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ABSTRACT. We introduce two Bishop-Phelps-Bollobds moduli of a Banach space which measure, for a
given Banach space, what is the best possible Bishop-Phelps-Bollobds theorem in this space. We show
that there is a common upper bound for these moduli for all Banach spaces and we present an example
showing that this bound is sharp. We prove the continuity of these moduli and an inequality with
respect to duality. We calculate the two moduli for Hilbert spaces and also present many examples for
which the moduli have the maximum possible value (among them, there are C'(K) spaces and L1 (u)
spaces). Finally, we show that if a Banach space has the maximum possible value of any of the moduli,

then it contains almost isometric copies of the real space Eg) and present an example showing that this
condition is not sufficient.

1. INTRODUCTION

The classical Bishop-Phelps theorem of 1961 [4] states that the set of norm attaining functionals on a
Banach space is norm dense in the dual space. A few years later, B. Bollobds [5] gave a sharper version of
this theorem allowing to approximate at the same time a functional and a vector in which it almost attains
the norm (see the result below). The main aim of this paper is to study the best possible approximation
of this kind that one may have in each Banach space, measuring it by using two moduli which we define.

We first present the original result by Bollobas which nowadays is known as the Bishop-Phelps-Bollobds
theorem. We need to fix some notation. Given a (real or complex) Banach space X, we write Bx and Sx
to denote the closed unit ball and the unit sphere of the space, and X* denotes the (topological) dual of
X. We will also use the notation

I(Xx) := {(x,x*) EX X X" |z]| = ||lz¥]| = 2" (z) = 1}.

Theorem 1.1 (Bishop-Phelps-Bollobés theorem [5]).
Let X be a Banach space. Suppose x € Sx and z* € Sx« satisfy |1 —z*(z)| < €2/2 for some 0 < e < 1/2.
Then there exists (y,y*) € I(X) such that ||z —y|| < e +¢&% and ||z* — y*|| < e.

The idea is that given (z,2*) € Sx x Sx« such that z*(z) ~ 1, there exist y € Sx close to z and
y* € Sx~ close to z* for which y*(y) = 1. This result has many applications, especially for the theory of
numerical ranges, see [5, 6].

Our objective is to introduce two moduli which measure, for a given Banach space, what is the best
possible Bollobés theorem in this space, that is, how close can be y to x and y* to * in the result above
depending on how close is x*(z) to 1. In the first modulus, we allow the vector and the functional to
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have norm less than or equal to one, whereas in the second modulus we only consider norm-one vectors
and functionals.

Definitions 1.2 (Bishop-Phelps-Bollobds moduli).
Let X be a Banach space. The Bishop-Phelps-Bollobds modulus of X is the function ®x : (0,2) — R*
such that given ¢ € (0,2), ®x(J) is the infimum of those € > 0 satisfying that for every (x,2*) € Bx X Bx~
with Re z*(z) > 1 — 6, there is (y,y*) € I(X) with ||z — y|| < e and ||z* — y*|| < e.

The spherical Bishop-Phelps-Bollobds modulus of X is the function <I>§( : (0,2) — RT such that
given § € (0,2), ®3(J) is the infimum of those & > 0 satisfying that for every (x,2*) € Sx x Sx« with
Re z*(x) > 1 — 4, there is (y,y*) € II(X) with ||z — y|| < ¢ and [|z* — y*|| < e.

Evidently, ®3-(6) < ®x(J), so any estimation from above for ®x(d) is also valid for ®% () and,
viceversa, any estimation from below for ®3-(4) is also valid for ®x (J).

Recall that the dual of a complex Banach space X is isometric (taking real parts) to the dual of
the real subjacent space Xg. Also, II(X) does not change if we consider X as a real Banach space
(indeed, if (z,z*) € II(X) then z* € Sx~ and x € Sx satisfies z*(z) = 1 so, obviously, Re z*(z) = 1
and (z,Re z*) € II(XR)). Therefore, only the real structure of the space is playing a role in the above
definitions. Nevertheless, we prefer to develop the theory for real and complex spaces which, actually,
does not suppose much more effort. This is mainly because for classical sequence or function spaces, the
real space underlying the complex version of the space is not equal, in general, to the real version of the
space. Unless otherwise is stated, the (arbitrary or concrete) spaces we are dealing with will be real or
complex and the results work in both cases.

