |lw*||||w] < 1).
Therefore, in this case, we have that

(v, w*)T1 (y, w)| = 0.
If, otherwise, |ly|| = 1, we get that y* = y||y*|| and we can write
(™, w")Ta(y, w)| = (1 | 9)y* (1) + V20 (w)y* (y2)]
=l 1y [ 9) (v | y1) + V2]y* [wi (w)(y | y2)]
<y 1w TP+ V2 [ y2)]) < 11 [ 91 + V20 | y2)]-
This, together with the inequality 1 = [|y[|? = |(v1 | ¥)|* + |(v | y2)|?, tells us that

* * 3
(" )T w0)| < 1= (o | 32)) 2+ V2I(y | 2)] € maed = #2 4 V21 = 5.

We prove next that |7} + S| > +/3 for every S € Z(X). Indeed, fixed S €
Z(X), by lemma 1.10 there are S; € Z(H) and Sy € Z(W) such that S(y,w) =
(S1(y), S2(w)) for every (y,w) € X. Besides, we fix 6 € {—1,1} satistying 0(ys |
S1(y1)) = 0. Finally, observe that (y1 | S1(y1)) = 0 since v(S1) = 0 and, therefore,
we can write

(70 + S| > I[T1 + S)(y1, 0w = [[(y1 + 0v2y2,0) + (S1(y1), 0S2(w1))||

> llgr + V2095 + S1(0)ll = /(91 + V20yn + S1(1) | y1 + V2092 + S1(31))

— /3418117 +2v20(y2 | S1(91)) > V3

Taking infimum in S € Z(X), we get |71 + Z(X)|| > +/3 which finishes the proof
for X = H @ W.

https://doi.org/10.1017/prm.2018.75 Published online by Cambridge University Press


https://doi.org/10.1017/prm.2018.75

On a second numerical index for Banach spaces 1017

The proof for X = H &1 W is somehow dual to the above one. In fact, let T €
L(X) be given by

To(y,w) = ((y1 | )y, V202 [ wr) (g, w) € X).

We start showing that v(T5) < 3/2. Indeed, given ((y, w), (y*,w*)) € II(X), we have
that

[yl + lwl =1, max{[ly*[|, [w*[|} =1, and
L=y"(y) +w"(w) = [ly* [yl + [[w*|[Jw]

Therefore, y*(y) = ||ly*|/|y]| and w*(w) = ||w*||||w]||. Since H is a Hilbert space and
y*(y) = lly"[lllyll, we get that [lylly™ = ylly*[|. I [ly[| = O, then

|(y™, w")Ta(y, w)| = 0.

If, otherwise, |ly|| # 0, we can write

(v, w*) Ta(y, w)| = [(y1 | 9)y" (y1) + V20" (w1)(y2 | y)|
=y |y) (Iy | vl |y1> + V2w (w1)(y2 | y)|

<l 11| (2 1)+ V20 L)

<\(y'f;n)\ # 2| (o ) |

This, together with the inequality 1=|ly/[[y[[I> > [(y1 [ (y/IlyID)* + [((y/IlylD) [ 9)I?,

tells us that
" w*>T2<yw>|<1—\(y2|y) +f\( |y)\ <3
: : B B 5

Let us check that |75 + Z(X)|| > v/3. Fixed S € Z(X), by lemma 1.10 there are
Sy € Z(H) and Sy € Z(W) such that S(y,w) = (S1(y), S2(w)) for every (y,w) €
X. We fix 6 € {—1,1} satisfying 0(y; | S1(y2)) = 0. Besides, observe that (y; |
S1(y1)) = 0 since v(S1) = 0 and, therefore, we can write

|T> + S| > ‘

[Ty + ] (;g(yl +V20ys), o) H

(1.20w1) + (S1.(n + V2612), 0)]

"3
= L+ S1 VIO |+
—\/§y1 1\Y1 Y2 \/§

_ %\/1 + 111 (1 + V20u) |12 + 2v/20(y1 | Si(y2)) +

Sl

_A

aw S
%\
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Taking infimum in S € Z(X), we get [|[Th + Z(X)| > /3 which finishes the
proof. O

Even though the above example shows that equality in proposition 4.1 for the
l+-sum and the f1-sum is not always possible, the next one provides us with a
lower bound.

PROPOSITION 4.7. Let X1, Xo be Banach spaces and write X = X1 oo X2 or X =
X1 D1 Xo.

(a) If n(X1) >0 and n(Xs3) > 0, then
n/(X) = min{n(Xy),n(X2)}.

(b) If n(X1) > 0 and n(X2) =0, then
n/(X) = min{n(Xy), ((n'(X2))/(n'(X2) + 1))}

(¢) If n(X1) =0 and n(X3) =0, then

() 3 min { rE e

n/(X1)+1" n/(X3) +1

Proof. (a) is given by proposition 1.7.

We suppose that X = X; @ X2 and prove (c). We may assume that n'(X1) > 0
and n/(X2) > 0, otherwise there is nothing to prove. Every T' € £(X) can be written
as follows:

T(z,y) = (T (2) + Ti2(y), To1 (2) + To2(y))  ((z,y) € X),

where Tj; € £(X;,X;) for all i,j =1,2. By lemma 1.10, every operator with
numerical radius zero commutes with the projections and, therefore, we get

||T—|—Z(X)|| = inf max sup ||T11(J,‘1) +S1(.131) +T12(l‘2)||,
ez o1 [|=lla2 =1

sup ||T21(.’£1) —+ 52(1’2) + TQQ(IEQ)”} .

lz1][=[lz=2|=1
Hence

1T+ Z(X)|| <  inf  max{[|T11 + Sil| + [|Trzll, | T21 || + [|S2 + T22][}
S, €Z(X,;)
i=1,2

= max{|[Toy + Z(X0)[| + [Tozll, [Toall + 1 T22 + Z2(X2)]]}-
Besides, we claim that
o(T) = max{v(Tn), | Thall, v(T22), [[To1[]}-
Indeed, we note that for ((z1,x2), (z7,23)) € II(X),

o(T) 2 |27Th1(z1) + 27T12(22) + 25T21(21) + 25 T2(22)].
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Given e > 0, we take x5 = 0 and (21, z7) € II(X;) satisfying that
21T (21)] > v(Th) — ¢,

we take yo € Sx, and 6 € {—1,1} such that a7 (T11(x1))2z](T12(y2))0 > 0, and we
write zg = Oys. Then ((x1,x2), (x],23)) € II(X) and, therefore,

o(T) > |21T11(z1) + 27 T12(22)| = [27T11(21) + 27 T12(y2)0)

21Ti1(z1)| > v(T11) — ¢

VoV

|
|
and the arbitrariness of € gives v(T') = v(T11).

We turn now to prove v(T) > || T12]. Observe that we can assume that
ITy2]| > 0. Then, given 0 < e < ||Ti2||, we take this time x5 =0, y» € Sx, sat-
isfying that [[Tia(y2)|| > ||Th2|| — ¢, we take x] € Sx: such that z7(Ti2(y2)) =
||T12(y2)||, we write T = ((Tlg(yg))/(HT12(y2)||)) and we take 6 € {—1, 1} such that
3 (Th1(x1))xt (Th2(y2))0 = 0, and we write x3 = Oy2. Then, we have

o(T) = |21 T11(z1) + 27 Th2(22)| = [27T11(21) + 27 T12(y2)0)

> |
2 |21 Ti2(y2)| > [|Tha| — €
and the arbitrariness of e gives v(T') > ||T12|. Symmetric arguments show that
v(T) 2 v(Tae) and v(T) = ||T21]|-

Now we are ready to finish the proof. Suppose that |7+ Z(X)|| = 1 and we first
assume that [|T11 + Z(X1)| + |Th2]| = 1. If o(Th1) = n/(X1)/(n/(X1) + 1), then
o(T) =2 n/(X1)/(n'(X1) + 1). Otherwise, we have

n'(X1)
v(T11) <
(1) (X1)+1
and we can estimate
’U(T11) 1
1 < |T; Z(X Tio| < THl| < ———— Tis]|.
1711 + 2(X1)[| + [|T12]] n’(X1)+H 12| n’(X1)+1+” 12]|
So ||Thz]| = n/(X1)/(n/(X1) + 1) and, therefore,
w(X1)
T > |Tis|| > ——————>—.
oT) > 1Tl > syt

On the other hand, if we assume ||To2 + Z(X2)|| + ||721]] = 1, then an analogous
argument gives

n'(Xs)

> GG +1

which completes the proof of (c).
To prove (b), one can follow the above proof with some changes. Indeed, consider
the operator T € L(X, X;) given by Ti(x1,x2) = T11(x1) + Tha(z2) for z1 € X3
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and x5 € X5, and observe that
1T+ Z(X)|| < max{[|Ty |, [ T2 ]| + | T22 + Z(X2) ||}

since n(X1) > 0. If ||To1]| + || T2 + Z2(X2)|| = ||T + Z(X)||, the above proof gives

oT) _n(X)
IT+2X)]~ W(Xa)+1°

If |Ty|| = ||T + Z(X)]| the proof of [22, proposition 1] tells us that

oT) (D)

= >TLX1
T+ 2o - o) 2 "

The proof for X = X; 67 X5 is, in some sense, the dual of the above one. We just
point out the main differences. To check (c), observe that this time, for T' € L(X),
we have

T+ Z2(X)|| = inf sup  (IT11(z1) + S1(21) + Tiz(22) ||
Si,ei(;ﬂ) [l [|+]22]=1

+ [|T21(21) + S2(z2) + T22(22)]])

< _ inf sup (|| Tvi(z1) 4+ Si(@)|| + [[T21(21) ||
S1€2 00 a4 a2 =1

)

+ [|Th2(@2)[| + [S2(22) + Toa(x2)l])

< inf sup  {[Ja1 [|(IT11 + Sall + | T21l))
S’i_eszi) ENEEAES
i=1,

+ [|z2 )| ([[Ta2ll + 152 + Tazl[) }
< inf o max{|| Ty + Si| + [|Taal, [|Tazll + [[S2 + Toz||}
S,LGZ(X,L)
i=1,2

= max{||T11 + Z(X1)|| + [[T21 |, [Tr2ll + [[T22 + Z(X2)][}-
To prove the inequality
o(T) 2 max{v(Ti), | Toall, v(T2), [ T21 |}

one can proceed as in the previous case, using an appropriate pair
((x1,22), (2], 23)) € II(X) with x5 =0 (for the inequalities v(T') > v(T11) and
v(T) = ||T21]]) or 1 =0 (for the inequalities v(T) > v(Ta2) and v(T') > || Ti2|]).
From that point the proof follows exactly the same lines of the above one.

Finally, the proof of (b) is again a combination of the preceding proof and the

one of [22, proposition 1] for the ¢;-sum. |

A first consequence of the proposition above and example 4.6 is the following.
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COROLLARY 4.8. If H is a Hilbert space of dimension greater than or equal to two,
then
V3

3 1
gn’(H@ooH)gg and 5

DN | =

With this result, we may produce an example similar to example 4.4 in such a
way that the limiting space is not a Hilbert space.

EXAMPLE 4.9. For 1 < p < oo, let X, = 612, @1 £3. First observe that the mapping
p — X, is continuous with respect to the Banach-Mazur distance. Next, we have
that n(X,) = 0 for every p as n(X,) < n(¢3) = 0 by proposition 1.7. Also, n’(X,) <
n'(£2) = n(£2) by proposition 4.1, so ngQ n’(X,) = 0 (see example 1.2). On the other

hand, n/(X2) = n/(¢3 ®1 €3) # 1 by corollary 4.8.

More examples can also be deduced from the results of this section. For instance,
we may show that the set of values of the second numerical index among Banach
spaces with numerical index 0 contains the interval [0,1/2].

EXAMPLE 4.10. For every 6 € [0,1/2], there is a Banach space Xy such that
n(Xy) = 0 and n'(Xy) = 6. Moreover, for 0 < 6 < 1/2, the space Xy can be taken
to be four dimensional.

Proof. For 6 = 0, the result was given in example 2.2, and all the possible examples
have to be infinite-dimensional by proposition 2.1. Consider now 0 < § < 1/2 and
pick a two-dimensional Banach space Yy with n(Yy) = 6 (use proposition 1.1). Let
Xy be the four-dimensional space Yy @ £3, which satisfies that n(Xy) < n(f3) =0
by proposition 1.7. By proposition 4.1,

n'(Xg) <n'(Yy) = n(Yy) = 6.
On the other hand, proposition 4.7 gives us that n’(Xy) > min{6,1/2} = 0. O

A similar result can be obtained, up to renorming, in every separable or reflexive
Banach space of dimension greater than 4.

PROPOSITION 4.11. Let X be a Banach space of dimension greater than or equal
to four which admits a long biorthogonal system (for instance, being X separable
or being X reflexive). Then, for every 0 < 60 < 1/2, there is a Banach space Xy
isomorphic to X such that n(Xy) =0 and n'(Xy) = 0.

Proof. Take a two-dimensional subspace Y of X and write X =Y & W for a
suitable subspace W of dimension greater than or equal to two. We may use proposi-
tion 1.3 to get a Banach space Wy isomorphic to W with n(Wjy) = 6. Now, consider
the space Xy = €3 ©o Wy, which is isomorphic to X. Then, n(Xy) < n(f3) =0 by
proposition 1.7. On the other hand,

n,(Xg) < n/(Wg) = ’rL(Wg) =0

by propositions 4.1, and 4.7 gives us that n'(Xy) > 6. O
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The proof above cannot be done in dimension two or three. In the first case, we
actually have the following result.

EXAMPLE 4.12. Let X be a two-dimensional space with n(X) = 0. Then n’(X) = 1.
Indeed, it is proved in [24, corollary 2.5] that X is isometrically isomorphic to a
Hilbert space and so theorem 2.3 gives the result.

For dimension three, we will show in example 7.10 that the set of values of
the second numerical index of three-dimensional spaces with numerical index zero
contains a non-trivial interval.

Let us also mention that proposition 4.11 does not imply that for k£ > 4 the set
of values of the second numerical index of k-dimensional spaces with numerical
index zero is an interval. We do not know if this is the case, but we will show
in proposition 7.9 that the set of values of the second numerical index of three-
dimensional spaces with numerical index zero is not an interval.

5. Duality

We are interested here in the relationship between the second numerical index of a
Banach space and the one of its dual. Recall that for the classical numerical index,
it is known that n(X™*) < n(X) for every Banach space X and that this inequality
may be strict (see proposition 1.5 and example 1.6).

With respect to the first result, we do not know whether it is always true for the
second numerical index, but we have the following sufficient conditions.

PROPOSITION 5.1. Let X be a Banach space. Suppose that X satisfies any of the
following conditions:

(a) the norm of X* is Fréchet-smooth on a dense set (e.g. X = ls);

(b) Bx is the closed convex hull of the continuity points of 1d: (Bx,w) —
(Bx, |- ) (in particular, if X has the RNP, X has the CPCP, X is LUR,
X has a Kadec norm, X = X1®:Xo where X1 and Xo have the RNP, or
X = L(R) where R is reflexive);

(¢c) Y C X* C Y™ for a Banach space Y which does not contain {1 (in particular,
if X is a dual space with the weak-RNP, that is, X =Y™ for a space Y which
does not contain {1 );

(d) X* 2
(e) X is isomorphic to a subspace of a separable L-embedded space;

(f) X is the (unique) predual of a von Neumann algebra or, more generally, X
is the (unique) predual of a JBW™-triple;

(g) there is a separable reflexive space R such that X* is isometrically isomorphic
to a weak-star closed linear subspace L of L(R) whose intersection with the
space of compact operators on R is weak-star dense in L.

Then n/(X*) < n/(X).
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Before giving a proof of the proposition, let us recall that the classical inequality
n(X*) < n(X) for every Banach space X is an obvious consequence of the fact
that v(T*) = v(T) and || T*|| = ||T|| for every T € L(X) (see proposition 1.5). We
do not know whether | T* + Z(X*)|| = |T + Z(X)|| for every T' € L(X) in general,
but this would be true when every element in Z(X*) is the transpose of an element
in Z(X). So the idea behind the proof of the above proposition is to find sufficient
conditions to ensure that. We need a couple of lemmas which are of independent
interest. The first one is just an adaptation of a result of G. Godefroy [11].

LEMMA 5.2 ([11, proposition VIL1 and proof of corollary VIL3]). Let X be a
Banach space such that there exists a unique norm-one projection w : X *** — X*
with weak-star closed kernel. Then every T € Z(X™*) is the transpose of an element

of Z(X).
The second result is immediate.

LEMMA 5.3. Let X be a Banach space. If every T € Z(X*) is the transpose of
an element of Z(X), then | T* + Z(X*)|| = |T + Z(X)|| for every T € L(X) and,
therefore, n'(X*) < n/(X).

Proof of Proposition 5.1. We only need to provide references showing that any of
those conditions implies that there is a unique projection from X*** onto X* with
weak-star closed kernel, and then apply the above two lemmas.

Indeed, theorem II.1, examples I1.2 and theorem II.3 of [11] give directly the
result for (a), (b), (¢), and (d) (actually, in those cases there exists a unique norm-
one projection from X*** onto X*).

(e) [28, theorem 3| gives that every separable L-embedded space satisfies
Godefroy-Talagrand property (X) and [11, theorem V.3] shows that this latter
property implies what we need. Since property (X) is of isomorphic nature and
passes to subspaces, we get the result.

(f) For von Neumann algebras, this is a classical result of Sakai; for JBW *-triples,
it is a result of G. Horn [15].

(g) It is shown in [12] that, in this case, X has the RNP, and so the result follows
from (b). O

COROLLARY 5.4. Let X be a reflexive space. Then, n'(X*) = n/(X).

We may give another result in this line for M-embedded spaces, for which we
actually have a little bit more. Recall that a Banach space X is M-embedded (or
it is an M -ideal in its bidual) if X*** = X+ @, W for some closed subspace W.

PROPOSITION 5.5. Let X be an M-embedded space. Then n/(X**) < n/(X*) <
n'(X).

Proof. Tt is shown in [14, proposition I11.2.2] that every surjective isometry of X**
is the bitranspose of a surjective isometry of X. As a consequence, we get using the
same ideas as in the proof of [11, corollary VIL.3] that every element in Z(X**)
is the transpose of an element of Z(X*) and that every element of Z(X*) is the
transpose of an element of Z(X). The result now follows from lemma 5.3. g
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Next, we would like to present an example showing that the inequality n/(X*) <
n/(X) can be strict, even when n(X) = 0.

EXAMPLE 5.6. There exists a Banach space X with

n(X)=n(X")=0 and n'(X*) <n'(X).
Proof. Let W be a Banach space with n(W) =1 and n(W*) =1/3 (see exam-
ple 1.6) and let X = ¢3 @, W which satisfies n(X) < n(f2) = 0 by proposition 1.9.

Now, n/(X) > 1/2 by proposition 4.7, and »n/(X*) < n/(W*) =n(W*) =1/3 by
proposition 4.1. O

The next example shows another strong way in which the second numerical index
of a space and the one of its dual can be different.