The following notations will help to the understanding and further use of Definitions 1.2. Let X be a
Banach space and fix 0 < 6 < 2. Write

Ax(6) == {(z,2*) € Bx x Bx~ : Re 2*(2) > 1— 6§},
A% (8) == {(z,2*) € Sx x Sx+ : Re z*(z) > 1—4}.
It is clear that

Dy () = sup inf max{ ||z — y|, |z* — v*||},
x@= sl gl yl)

3 (5) = sup inf max{||z — y||, lz* — y*||}.
X( ) (z,2*)€AS (5) (y,y*)EM(X) {” ” H ||}

We denote dy (A, B) the Hausdorff distance between A, B C X x X* associated to the {-distance disty,
in X x X*, that is,

distoo (2, 2%), (y,y")) = max{[|z — yl|, [|z* — y*[|}
for (z,z*), (y,y*) € X x X*, and

dy(A,B) = max{zlelg big)fg disteo(a, b) , Zgg ggg distoo(a,b)}

for A, B C X x X*. We clearly have that
Dy (8) =dp(Ax(6),1I(X)) and @3 (8) = dy (A% (5),II(X))
for every 0 < 6 < 2 (observe that II(X) C Ax(6) and II(X) C A3-(9) for every §).
The following result is immediate.
Remark 1.3. Let X be a Banach space. Given 91,062 € (0,2) with 01 < d2, one has
Ax(61) C Ax(52) and A%(61) C A% (62).
Therefore, the functions ®x(-) and ®%-(-) are increasing.

Routine computations and the fact that the Hausdorff distance does not change if we take closure in
one of the sets, provide the following observations.
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Remark 1.4. Let X be a Banach space. Then, for every 6 € (0,2), one has
®x(8) :=inf{e >0 : ¥(z,2") € Bx x Bx» with Re z*(z) > 1 -,

Ay, y*) € (X)) with diste, ((z, 2¥), ( y*)) <e}
=inf{e > 0 : ¥(z,2") € Bx x Bx- with Re 2*(z) > 1 -9,

Iy, y*) € I(X) with distes((z,2%), (y,y%)) < e}
=inf{e >0 : V(z,2") € Bx x Bx+ with Re z* (m)> -9,

Sy, y") € TI(X) with distoo((z, *>,< y) <)
=inf{e >0 : V(z,2%) € Bx x Bx- with Re 2*(z) > 1 -,

y,y") € I(X) with disteo ((2, *)7( y")) <e},

and

5 (6) :=inf{e > 0 : V(z,2%) € Sx x Sx- with Re z*(z) > 1 -,
)

Iy, y*) € I(X) with distes((z,2%), (y,y%)) < e}
=inf{e >0 : V(z,2") € Sx x Sx- with Re 2*(z) > 1 -,

Iy, y*) € I(X) with distes((z,2%), (y,y")) < €}
=inf{e >0 : V(z,2%) € Sx x Sx~ with Re z*(z) > 1 -4,

Iy, y*) € I(X) with diste((z,2%), (y,y")) < &}
=inf{e >0 : V(z,2%) € Sx x Sx~ with Re z*(z) > 1 -4,

Iy, y*) € I(X) with diste((z,2%), (y,y")) < e}

Observe that the smaller are the functions ®x(-) and ®3-(-), the better is the approximation on the
space. It can be deduced from the Bishop-Phelps-Bollobéds theorem that there is a common upper bound
for ®x(-) and <I>§(() for all Banach spaces X. In the next section we present the best possible upper
bound. We will show that

(1) B () < Bx(6) < V20 (0 < & <2, X Banach space).

This follows from a result by R. Phelps [13]. A version for ®%(d) for small §’s can be also deduced from
the Brgndsted-Rockafellar variational principle [14, Theorem 3.17], as claimed in [7]. The sharpness of

(1) can be verified by considering the real space X = 2.

In section 3, we prove that for every Banach space X, the moduli ®x (§) and ®%(§) are continuous in
5. We prove that ®x(5) < ®x~(5) and ®3 () < 5. (). Finally, we show that ®x (§) = v/29 if and only
if ®3(5) = v/20.

Examples of spaces for which the two moduli are computed are presented in section 4. Among other
results, the moduli of R and of every real or complex Hilbert space of (real)-dimension greater than one
are calculated, and there are presented a number of spaces for which the value of both moduli are v/25

(i.e. the maximal possible value) for small §’s: namely cp, ¢; and, more in general, L;(u), Co(L), unital
C*-algebras with non-trivial centralizer. . .

The main result of section 5 states that if a Banach space X satisfies ®x(dg) = v/20¢ (equivalently,

5 (80) = /2080) for some &y € (0,1/2), then X contains almost isometric copies of the real space Eg). We
provide, for every § € (0,1/2), an example of a three dimensional real space Z containing an isometric

copy of ¢ for which @ 7(6) < v/26. This is the content of section 6.

2. THE UPPER BOUND OF THE MODULI

Our first result is the promised best upper bound of the Bishop-Phelps-Bollobds moduli.
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Theorem 2.1. For every Banach space X and every § € (0,2), ®x(5) < V26 and so, @3 (5) < V26

We deduce the above result from [13, Corollary 2.2], which was stated for general bounded convex sets
on real Banach spaces. Particularizing the result to the case of the unit ball of a Banach space, using a
routine argument to change non-strict inequalities to strict inequalities, and taking into account that the
dual of a complex Banach space is isometric (taking real parts) to the dual of the real subjacent space,
we get the following result.

Proposition 2.2 (Particular case of [13, Corollary 2.2]). Let X be Banach space. Suppose that z* € Sx~,
z € Bx and n > 0 are given such that Re z*(z) > 1 —n. Then, for any k € (0,1) there exist §* € X*
and § € Sx such that

*

I3 =5@,  le=gll<7 =7l <k
Proof of Theorem 2.1. We have to show that given (x,2*) € Bx X Bx+ with Re z*(x) > 1 — 4, there
exists (y,y*) € II(X) such that ||z —y| < v/26 and ||lz* — y*|| < V2. We first prove the case of § € (0, 1).
In this case,

0<1—-0<|z"] <1,
lz*[| — 144

I >0, 2* = x*/||z*|| and z = z, one has

so, if we write n =

Re z*(2) > 1 —n.
Next, we consider k = 1/v/2§ and claim that 0 < k& < 1. Indeed, as the function

@) o) = 2

is strictly increasing, k = (||z*||) and 1 — 6 < ||z*| < 1, we have that

02(/)(1—5)<k§g0(1)=ﬁ<1,

V2

as desired. Therefore, we apply Proposition 2.2 with z* € Sx+, z € Bx, n > 0 and 0 < k < 1 to obtain
g* € X* and § € Sx satisfying

(t € RT)

o o e ol = 146
R e e R v
k (Bl [|*]|v/20

As k < 1, we get §* # 0 and we write y* = %, y = ¥, to get that (y,y*) € II(X). We already have
that || — y|| < v/20. On the other hand, we have

« b _ _ g
o =571 = o« = o | < o = vt |+ ot - o)
* ¥ ~% * ~x
<ol = |+ e -
* x* ~ %k * ~ 3k * *
<l | = )+ D = e+ 1=
m.*
* ~% ~x *
<lol |2 -+ =1l 1= e
* x* ~% *
<ol |- 0+ 1 o)
< 2 (ol 14 8) + 1~ fa”].
26
Now, as the function
2
V()= —=(t—-1+6)+1—-t  (t€]0,1])

2

(e %)
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is strictly increasing (for this we only need 0 < 6 < 2), we get y(||z*|) < v(1) = % = v24. Tt follows
that ||z* — y*|| < V26, as desired.

Let us now prove the case when § € [1,2). Here, it can be routinely verified that

0—1
— <V2i-1
V2§ -1

so, writing

¢(5)=;(\/‘;;11+\/%—1)

we get
0—1

3 -
®) V2§ —1
Now, we distinguish two situations. First suppose that ||z*|| < (). Then, we take any y € Sx such
that ||z — y|| < 1 and take y* € Sx+ such that y*(y) = 1. Then, (y,y*) € II(X), [z —y|| <1 < V24 and

2% =y < 1T+ [lz"]] < T+ 4(0) < V26
la*|| =146
. o I
previous case, and we show that & < 1. This is trivial for the case § = 1 and for § > 1, we use that the
function ¢ defined in (2) is now strictly decreasing to get that

k= g(la’])) < o(06)) < (\/5275__11)

Then, the rest of the proof follows the same lines of the case when § € (0,1) since this hypothesis is no
longer used. O

<) <v2i-1  (5€1,2).

by (3). Otherwise, suppose ||z*|| > (). We then write n = >0 and k = 7/v/26 as in the

Notice that the above proof is much simpler if we restrict to z* € Sx~ (in particular, to the spherical
modulus ®%(8)), but the result for non-unital functionals is stronger. Actually, the following stronger
version can be deduced by modifying the selection of k& in the proof of Theorem 2.1.