EXAMPLE 5.7. There exists a Banach space X with the following properties:
n(X)=n(X)=1, n(X*)=n(X*)=0, Z(X)=2Z(X*)={0}.

Proof. Consider a sequence of Banach spaces X, with n(Xy) =1, n(X}) > 0 and

limy n(X}) = 0 (see example 1.6). Let X = [P, oy X&]e,- Then n(X) =1 (and so

Z(X) = {0}) by proposition 1.7. This proposition also shows that n(X*) =0 and
that Z(X*) = {0}. Then, n/(X*) = n(X*) = 0. O

One more example is the following extension of example 1.6.

ExaMPLE 5.8. Given 0< o< f<1/2, there is a Banach space X,z with
n(X4 ) = 0 such that

n'(Xop) =04 and n'(X} ;) =a.

Indeed, Let Y, 3 be a Banach space such that n(Y,,5) = 8 and n(Y; 5) = a (see
example 1.6), and consider X, g = {2 oo Yo, 5. Then, propositions 4.1 and 4.7 give
easily the result.

6. Vector-valued function spaces

We deal now with vector valued function spaces. As n/(H o H) <1 by
example 4.6, one cannot expect to have the same result that the one for the classical
numerical index (see proposition 1.11), but we will see that at least one inequality
can be proved. We start with spaces of continuous functions.

PROPOSITION 6.1. Let L be a locally compact Hausdorff topological space and X be
a Banach space. Then n'(Co(L, X)) < n/(X).

https://doi.org/10.1017/prm.2018.75 Published online by Cambridge University Press


https://doi.org/10.1017/prm.2018.75

On a second numerical index for Banach spaces 1025
Proof. Choose a function ¢ € Cy(L) such that ¢(tg) =1 = ||¢|| for some ¢y € L.
Fix R in £(X) \ Z(X) and define T € £(Cy(L, X)) by
[T(NHIE) = R(f(t) (te€ K, feCo(L,X)).

We claim that v(T) < v(R) and |T + Z(Co(L, X))|| = ||R + Z(X)||. This shows
that

/ v(T) v(R)
"G X) S T B X S TR+ 201

Since R is arbitrary, taking infimum on R we get n/(C(L, X)) < n/(X).
So let us prove the claim. First, consider

L={(f,0:®2%) : f€Scyr,x)tE€L, " €Sx~, 2"(f(t)) =1}, (6.1)

where [6; ® *](f) = 2*(f(t)). Then the numerical radius v(T") can be computed
with only those elements in TI(X) which are in T' (see lemma 1.12) and so

o(T) = sup{|(z", [TfI(t)] : f € Scyw,x); t € L, & € Sx», a™(f(t)) =1}
= sup{|(z", R(f(1))| : f € Scyr,x), t € L, 2" € Sx-, 2" (f(t)) = 1}
<sup{|z*(R(x))| : © € Sx, 2" € Sx+, z*(z) =1} = v(R).

To show that |R+ Z(X)|| < [T+ Z(Co(L, X))||, given U € Z(Cy(L, X)), define
Ve =[U(p®x)|(ty) for every x € X. Then, V € L(X). In fact, V is in Z(X).
Indeed, for each (z,2*) € TI(X), [0+, ® 2*](¢ ® x) = 1 and

|2V (z)] = [(z%, U(p @ z)(to))| = |(61, ® 2")U(p © 2)| < v(U) = 0.

For each x € Sx, we have

R+ Z(X)[| < [[R+ V] = sup [[Rz+ V]

z€Sx

sup | Rz + [U(p @ )](to) ||

= swp 1T (e @ 2)](to) + [U(p @ 2)](to)|| < |IT + UJ|.

Hence |R+ Z(X)| < ||T + UlJ|. Since U € Z(Cy(L, X)) is arbitrary, we have that
IR+ Z(X)|| < ||T+ Z(Co(L, X))|| and this completes the proof. O

Easy modifications of the above proof can be applied to get results for C, (K, X)
and Cp (2, X).

REMARK 6.2. Let K be a compact Hausdorff topological space, let 2 be a
completely regular Hausdorff topological space and let X be a Banach space. Then

n'(Cyw(K, X)) <n/(X) and n/(Cy(Q, X)) < n/(X).
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Proof. In both cases, the arguments are the same that the one in the proof of propo-
sition 6.1. Given R € L(X) \ Z(X), define T analogously. In the case of C\, (K, X),
we just have to replace the set I' in (6.1) by

I ={(f,0:®x") : f€Sc,(xx), [ attains its norm,
te K, 2" € Sx«, 2" (f(t)) = 1},

and observe that 7x (I'1) is dense in S¢, (x,x) by [18, lemma 1], so we may use I';
to compute the numerical radius of 7. In the case of Cy(£2, X), it is straightforward
to show that the set of functions in Cy(€2, X') which attain their norm is dense in
Cy(Q, X), and so the set

Lo ={(f,0: ®2") : f € Sc,( x), [ attains its norm,
te K, z" € Sx«, 2" (f(t)) =1}

can be used to compute the numerical radius of T'. The rest of the proof is the same
that the one of proposition 6.1. g

Another vector-valued function space for which we may give an inequality of the
second numerical index is Loo (1, X).

PROPOSITION 6.3. Let (2,3, 1) a measurable space and let X be Banach space.
Then

n'(Loo(p, X)) < n/(X).

For a measurable subset F, x € X and z* € X*, we will use the following
notations:

xe@z](t) =z - xp(t), teQ

e ®z*|(f) = (xg ® 27, f) =/ " (f(1) dult), [ € Li(p, X).

E

Proof of Proposition 6.3. As in the proof of Proposition 6.1, given R in £(X)\
Z(X), define T by

[T(HIE) = R(f(t) (€, f € Loo(p, X))

Now, as shown in [23, lemma 2.2], the numerical radius of T' can be computed using
the set

_ XE £\ .
T—{(f, (B Qx ) tfE€SL_(ux), E€X, 0<pu(E) < oo,

f is constant on E, z*(f(t)) = || f|lcc = lon E}

(since I' is a subset of II(Loo (i, X)) and mx(I') is dense in Sp,__(,, x), SO we may
use lemma 1.12). Then, repeating the argument given in proposition 6.1, we get
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v(T) < v(R). Finally, for U € Z(Loo (i, X)), define V € L(X) by
1
V.’L':i/UXQ®fL' t)du(t z e X),
() (Fo) EO[ ( )I(E) dpu(t) - ( )

where Ey C Q is measurable and 0 < p(Ep) < oo. In fact, V is in Z(X). Indeed, if
(z,2*) € II(X), we have

2V (z )|—‘(E)/ x*U(xg@m)(t)du(t)’:‘<Iu>(<g°)®x U(xg@x)>‘
<o) =

Since [T'(xq ® z)](t) = R(x) on ), we have

R+ Z(X)| < [|R+V]
sup |Rx + V||

r€Sx

1
= sup [[re+ s / U(Xn®w)(t)du(t)H
1
- s |2 / ([l e 2] + U © 2](0) du(t)H

STxe®z) +Ulxe ® )| < [T+ U

Therefore, we get ||R+ Z(X)|| < ||T+ Z(Loo(p, X))|| and so n'(Leo(p, X)) <
n'(X). O

Our next result is for spaces of vector-valued integrable functions.
PROPOSITION 6.4. Let p be a positive measure. Then n'(Ly(p, X)) < n/(X).

Proof. Notice that Ly (p, X) is isometrically isomorphic to the £1-sum of L (p;, X)
for suitable finite measures p;. So by proposition 4.1, we may and do assume that
1 is a finite measure.

Let I' be the set of all (f,g) € L1(p) X Loo(pt) such that f=3>"" z;xg,, g =
St @ xp, for some n, where z;’s are in X \ {0} and z}’s are in Sx«, E; are disjoint
measurable subsets of positive finite measure, > . | [|z;||u(E;) =1 and a} (2;) =
|lz;|| for all 1 < i < n. Since the set of simple functions is dense in L (p, X), the
numerical radius v(T") of T' € £(L1 (i, X)) can be computed using only elements in
I' by lemma 1.12.

Given R in L(X)\ Z(X), define T € L(Ll(u,X)) by T(f)(t) = R(f(t)). Then
for (f,g) € T with f =>"1" | 2iXE,, § = Dy T} XE;, We have

n n

0: 71 < 3 iRl < 32 v(Rll(B) = o),
So v(T) < v(R). Finally, for U € Z(L1(u, X)), define V € L(X) by
1
V() = /Q[Uom ® 2)|(t) dpu(t).
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We will check that V' € Z(X). Indeed, for each (z,2*) € II(X), we have

V(e \ (Ul & 2)(0) dulo)

o

Since [T'(xa ® 2)](t) = R(z) on 2, we have

IR+ Z(X)| < [[R+V]

= sup |[Rr+ Va

— s [ Ro+ ﬁ /Q U (xa ® ))(0) du(t)H

= s | [ ([ @ 20) + U0 9 2)(0) ()|

S sese Jo {T (/;é??) )] )+ [U (u)((g) ®I>} (t)H Al
R g (;Eg) ) v (A;gg) ? x) 1

< |IT+UJ.

Therefore, we get |R+ Z(X)|| < [|T+ Z(L1(p, X))|| and so n' (L1 (u, X)) < n'(X).
(|

Our last result in this section shows that there is no non-trivial compact space
for which equality in proposition 6.1 always holds.

PROPOSITION 6.5. Let K be a compact Hausdorff topological space with cardinality
greater than one. Then

n (C(K,03)) < ? <1.

We need to establish some preliminary results. Note that C(K,/3) can be
identified with C'(K) @ C(K) with the norm

I(£,9)lI = sup V£ (2)* + gt K) @ C(K)).