Remark 2.3. For every 0 < 6 < 1 and every 0 < ¢ < 2, there is p = p(6,0) > 0 such that for every
Banach space X, if x* € Bx~ with ||a*|| < 0, € Bx satisfy that Re x*(x) > 1 — §, then there is a pair
(y,y*) € II(X) satistying

lo—yl <V3B—p and  [o* -yl < V2 p.
Let us observe that, given 0 < 6 < 1, the hypothesis above is not empty only when 1—6 < §. On the other
hand, in the proof it is sufficient to consider only the case of § < 1+ 6. Otherwise, the evident inequality
Re z*(x) > —6 = 1 — (1 + 0) implies that there is a pair (y,y*) € II(X) satisfying ||z — y|| < +/2(1 + 6)
and ||z* —y*|| < 4/2(1 + 6). Hence the statement of our remark holds true with p := v/26 — /2(1 + 0).

Next, we rewrite Theorem 2.1 in two equivalent ways.

Corollary 2.4. Let X be a Banach space.

(a) Let 0 < e <2 and suppose that © € Bx and x* € Bx« satisfy
Re z*(x) > 1 —£?/2.
Then, there exists (y,y*) € II(X) such that
le—yll<e and [a" —y"| <e.
(b) Let 0 < & < 2 and suppose that x € Bx and x* € Bx~ satisfy
Re z*(x) >1—4.
Then, there exists (y,y*) € II(X) such that
le =yl <V and |2 - y'l| < V2.
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As the last result of this section, we present an example of a Banach space for which the estimate in
Theorem 2.1 is sharp.

Example 2.5. Let X be the real space (2. Then, 3 (0) = Px(8) = V26 for all § € (0,2).

Proof. Fix 0 < § < 2. We consider

z:(l—\/%,l)esx and 2* = <\/22>5,1—\/22>5> € Sx~,

and observe that z*(z) = 1 — §. Now, suppose we may find (y,y*) € II(X) such that ||z — y|| < v/20 and
|lz* —y*|| < V28. By the shape of By, we only have two possibilities: either y is an extreme point of
Bx or y* is an extreme point of Bx+ (this is actually true for all two-dimensional real spaces). Suppose
first that y is an extreme point of Bx, which has the form y = (a,b) with a,b € {—1,1}. As

|z — y|| = max{|1 — \/%—a\, I1—0|} < \/%,

we are forced to have b =1 and a = —1. Now, we have y* = (—t,1 —t) for some 0 < ¢t < 1 and
26 V20
2" —y*|| = §+t+ b= zmax{\/ﬁzt} > V26,

a contradiction. On the other hand, if y* is an extreme point of Bx~, then either y* = (a,0) or y* = (0,b)
for suitable a,b € {—1,1}. In the first case, as

Iz

26 20
*—y*|:‘\/;—a‘+1—\/;<m7

we are forced to have a = 1 and so, y = (1, s) for suitable s € [—1,1]. But then ||z — y|| > V26, which is
impossible. In case y* = (0,b) with b = £1, we have

V20 V26
|z* —y*|| = — + |1 — —— — b| < V27,
2 2
so b = —1 and therefore, y = (s, —1) for suitable s € [—1, 1], giving ||z — y|| > 2, a contradiction. O

3. BASIC PROPERTIES OF THE MODULI

Our first result is the continuity of the Bishop-Phelps-Bollobas moduli.
Proposition 3.1. Let X be a Banach space. Then, the functions
§— ®x(0)  and & — BY())

are continuous in (0,2).

We need the following three lemmas which could be of independent interest.
Lemma 3.2. For every pair (xo,28) € Bx X Bx+ there is a pair (y,y*) € II(X) with
Re [y* (z0) + z{(y)] = 0.

Moreover, if actually Re zf(zo) > 0 then (y,y*) € II(X) can be selected to satisfy

Re [y (x0) + 73(s)] > 24/Re (x5 (x0)).
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Proof. 1. Take yp € Sx Nkerxf and let y§ be a supporting functional at yo. Then
Re [y5(z0) + 25(y0)] = Re yg(x0)
If the right hand side is positive we can take y = yo, y* = yg, in the opposite case take y = —yo, y* = —y5.