Given T € L(X), we write

[T(f,9)1(t) = (T2 (£, 91 (1), [T2 (£, 9)I(})  (t € K, (f,9) € C(K) & C(K))

for convenient bounded linear operators 17,75 : C(K) & C(K) — C(K). For t €
K fixed, each T;(-,-)(¢) is a continuous linear functional on C(K) ¢ C(K), and
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[C(K)® C(K)]*=C(K)* @ C(K)*. So, by the Riesz representation theorem, we
have the following representation result:

) = ([ st [ gaits) ()€ cmy e o),

where ,uﬁj are Borel regular measures on K.

LEMMA 6.6. Let pu be a Borel reqular measure on a compact Hausdorff space K and
0 < a <1 be a real number. Suppose that fort € K, we have fK fdu =0 for every
f € Scry with f(t) =a. If0 <a <1, then p=0. Ifa =0, then ju = cd; for some
real number c.

Proof. Suppose first that a > 0 and we will show that p = 0. If p takes only non-
negative values or takes only nonpositive values, then it is clear. So assume that
the positive and negative parts are both nontrivial. Take the Hahn decomposition
of u, K = Q1 Uy and assume that the point ¢ is in ;. Then there are compact
subsets K; of €; such that |u|(Q; \ K;) < B|u|(2;), where |p|(A) is the total vari-
ation of p on the subset A and 8 = (v/1+ 2a — 1)/2 €]0,1[. We may assume that
t € K;. Then choose two disjoint open subsets U; and Us such that K; C U; and
use Urysohn lemma to choose two continuous functions f; : K — [0, 1] for i = 1,2,
such that

Xk, < fi and  supp(fy) CU; (i=1,2).

Set f =afi — fo. Then f(t) = a and f € S¢(x). However, we get

/deu=/KlUK2fdu+/Ql\Klfdu+/QQ\K2fdu
> alp|(K1 U Ka) — || (0\ K1) — [p](Q2\ K2)

> eI + o (%) = Blal() = Blal(:)

B+1
_a-BB+1)

() > 0.

This is a contradiction. When ¢ is in €5, we can show the contradiction similarly.
Suppose now that a = 0 and, by homogeneity, we have

/de,uz()

for every f € C(K) with f(¢) = 0. This means that the kernel of §; € C(K)* is
contained in the kernel of € C(K)*, but this implies y = ¢d; for some real number
¢ as desired. O

The next preliminary result gives us the form of the skew-hermitian operators on

C(K,13).
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PROPOSITION 6.7. Let X = C(K,(3) and T € Z(X). Then, there is A € C(K) such
that

[T(f, 9)](t) = (At)g(t), =A(t) £ (1))-
Proof. Fix t € K and suppose that f(t)2 + g(t)? = 1 and (f,g) € X. Then

(T(f,9),00® (f(t),9(t)) = 0.
That is,

t) </K fduﬁﬁ/Kgduiz) +g(t) (/deu§1+/Kgdu§2) =0.  (62)

If we consider g = 0, for each f € Sc(x) with f(t) = 1, we have

/ fdpty =0,
K

and then p}; = 0 by lemma 6.6. Analogously, we have ub, = 0. Now suppose that
[ in Sc (k) satisfies f(t) = 1/+/2 and consider the pair (f, f). Then we have

o:/ fdu§2+/ fdu51=/ fd(uty + by,
K K K

and lemma 6.6 gives us that p!y = —pb,.

Now, for any function f € S¢(x) with f(t) = 0, consider g = \/1 — f? € Be (k)
which satisfies g(t) = 1 and f(¢)? + g(t)? = 1, and apply (6.2) to get that

| rau =0

K

Another application of lemma 6.6 gives us that pb, = A\(¢)d;. By using constant
functions, it is easy to see that A € C'(K). This completes the proof. O

Proof of Proposition 6.5. Suppose that t;,t5 are two different elements of K and
X = C(K, £3). Define the operator T' € L(X) by

T(f,9) = (f,V2f(t2)).
Set
= {((f,9),6: @ (f(t),9(t))) € (X) : (f,9) € Sx, f(1)* +g(t)> = 1}.

Then v( ) can be computed using only elements of ' by lemma 1.12. Given

((f,9),0: @ (f(t),g(t))) in T, we have

(80 @ (f(£),9(6)), T(f. ) = £ (£)* + V2 (t2)g(1)]
<SSO+ V2g()] <1 - g(t)* + V2[g(t)] < 3/2.

Therefore, v(T) < 3/2. Finally, we claim that |7+ Z(X)| > v/3. Indeed, fix
S € Z(X) and use proposition 6.7 to see that there is A € C'(K) such that
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S(f,9) = (Ag,—=Af) for every (f,g) € X. Now, take a function f; € Sc(x) such
that fi(t1)A\(t1) <0, [fi(t1)] =1, fi(t2) =1, and consider the pair (f1,0) € Sx.
Then

1T+ 51> = |(IT + S](f1,0))(t1)|1?
= fi(t1)? + (V2£i(t2) — A(t1) f1(t1))?
=1+ (V2= \t)fi(t1))? = 3.

Since S is arbitrary in Z(X), [|T + Z(X)|| = v/3. This completes the proof. O

7. Absolute sums of Banach spaces

In this section, we provide all the results about absolute sums of Banach spaces
which we will need later on. We obtain estimates of the numerical index and the
second numerical index of absolute sums of Banach spaces.

Let us first introduce the needed notation. Let A be a nonempty set and let
E be a linear subspace of R*. An absolute norm on E is a complete norm || - || g
satisfying

(a) Given a,b € R" with |a(\)| = |b()\)| for every A € A, if a € F, then b € E with
lallz = [Ib] =-

(b) For every A€ A, ey € E with |les||z =1, where ey is the characteristic
function of the singleton {\}.

In such a case, we will say that E has an absolute structure. The following results
can be deduced from the definition above:

(c) Given a,b € R* with [a(\)| < |b(\)| for every A € A, if b € E, then a € E with
lalle < [1blle-

(d) 64(A) C E C £y (A) with contractive inclusions.

For a € E, we will write |a| € E to denote the element given by |a|(A) = |a(A)] for
every \ € A.

Observe that F is a Banach lattice in the pointwise order (actually, E can be
viewed as a Kothe space on the measure space (A, P(A),v) where v is the counting
measure on A, which is non-necessarily o-finite). Thus, we say that a € F is positive
if a(\) > 0 for every A € A. An operator U € L(E) is positive if U(a) is positive for
every positive a € E. In such a case, it is clear that

Ul = sup{||U(a)|| : a € E, a positive}.

Besides, one has that |U(a)| < U(|a|) for every a € E.
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The Kéthe dual E' of E is the linear subspace of R defined by

El:{b”@ bl = sup 37 b3 la(x |<°O}

Br xca

The norm || - ||z on E’ is an absolute norm. Every element b € E’ defines naturally
a continuous linear functional on E by the formula

(b,a) = > b(Na()) (a € E),

AEA

so we have £/ C E* and this inclusion is isometric.

Given an arbitrary family {Xy : A € A} of Banach spaces, for x € [] ., Xx, we
will use the notation x = (2(\))xea. For a linear subspace E of R* with absolute
norm, the E-sum of the family {X, : A € A} is the space

lEBXAL - {x € [T X & (le)ren € E}

AEA AEA

endowed with the complete norm ||| = ||(||[x(A)]])rxeallz. We will use the name
absolute sum when the space FE is clear from the context. Natural examples of
absolute sums are cp-sums and £,-sums for 1 < p < oo, that is, given a nonempty
set A, we consider E = ¢o(A) or E = {,(A). More examples are the absolute sums
produced using a Banach space E with a one-unconditional basis, finite (i.e. E is
R™ endowed with an absolute norm) or infinite (i.e. F is a Banach space with a
one-unconditional basis viewed as a linear subspace of RY via the basis).

Let A be a non-empty set and let £ C R® be a Banach space with the absolute
norm. Let {X) : A € A} be an arbitrary family of Banach spaces and write X =
[®A€A X)\]E. For every k € A, we consider the natural inclusion I, : X,, — X
given by I.(x) = x x{,) for every x € X,. which is an isometric embedding, and
the image I;(z) is denoted by x ® e(x). The natural projection P, : X — X,; is
given by P, (z) = z(k) for every x € X, which is contractive. Clearly, P, I, = Idx,.
We write

“low

and we observe that every element z* = (2*(\))aea € X’ naturally corresponds to
a continuous linear functional on X defined by

T — Z(m*(/\),x()\)> (z € X),

AEA

so we have X’ C X* and this inclusion is isometric as we see in the following.

PROPOSITION 7.1. Let Z be the space consisting of all elements (x*(\))xea in
[Tsen X5 such that Y\ cp [(2*(N), 2(N))| converges for all (x(A))aea in X. Then
the following hold:
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(a) Z is a Banach space equipped with the norm

D (@ (), 2 (V)

AEA

I (A)reall = sup {

D (2(A))ren € BX} .

(b) Z is isometric to X'.

(¢) Z isisometrically embedded in X*: each (x*(\))rea € Z defines a continuous
linear functional on X by

(@W)rea — Y (@A), z(N)  ((#(N)rea € X).
AEA
Moreover, if E' = E*, then X' = X*.

Proof. Given an element (x*(\))aea in Z, consider the operator T : X — {1 (A)
defined by

T((x(M)rea) = (" (A, z(M))aea  (((A))aea € X).
Using the closed graph theorem, it is easy to see that 7' is bounded and the linear

functional
P((zN)aen) = D ("N, (V) ((#(N)aea € X)
AEA
is bounded on X. Hence it is clear that (c) holds and || - || is a well-defined norm on

Z. We will show that (b) holds and this implies, in particular, that Z is a Banach
space, which completes the proof of (a). Indeed, (b) is shown by the following direct
computation:

I " (M) reall

zsup{

= sup {Z ({2 (A), 2] = (2(A)ren € Bx}

AEA

3 e (), a:()\)>| : (z(\)rea € Bx, e(\) = £1VA € A}

AEA

sup{z (2" (N, [zl = (lz(M)]Drea € Be, a(A) € Sx, VA EA}

AEA

sup {Z [z [[(z"(A); a(A)] = ([£(M)rea € Be, a(A) € Sx, VA € A}

AEA

= sup {Z eIz Hlz(M)Drea € BE}

AEA
I(lz"(MDaealler = 1" (A)reallx-

To prove the ‘moreover’ part, note that £/ = E* if and only if F is order continuous.
We first show that every element of X is approximated by the finite sum of elements
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x(A) @ e(A)’s. Let (2(A\))rea be an element of X. Then, (||2()\)]|)rea is an element

of F and so
0= hm Z lz(N)] @ e(X) = ([[z(A)]]) aea
ANEF
= I}%r]l__ éxO\) ® e(A) = ((N))rea

where F is the family of finite subsets of A ordered by inclusion. This means that
the family S of subsets of X defined by

S = {Zm(A)@e(A):FE]—',A,x(A) € X, VAGF},
AEF

is dense in X. Now, we claim that if ¢ € X*, then there is (2*(A\))aea in X’ such
that

Indeed, for each A in A, define [x*(\)](z(N)) = ¢(z(A) ® e(X)) for all () € X and
observe that z*(\) € X5. For every (x(\))aea in X and for every finite subset F' of
A, we have

D),z = @

AEF

3 eMa(h) ©e(A)

AEF

< el

(Z e(Nz(\) ® e()\)>

AEF

< etz Daeall e,

where €(A)’s are suitable scalars of modulus one. So ), o, [(z*(\), z(A))] < oo for
all (z(X))rea in X and so (2*(N))aen is an element of X'. Since the linear functional
defined by (2*(\))aeca is then equal to ¢ on the dense subset S, they are equal on
the whole space X, proving the claim. Therefore, X’ = X*, and this completes the
proof. O

We say that an operator S € £(X) is diagonal if P\SI, =0 whenever \ # p.
Equivalently, there is a family Sy € £(X)) for each A € A such that S(z) =
(Sx(z(A\)))rea for every x € X. Observe that if S € Z(X) is diagonal, then every
element Sy, = P,SI, in the diagonal belongs to Z(X,) since, otherwise, the
numerical radius of .S is not zero.

The following result follows from lemma 1.13.

REMARK 7.2. Let E C R* be a Banach space having an absolute norm such that
FE’ is norming. Let {X, : A € A} be an arbitrary family of Banach spaces and
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X = [@yen X)‘]E' Then, for every T € L(X)

v(T') = inf sup {

6>0

PIRCAON [T(x)](/\)>| oz € Sx, " € Sxi,
AEA

> @ (), z(V) > 1 - 5} :

AEA

If T € L(F) is positive, then

o(T) = §I>1f(; sup {%\b(z\)[T(a)}()\) : a€Sg,be Sk, a, bpositive,

> b(Na(A) > 1 - 5} .

AEA

The next result tells us that the second numerical index of an absolute sum of
Banach spaces is bounded above by the infimum of the numerical indices of the
addends, provided that E’ is norming and that all skew-hermitian operators are
diagonal. It is the natural analogue of [25, theorem 2.1] for the second numerical
index.

PROPOSITION 7.3. Let A be a non-empty set and let E C R® be a Banach space with
absolute norm such that E" is norming. Let {X : A € A} be an arbitrary family of
Banach spaces and X = [@/\EA XA]E. Suppose that every S € Z(X) is diagonal.
Then,

n' (X) < inf{n/(X)) : A€ A}

Proof. For a fixed x € A, we will show that n'(X) < n’(X,). To this end, given
U e L(X,), we define T' € L(X) by T = I, UP,. In the proof of [25, theorem 2.1]
it is shown that v(T') < v(U) using a stronger hypothesis on E’ to be able to apply
lemma 1.12. Using the same proof, replacing lemma 1.12 by lemma 1.13 (actually
its consequence remark 7.2), one also obtains v(T) < v(U) under our hypotheses.

All that remains to be proved is | T + Z(X)| > |[U + Z(X,)|]. To do so, fixed
S € Z(X), observe that by hypothesis, we have that P,,SI, = S, and S, € Z(X,).
Moreover, since P,T1,, = U, we can write

U+ Z(X )| < NU + Sell = [ Pa(T + S) L[| < [T+ S|
which gives U 4+ Z(X,.)|| < ||T + Z(X)]| just taking infimum on S € Z(X). O
The following result gives an inequality between the numerical index of an E-sum

of Banach spaces and the normalized numerical radius of positive operators on the
space E, provided that E’ contains sufficiently many functionals.
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PROPOSITION 7.4. Let A be a non-empty set and let E C R® be a Banach space with
absolute norm such that E' is norming. Let {X : A € A} be an arbitrary family of
Banach spaces and X = [@/\EA X)\] g+ Then, for every positive operator U € L(E),

v(U)
") <oy

Proof. For each A € A, we fix (yx,y3) € II(X) and for each x € X, we consider
the element a, € E defined by a,(\) = yi(x(\)) for A € A. Now, fixed a positive
operator U € L(E), we define T € L(X) by

[T(2)](A) = [U(az)](Mya  (z € X, A€ A).
We start checking that ||T|| = |U]|. Indeed, fixed z € Sx, we can write

1T (@) = ([N (@)]Nyal)aeall g = 11U @)]N)Dreallp = U (@)
< ||U|\||a$|| < Uzl = U]

which gives ||T|| < |U]|. To prove the reversed inequality, fixed a € Sg positive,
we define © € Sx by z(\) = a(N)y, for every A € A, and we observe that a, = a.
Therefore, using that U is positive, we have that

1T = 1T(@) ]l = [V (a)](MyalDaealle = 1T (@) (M) Drealle

= lU@)[l = 1U(a)]l
which gives IT|| > [|U]] by taking supremum on a. Now we turn to prove that
v(T) (U). By remark 7.2, fixed € > 0, there is 6 > 0 such that
sup{ a)l(X) : a € Sg, be Sg, a, b positive, Z b(ANa(A) >1— 5}
AEA AEA

<v(U)

Fixed z € Sx and x* € Sx/ satisfying D, (z*(A), z(A)) > 1 — 0 we consider a =
(lzM)|])rea € Sg and b = (||z*(N)||)rea € Sgr which satisfy b(a) > 1 —J. Since
la;| < a and U is positive, we obtain

U(az)| < Ullaz|) < U(a).

So we can estimate as follows

o (Ta)| = | D [U(an)] (N (M), ya) | < DU @) (V) ya)]

A€A A€A
<D el <l NIU (Jaz )N
AEA AEA
<D WU @) = (b, Ua)) < o(U) +e.
AEA
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Therefore, using remark 7.2, we can write

v(T)

< sup{ > @M, [T@)IN)| : @€ Sx, 2" € Sxr, Y (27 (A),z(N) > 1 - 5}
AEA AEA

<o) +e¢

and the arbitrariness of € gives v(T') < v(U). Finally, we observe that
v(U) = o(T) 2 n(X)|T] = n(X)|U]],
which finishes the proof. O

The next result gives an analogue of proposition 7.4 for the second numerical
index provided that we restrict a bit more the class of operators considered on FE.

PROPOSITION 7.5. Let A be a non-empty set and let E C R® be a Banach space
with absolute norm so that E' is norming. Let {X, : X € A} be an arbitrary family
of Banach spaces and X = [@AGA X)\} - Suppose that every S € Z(X) is diagonal.
Let U € L(E) be a positive operator and suppose that there is a sequence {a,} in F
such that lim ||Uay, || = ||U|| and supp(Uay,) Nsupp(ay,) =0 for every n € N. Then,

v(U)
1ol

n'(X) <

Proof. For each X € A, we fix (yx,y%) € II(X,) and for each z € X, we consider the
element a, € E defined by a,(\) = y3(z()\)) for A € A. We define T' € £(X) by
)

T(@)](A) = [Ulaz)](Myx  (z€ X, A€ A).

Tt is shown in proposition 7.4 that v(T') < v(U) so it is enough to prove that |7+
Z(X)|| =2 ||U||. Fixed S € Z(X), for every A € A there is Sy € Z(X)) such that
S(z) = (Sx(z(N)))aea for every z € X. For each n € N, we consider z,, € X given
by x,(A) = an(N)yy for A € A which satisfies a,, = a,. Now we can write

1T+ S| = T+ S)(@n)ll = [([U(az,))(Nyn)aea + (Sx(@n(A))rell
(U (az,)](Mya)ren + (an(X)Sx(ya))real
2 (U (az,)JNya)reall = [U(az, )l g = U (an)ll &

where we used in the last inequality that supp(Ua,) Nsupp(a,) =

() and so
supp([U (az,,)](A)ya)rea [ ] 5upp(an(A)Sx(ya))aea = 0

Taking limit in the above inequality, we obtain || T+ S| > ||U|| and taking infimum
on S € Z(X), we get [T+ Z(X)|| > ||U] as desired. O

Observe that when E has dimension two, the above result only applies to the
multiples of the two shift operators. However, this is enough to obtain an obstructive
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result about the absolute norm in E when n’(X) = 1. We gather the remaining work
needed to achieve that result in the following lemma which may have independent
interest.

LEMMA 7.6. Let E = (R?,|-|) where |-| is an absolute norm, let {e1,ea} be the
standard unit basis in E, let (e}, e3) be its dual basis, and let Uy = el ®@ ey and
Uy =ef ®ea be the shift operators. Suppose that there is 0 < k <1 such that
min{v(Uy),v(Usz)} = k. Then,

max{|e; + ea|,|e] + €3} >1— V1 —k2+E.
Consequently, if k = 1 it follows that either |- | = |- |1 or || =" llco-

Proof. Since v(Uy) > k and Uj is a positive operator, there are a, b, «, 5 € [0, 1] such
that the elements 1 = ae; + bes € Sg and x] = ae} + fel € Sg- satisfy z7(z1) =
1 and

k< ai(Uixy) = 25 (e1)es(z1) = ab

so we obtain o > k and b > k. An analogous argument for U, gives us the existence
of e, d, A\, p € [0, 1] such that xo = ce; + dey € Sg and x5 = \ej + pej € Sp- satisty
x3(z2) =1 and

k < x3(Usxa) = a5(e2)ef (x2) = pe
so we also obtain u > k and ¢ > k. Now observe that

1> 2} (xs) = ac+ Bd > k* + Bd

which implies 3d < 1 — k2. Therefore, we get that min{3,d} <1 — k2. If d <
V1 — k2 then

1=ab(zs) = A+ pd < A+d < A+V1— k2
and we get that A > 1 — V1— k2. Therefore, we can write
1= V1— k2 4k <A+ p=ab(er +e2) < |k]ler + ea] = |er + €3
which finishes the proof in this case. Analogously, if 8 < v/1 — k2 then
l=zi(z1)=aa+pfb<a+B<at+V1—k?
and we obtain @ > 1 — V1 — k2. Hence,
L= V1= +k<a+b= e +e3l(ar) < lef + ejllor] = |ef + 3|
and the proof is complete. O

COROLLARY 7.7. Let X be a Banach space and 'Y, W non-trivial closed subspaces
of X such that X =Y @, W, where &, is an absolute sum. If n’(X) =1, then
Do = Do 07 g = D1 07 Dy = D2.
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Proof. Let Uy and Uy be the two normalized shift operators on E = (R?, |- |,) as in
lemma 7.6. If ®, # @2, lemma 1.10 tells us that every element in Z(X) is diagonal
and, therefore, proposition 7.5 can be applied. It gives that

v(Uy) U(Uz)}
U] (102 )

1=n"(X) < min{
Finally, lemma 7.6 finishes the proof. O

We finish the section showing that for three-dimensional spaces with numerical
index zero, the set of values of the second numerical index is not an interval, but
contains a non-trivial interval. To prove the former result we need the following
easy lemma.

LEMMA 7.8. Let E = (R2,| - |) where | -| is an absolute norm and let {eq, e} be the
standard unit basis in E. If |e; + ea] = & for 1 < £ < 2, then

laer + bea| < ||laer + bea|1 < (3 — &)|aey + bes| Va,b € R.

Proof. Observe that the first inequality always holds for absolute norms. To prove
the second one, using homogeneity and that | - | is an absolute norm, it is enough
to show that |jae; + bea||1 < 3 — & for ae; + bes € Bg with a,b € [0, 1]. So let aeq +
bes € B with a,b € [0,1] be fixed. We claim that

if a<b then b¢l—-1)<1—a and if b<a then a(§—1)<1-0.

Indeed, suppose first that a < b, call @ =1/(1+b —a) € [0, 1], and observe that

T g (01 T e2) = alaer +beo) + (1 — a)es € Bp.

This, together with the fact that |e; + ea| = &, tells us that b/(1 + b — a) < 1 and,
therefore, b(§ — 1) < 1 — a. The case b < a is proved analogously using this time
a=1/(1+a—0b) and the element a(ae; + bes) + (1 — a)es € Bg.

To finish the proof, suppose that a < b and use the claim to write

llaer +besli =a+b=a+b—-1)+b2—-¢) <a+l—a+2-E(=3-¢.
If b < a a similar argument gives the result. O
PROPOSITION 7.9. Let A= {X Banach space : dim(X) = 3, n(X) = 0}. Then,

a:=sup{n/(X): X €A X #£06} <1

Therefore, {n'(X) : X € A} is not an interval.
Proof. Suppose to the contrary that there is a sequence {X;} C A such that
limj_oo n/(X;) =1 and X; # £3 for each j € N. Since dim(X;) = 3 and n(X;) =0
for every j € N, we can use [24, corollary 2.5] for each j € N to get the existence of

an absolute norm | - |, on R? such that X; = (3 &,, R. Moreover, since X; # (3, we
have that ©,; # ©2 so we can apply lemma 1.10 to get that every element in Z(Xj)
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is diagonal. Thus proposition 7.5 can be applied. It gives, taking into account that
Uy and Us in lemma 7.6 have norm one for every |- |4, that

n'(X;) < min{v(Uy),v(Us2)}.

Now we can use lemma 7.6 for each j € N to get

max{ler + eala;, [€] + €3la,} = 1 — /1= (n(X;))* +n/(X;)

and, therefore,
lim max{le; + ezla,, €] + €5]a, } = 2.
Jj—00

Passing to a convenient subsequence we may and do assume that either
limj .o |e1 + ealq; = 2 or lim; . [e] + e5]q; = 2. This, together with lemma 7.8,
tells us that either {(R?,]-|q,)} or {(R?,]-]a,)*} converges to /7 in the Banach-
Mazur distance. So {X;} converges to £3 &1 R or to /3 @ R in the Banach-Mazur
distance. Now observe that, since @©,; # @2, all the spaces X]‘s and the spaces
02 @1 R and (2 ©., R share the same Lie algebra:

0 X O
A 0 0] : AeR
0 0 0

Hence, we can use proposition 4.5 and example 4.6 to get that

3
lim n'(X;) =n/(£3 &1 R) < g or lim n/(X;) =n'(f3 B R) <

Jj—oo Jj—o

[ %

which gives the desired contradiction.

Finally, as n/(£3) = 1 (use theorem 2.3) and 1/2 < n/(R @1 £3) < v/3/2 (use exam-
ple 4.6 and proposition 4.7), it follows from the above that the set {n'(X) : X € A}
is not an interval. ]

Let us comment that we do not know the exact value of « in proposition 7.9 or
even whether a > 1/2 or not.

Next, we show that the set of values of the second numerical index for three-
dimensional spaces with numerical index zero contains a non-trivial interval.

EXAMPLE 7.10. [1/e,1/2] C {n/(X) : X Banach space,dim(X) = 3, n(X) = 0}.

Proof. Let |- |o be the absolute norm on R? defined in [7, example 2.2] and let @
denote the absolute sum associated to it. It is shown in the mentioned result that
the shift operator S on (R?, |- o) satisfies ||S|| = 1 and v(S) = 1/ e. Therefore, the
space Xo = (3 @ R satisfies n(X) = 0 and n/(Xy) < 1/ e by proposition 7.5. Now,
for each a € (0, 1], we consider the absolute norm on R? given by

lla=0=a)|-Jo+al- e

and we denote by @, the associated absolute sum. Define X, = 63 ®q R for every
a € (0,1] and let || - ||o denote the norm in the space X,. Observe that for every
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0 <s<1/e one has |(s,1)]p = 1. Therefore, the equality |(s,1)], =1 also holds
for every a € (0,1] and 0 < s < 1/e. So, the unit ball of (R?,|-|,) contains line
segments and thus @, # @2 for every a € [0,1]. Hence, we can apply lemma 1.10
to get that every element in Z(X,) is diagonal and so all the spaces X,, share the
same Lie algebra:

0 X 0

A 0 0] : AeR

0 0 0

Finally, proposition 4.5 tells us that the mapping p — n/(R3,p) from &'(R?) to
R is continuous. So, using the fact that the set {| |l : « €[0,1]} C &'(R3) is

connected, n'(Xo) < 1/e, and taking into account that the space X; = /3 ®o R
satisfies n’(X1) > 1/2 by proposition 4.7, we deduce that

[1/e,1/2] c{n'(R3, |- |la) : a€[0,1]} € {n/(X) : X Banach space,
dim(X) = 3, n(X) = 0}

as desired. 0O

8. Spaces with one-unconditional basis and second numerical index one

We devote this section to characterize Banach spaces with one-unconditional basis
and second numerical index one. We start recalling the concept of (long) one-
unconditional basis. Let I" be a non-empty set and let ¥ be a Banach space. We say
that {e,}ycr is a (long) one-unconditional basis for E if the following conditions
hold:

e For every = € E there is a unique family of real numbers {a.}er such that
T =) a,e, in the sense that for every € > 0 there is a finite set F' C I" such
that

T — E aveq|| S €

YEF'

holds for every finite subset F’ of I" with F' C F”. Observe that, for fixed z € E,
only countably many coordinates a. are non-zero.

e Whenever = )" a,e, € E and {b,} is a family of scalars satisfying |b,| < |a,|
for every v € T it follows that y = > bye, € E and ||y|| < ||z||.

o |ley|| =1 for every y € T.

Remark that when I is finite or countable this notion leads to the usual concept of
one-unconditional Schauder basis.

Observe that if F has a one-unconditional basis, it can be seen (via the basis)
as a subspace of Rl with absolute norm satisfying E' = E* (see [25, p. 209]).
Therefore, if {X, : v € '} is a family of Banach spaces it makes sense to consider
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the E-absolute sum of the family X = {@ver XW} . which satisfies X’ = X* (see
proposition 7.1).

THEOREM 8.1. Let X be a Banach space with one-unconditional basis. Suppose that
Z(X) # {0} and n'(X) = 1. Then, X is a Hilbert space.

Prior to giving the proof of this theorem, we state some consequences.

COROLLARY 8.2. Let X be a Banach space with one-unconditional basis. If n'(X) =
1 then either n(X) =1 or X is a Hilbert space.

Proof. If n(X) <1 =n/(X), then Z(X) # {0}. Therefore, we can use theorem 8.1
to get that X is a Hilbert space. (|

COROLLARY 8.3. Let X be a real finite-dimensional space with one-unconditional
basis. If n'(X) =1 then either n(X) =1 or X is a Hilbert space.

COROLLARY 8.4. Let X be an infinite-dimensional real Banach space with one-
unconditional basis and such that n’(X) = 1. Then, either X* 2 {1 or X is a Hilbert
space.

Proof. Suppose X* 2 (. By proposition 1.4, we have that n(X) <1, so
corollary 8.2 tells us that X is a Hilbert space. O

For the proof of Theorem 8.1, we need a number of auxiliary results. The first
one, which gathers a series of results appearing in [29], allows us to write a Banach
space with one-unconditional basis and non-trivial Lie algebra as the absolute sum
of suitable Hilbert spaces in such a way that the skew-hermitian operators are
diagonal. In order to present the result (we include the deduction of its proof as
a consequence of the results in [29] for commodity of the reader), we need some
notation that we also borrow from [29].

A subspace H of a Banach space X is said to be orthogonally-complemented in
X if there is a subspace Y of X such that X = H @Y and for every h € H,y €Y,
|k + y|l = ||k — y||. In such a case, the space Y is unique, it is called the orthogonal
complement of H, and denoted by Y = O(H). The subspace H is said to be well-
embedded if there is a subspace Y of X such that X = H &Y and for all h € H,
y €Y, and every onto isometry U € L(H), ||h+y| = [[Uh + y||. If, moreover, H is
euclidean, H is called a well-embedded Hilbert subspace. H is said to be a Hilbert
component of X if it is a maximal non-zero well-embedded Hilbert subspace. Hilbert
components exist as soon as there is a well-embedded Hilbert subspace (see [29,
theorem 1.12]). The Functional Hilbertian part of X, denoted by FH(X), is the
closed linear span of the union of all Hilbert components of X with dim > 2 and
the orthogonal part is Or(X) = {« : [z] is a Hilbert component of X} U {0} where
[z] denotes the (closed) linear span of x. X is said to be pure if it has no rank-two
operators in Z(X).

LEMMA 8.5. Let ' be a non-empty set and let X be a Banach space with a one-
unconditional basis indexed on the set I'. Suppose that Z(X) # {0}. Then, there
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are a non-empty set A, a subset T, C T, Hilbert spaces {H,, : o € AUT .}, and
a pure space V. with a one-unconditional basis indexed on the set AUT o, so that

ol@n]

aceAUl o,
Moreover, the following hold:
(1) dim(Hy) > 2 for every o € A.

(2) Every S € Z(X) is diagonal, that is, for every a € AUT o, there is S, €
Z(H,) such that

[S()](@) = Sa(z(e))  (z € X).
Besides, one has S, = 0 for every a € T,

Proof. Since Z(X) # {0} and X has a one-unconditional basis, we can use
theorem 3.10 in [29] to obtain that X is not pure. So there is a rank-two operator
in Z(X). The image of such an operator is a well-embedded Hilbert subspace of X
(see the first lines of page 435 of [29]) and so the Functional Hilbertian part of X is
non-trivial. Since X has a normalized one-unconditional basis, FH(X) is orthogo-
nally complemented in X (see remarks (1) right after theorem 3.1 in [29]). We use
now [29, theorem 3.6] to get the existence of a non-empty set A, a subset I',. C T,
Hilbert spaces {H, : o € AUT o, }, and a pure space V with a one-unconditional
basis indexed on the set A U o, so that the following hold:

e For every o € A, H,, is a Hilbert component of X with dimension greater than
or equal to two.

.X[ EB H,

aceAUT o,

\%

Moreover, corollary 3.11 (see also theorem 3.8) in [29] tells us that every S € Z(X)
is diagonal and S, = P,S1, = 0 for every a € T, O

LEMMA 8.6. Let E C R™ be a Banach space with absolute norm so that E' is norm-
ing. Suppose that there is pn € A such that || - ||k, ,, = || - ll2 for every A € A\ {u}.
If v € A\ {p}, then the positive operator U € L(E) given by U = e, @ e, satisfies

lUIl=1 and ov(U)<1.

Proof. Tt is obvious that ||U]| = 1. Assume that v(U) =1 and use remark 7.2 to
ensure the existence of two sequences of positive elements {a,},cy in Sgp and
{bn}nen in Sgs such that lim, oo (by,a,) =1 and lim, (b, Ua,) = 1. Since
the family >y ) @n(N)bn(A) = (bn,ay) is summable for every n, there is a count-
able subset A; of A such that a,(\)b,(A) =0 for every A € A\ Ay and every
n € N. We will assume that p =1, v =2 and A; U {u,v} = N. Since {a,} and
{b,} are coordinate-wise bounded, we may assume that lim, .. a,(k) = a(k)
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and lim,, o by (k) = b(k) for each k € N by considering proper subsequences.
Since lim;, 00 (bn, Uay,) = 1, we have lim,,_, o a,(1)b,(2) = 1. That is, a(1) = 1 and
b(2) = 1. Notice that for k£ in N\ {1}, we have

a(1)? +a(k)? = lim (a,(1)® + a,(k)?) < lim ||a,|? = 1.
Similarly, we have

b(1)* +b(2)* = Lim (bp(1)* 4 bn(2)*) = lim byl ,, [* < Lm [[b,|* = 1.
n—od n—0o0 n—oo
This shows that a(k) = 0 for all £ # 1 and b(1) = 0. Hence lim,_,o a,(k)by (k) =0
for all £ € N. So we can extract further subsequences and assume that the sequence
{an(k)bn(k)}nen is monotone decreasing and convergent to 0 for each k > 1.
Finally, notice that

1= lim (by,a,) = lim > an(k)by(k) =0
where the last equality holds by the Lebesgue dominated convergence theorem.
This is a contradiction and the proof is complete. O

Proof of Theorem 8.1. By lemma 8.5 there are a non-empty set A, a subset I'p, C
I', Hilbert spaces {H, : o € AUT o, } such that dim(H,) > 2 for every o € A, and
a pure space V with a one-unconditional basis indexed on the set A UT'o, so that

el@n]

aceAUT o,

Moreover, every S € Z(X) is diagonal and X* = [D,caur,,, Halv+-

Our goal is to show that A UT o, is a singleton. Since A is non-void, we may
and do fix g € A. Suppose for contradiction that there is v € A U T o, with v # pu.
We write V{, .y for the linear span of {e,,e,} and we consider the constants of
equivalence

M= max Va2 + b2 and K= max |ce,+de,llv,
aequbeVEBv{H ) c2+d2<1 [

which obviously satisfy M > 1 and K > 1.

Claim: M < 1 and K < 1. Therefore, we have that || - |lv,, ,, = I - l|2-

Once the Claim is established the result follows easily. Indeed, observe that the
coordinate v is arbitrary so the claim also applies to every a € A U T, such that
«a # . Therefore, we can apply lemma 8.6 for V' to get that the positive operator
U = e}, ®e, satisfies v(U)/[|U| < 1. Now proposition 7.5 tells us that n'(X) <
v(U)/||U|| < 1 which is a contradiction. So AUTo, = {u} and X = H,, is a Hilbert
space.

Proof of the Claim: Since dim(H,,) > 2 and H, is non-trivial we can fix orthogonal
elements uy,us € Sy, and uz € Sy,
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Step 1: M < 1. Consider the operator T; € L(X) given by

Ti(x) = %h((ul | z(w))ur + (uz | 2(v))u2) (2 € X),

and observe that, for z € Sx, we have

1T ()] = %\/(m | () + (us | 2 \/Ilw N+ llz(@)? <1

and, therefore, |71 + Z(X)| < ||T1]] < 1. Let us show now that |77 + Z(X)| >
1. Indeed, fixed S € Z(X), there is S, € Z(H,) for every « € AUT o, so that
[S(2)](a) = Sa(z(c)) for every x € X. Besides, we fix 6 € {—1,1} satisfying 6(us |
S, (u1)) = 0 and we observe that (u; | Su(u1)) = 0 since v(S,) = 0. Moreover, we
take ag, by € [0, 1] satisfying ape,, + boe, € By, ,, and M = \/af + bf which give

[ (aour) + L (Obous) || = ||ace, + boew vy, ,, < 1.
Thus, we can write

1Ty + 1| = 71 + S](Lu(aour) + L (6bous))|

H i M a0u1 + 9b0U2) +aol, (S ( 1)) + oboly(SV(Ug,))“

> HM(aou1 + Obouz) + ag Sy (u1)

1 1
= \/<M(a0u1 + 9[)0’&2) + aOSM(ul) | M(aoul + 9b0u2) + CLQSH(Ul))

a2 + b2 a2 + b2

=\ e talSuw)l?+ =~ ST

Taking infimum on S € Z(X) we get |71 + Z(X)| > 1 and so |11 + Z(X)| = 1.

Thus, using that n/(X) = 1, we obtain v(T1) = 1. Therefore, for each n € N there
are x, € Sx and z} € Sx- satisfying

=1

(xy,zn) =1 and hm [z, Th (zn))| = v(Th) = 1. (8.1)
This gives, in particular, that lim |73 (x,)|| = 1 and so lim |[(uy | 2, (p))ur + (ug |
Zn(V))uzl| = M. By passing to a convenient subsequence we may and do assume

that there are a,b € [—1,1] so that

lim (uy | zp(p)) =a and 7}1};0(”3 | (V) = b. (8.2)

n—o0

Now, we can write

> Vlza (W2 + [l ()]

> V(ur [ ()P +[(us | 2a(v))]?
= [[(wr | Zn(p))ur + (us | 20 (v))us| — M,
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which implies that

lim |z, ()] = la|, lim [Jz,(v)] =|b, and a?+b2=M

Observe that if a =0 or b =0, we obtain M < 1 so we may and do assume that
ab # 0. Using this and the fact that w; and w3 strongly expose themselves, we
deduce from (8.2) that

lim x,(u) =au; and  lim z,(v) = bus. (8.3)

n—0oo n—oo

For each n € N consider the element &, € X given by
auy if = p,
En(a) = < bus if a=v,
wala) ifad {uv).
It is clear that lim, . ||€5 — @n|| = 0 by (8.3), so using (8.1), we obtain
Tim [{z, 71 (€)= 1.

This, together with T7(§,,) = (1/M)I,(aus + bus), allows us to write

1
lim [(x) (u), M(aul + bu))| = 1.

n—oo
Therefore, using that (1/M)(au; + bug) € S, strongly exposes itself and passing
to a subsequence, we can find 6; € {—1,1} such that

nlingo () = %(aul + bug). (8.4)

Finally, for each n € N, we consider the element y, € X given by

0 :
Ml(aul + bug)|zn ()| if o = p,
Ty () if a # p,

which obviously satisfies ||y, | = ||#n|| = 1. Observe that

Yn(a) =

1- <l‘:;,$n> > <x:’yn> - <$Z,$n> = <x:wyn - xn>
= (@ (1), yn (1) — 2n (1) = (23 (1), yn (1)) — (27, (1), 2 (1))

Taking limit in this inequality and using (8.1), (8.3) and (8.4), we obtain

0> lim (27, (1) yn () = T a7, (1), 20 (1))

02 9 a® 9 a®
= 2 llows + bua|*la] - — = |a| - =
Therefore, it follows that
0ia®  a? |al
la| < < — < —
M M M

which forces M < 1 since a # 0.
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Step 2: K < 1. Consider the operator T € L(X) given by

Ty(x) = %((m | () D (ua) + (uz [ (@)1 (us)) (2 € X).

For z € Sx, we have that /[(u1 | 2(p))[2 + [(uz | z())]2 < ||lz(p)|| < 1, so using
the definition of K, we obtain

T2 ()] = %Hl(m | 2(w))len + [(uz | 2(p))levllv, .,
1

<o i, oo el =1
which gives ||T2 + Z(X)|| < ||T2|| < 1. We show now that ||T2 + Z(X)|| > 1: fixed
S e Z(X), there is S, € Z(H,) for every o€ AUTp, so that [S(z)](a)=
(Sa(z(e)) for every z € X. We take 65 € {—1,1} such that 02(uy | S,(uz2)) > 0 and

co,do € [0,1] satisfying \/c§ + dg = 1 and ||(co,do)|lv;,.,, = K. Then
||Cou1 + 92d0u2|| =1
and so we can write

T2 + S| = [|[T2 + S](Lu(cour + O2dous))||

co
K

0>d
IH(ul) + i{OI (U3) + 1 (SH(C()ul + agdo’u,g))H .

Observe that (uy | S, (u1)) = 0 since S, € Z(H,). So
Co 2
H?ul + CoSu(’lﬂ) + szosﬂ(UQ)H

H + oSy ) + O2do Sy (1) I + 2 (2 | coSulun) + 0o (u2)

92 Codo
K

_HHMH + oS, (1) + Bado S, (uz)||? + 2225000 (ul\Su(ug))EH?OulHZ

and, therefore,

|2 8utn) (S, + o)) | > | 32000

Using this we can continue the estimation above as follows:

0-d
HTz + S” Iu(ul) + %L,(US) + I#(SM(C()ul + 92d0U2))H

Oady

Co
> ||zl + T

1
1, (us) | = 6o do)lv, ., = 1.

Taking infimum on S € Z(X), we obtain || T2 + Z(X)|| > 1 and so [Tz + Z(X)|| =
1. Therefore, the fact that n/(X) =1 tells us that v(7%) = 1. Hence, we can find
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xn € Sx and x), € Sy~ satisfying

(), xn) =1 and lm [{a),To(zy))| = v(T) = 1. (8.5)

This gives, in particular, that lim, . || 72(x,)| = 1 and so
Jim [[(ur |2 (p))len + [(u2 [ zn(p)levllvy, ., = K-

By passing to a convenient subsequence, we may and do assume that there are
¢,d € [—1,1] so that

lim (uy | zp(p)) =c and  lm (ug | z,(p)) = d.

n—oo n—o0

Therefore, [|ce, + de,||v,, ,, = K. Besides, as

[(ur | @n () + (2 | 20 () < llzn(w)]* <1

we also have that vc2+d? <1. In fact one obtains vc?+d? =1 since
[cen +dey|lvy, ,, = K. Observe now that [z, (u)[| <1 and

lim (cup + dug | ,(p) = +d*> =1

n—0o0

so, taking into account that cu; + dug € Sg, strongly exposes itself, we get that
lim 2, (u) = cuy + dus.
n—oo
For each n € N consider the element w,, € X given by
cup + dus  if a = p,
wy () = .
ZTn(@) if a # p.
It is clear that lim,, . ||w, — 2| = 0. So, using (8.5), we obtain

lim [{z}, Ta(wy,))| = 1.

n— o0

This, together with T (w,,) = (1/K)(cl,(u1) + dI, (u3)), allows us to write

lef[{eh () w)| + 1d][{z7, (v), us)| - (8.6)

K fe(ay (1), ur) + d{a, (v), us)| <
< elllzn il + ldlflzr ()] < K.

By passing to a suitable subsequence, we can assume that there are a’,b" € [—1,1]

such that
lim (27 (p), w1) =a’ and  lim (2} (v),us) =0
Using (8.6), we deduce that lim, .o ||z} (p)| = |a'], lim, . |27 (v)] = |V/|, and

lel|la’| + |d||b/| = K. We observe that if |a’| =0 then K <1 and we are done,
so we assume that o’ # 0 from now on. Since wu; € Sy, strongly exposes
itself, a’ # 0, lim,— oo (z} (1), u1) = @/, and lim,, . |25 (1) || = |@’|, we obtain that
limy, oo 2 (1) = a'uy.

https://doi.org/10.1017/prm.2018.75 Published online by Cambridge University Press


https://doi.org/10.1017/prm.2018.75

On a second numerical index for Banach spaces 1049
Finally, for each n € N, we consider the element z, € X given by
oy Tpallea ol o=
Zn() if a# p
which clearly satisfies ||z, || = ||zn]|. Observe that
1=y, xn) = (), 2n) — (x), x0n) = (T}, 20 — Tn)

= (@ (1), 2n (1) = 2n(p)) = (25 (1), 20 (1)) = (25 (1), 2n (1))

Taking limit in this inequality, using (8.5), and recalling that lim,, . ||z, (¢)| = 1,
lim,, oo 2 (@) = a’uy, and lim, o 2, (1) = cuy + dusy, we can write

0> lim (o (1), 20 (1)) = Jim (o (1), (10)

a/
= <a’u1 | a’ul) — (a'uy | cuy + dusy)
=|d'| —d'c.

Therefore, it follows that |a’| < a’c. This obviously implies |¢| = 1 which, together
with vc2 4+ d? =1, gives d = 0 and hence K = 1. So the claim is established. [

9. Some open problems

We would like to finish the paper presenting some open problems in the subject.
First, we do not know which are the possible values of the second numerical index
when restricted to Banach spaces with numerical index zero.

PROBLEM 9.1. Which is the set of values of n’(X) for Banach spaces X with n(X) =
07

Next, we do not know whether the inequalities for the second numerical index
that we get for absolute sums can be extended to fo-sums (that is, whether the fact
that skew-hermitian operators are diagonal is essential in the proofs). In particular,
the following is unknown.

PROBLEM 9.2. Let Y, W be Banach spaces. Is n/(Y &y W) < min{n/(Y),n (W)}?

It is also unknown whether the results about vector-valued function spaces (§6)
can be extended to other spaces such as L, (u, X) or, even more, to general Kéthe
Bochner spaces.

PROBLEM 9.3. Let X be a Banach space and let E be a Kothe space. Does the
inequality n/(E(X)) < n/(X) hold? In particular, if u is a positive measure and
1 < p < oo, is it true that n'(L,(p, X)) < n/(X)?

The relation between the second numerical index and the duality has not been
completely determined. In particular,
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PRrROBLEM 9.4. Is n/(X*) < n/(X) for every Banach space X7

We do not know whether the results of §8 can be extended to general Banach
spaces.

PrROBLEM 9.5. Are Hilbert spaces the unique Banach spaces with numerical index
zero and second numerical index one?

Let X be a complex Banach space and write Xy to denote the underlying real
space (i.e. X viewed as a real space). Then, n(Xg) = 0 and, moreover, Z(Xg) is
not empty as it contains the multiplication by the complex unit.

PROBLEM 9.6. Given a complex Banach space X, compute or at least estimate the
value of n/(Xg).

The following particular case could be the first step.

PROBLEM 9.7. Let &, be an absolute sum and consider X = C ¢, C. What is the
value of n/(Xg)?

For instance, if &, = @9, then n/(Xg) = 1, while if &, = G or §, = &1, then
1/2 < n'(Xg) < V/3/2 (see corollary 4.8).

Finite-dimensional real spaces with numerical index zero were characterized in
[24], where a structure result is given. By proposition 2.1, the second numerical
index of all of them is positive. It would be interesting to get results in this line.

PrROBLEM 9.8. Study the second numerical index of finite-dimensional real spaces
with numerical index zero.
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