2. Takey = H;—EH and let y* be a supporting functional at y. Then, since for a fixed a¢ > 0 the minimum
of f(t) :=t+ ¢ for t > 0 equals 2/a, we get

Re [y (z0) + 25(v)] = ool + | 10” Re o (z0) > 2y/Re (o),

as desired. O

The above lemma allows us to prove the following result which we will use to show the continuity of
the Bishop-Phelps-Bollobds modulus.

Lemma 3.3. Let X be a Banach space. Suppose (xg,x§) € Ax (o) with 0 < § < dg < 2. Then:
Case 1: If 4,80 €]0,1] then

. N V1—-6—+V1-9
dlstoo((xo,xo),AX(é)) <2 P e 0
Case 2: If 4,60 € [1,2) then
2 — 4 0o — 90

distoo (w0, 25), Ax (6)) <2

8o do—1++/T1—267F00

Proof. Denote t = Re x§(zo). Let (y,y*) € II(X) be from the previous lemma (in case 1 we use part
2 of the lemma, in case 2 we use part 1). For every A € [0,1] we define ) = (1 — A)zo + Ay and
z} = (1 —N)z§+ Ay*. Both x and z} belong to corresponding balls, and diste ((zo, x§), (zx, 23)) < 2A.
We have
(4) Re 2} (zx) = (1 = A%t + A(1 = X) Re [y*(z0) + z5(y)] + A2,
so in case 1 )
Re 2} (z2) > (1 — )%+ 2X\(1 — M)V + A2 = ((1 —MVEF A)

Now we are looking for a possibly small value of A, for which (xx,2}) € Ax(4). If § > 1 — ¢, the value
A = 0 is already ok and dists ((x0, %), Ax(6)) = 0. If 0 < 6 < 1 —¢ then the positive solution in A of
the equation ((1— M)Vt + )\)2 =1-0is
VIi-o-—vt

1- \f
Evidently, A; € [0,1], so (zy,,23,) € Ax(0). Since \; decreases in t,
V1—386—+/1-4d

1—v1=36y

At =

disteo (20, 23), Ax(0)) < 2A < 2M1_5, =2

This completes the proof of case 1.

In the case 2 we may assume ¢t < 1 — ¢ (otherwise the corresponding distance is 0 and the job is done),
so t < 0. By part 1 of the previous lemma and (4)

Re z35(xy) = (1 — \)%t + A2,
so we are solving in A the equation
(1=N2t4+XN—-146=0, ie (A+AN=2A+(t—1+0)=0.
The discriminant of this equation is D = —t§ — d + 1. Note that D > —(1 —4)6 — 6 + 1 = (1 — §)?

and t — 14§ <0, so there is a positive solution of our equation given by

M=o (t+f) (t+\/1—t6 5).
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This A\; decreases in t, so

1 2+ 6o )
At < Aiss, = —(1 =4 1—-26+6dp) = .
t 1—60 50( o+ + ddo) 5 PRI, w7 ey

which finishes the proof. O

For the continuity of the spherical modulus, we need the following result.
Lemma 3.4. Let X be a Banach space. Suppose (xo,x8) € A3 (5) with 0 < § < 6y < 2.
Case 1: If 6 < 1, then

distoo (0, 75), AY(8)) < @
0
Case 2: If§ € [1,2) and 2 — /2 — §p < & < dp, then
distoo((xo,xg),Ai(é)) < %.

Proof. Let us start with case 1. Fix § € (0,0). As |||l = 1, we may find y, € Sx satisfying §(ye) > 1—-¢.
For every A € [0, 1] we define
I()\,g) = )\IQ + (1 - )\)yf.
€ [0,1] and write z¢ = x(A¢,§). A straightforward verification shows that
Re z((ze) >1—0
and so, as 1 — ¢ > 0, we have that ¢ # 0 and also that

* Te
R — 1-—0.
¢ o (mn) ~

xﬁ) € A3-(5). We have
\ H ( )+|||xg|—1|
e §||

<2 + |||zell = [|xol|] < 2 +||lxe — .
(S22 ) + el ~ ool < 2 (3=¢ ) + e = aoll <4 (£

We get the result by just letting & — 0.

Consider \¢ = 6‘1:55

Therefore, ( ¢

llzell 2

¢
2o — || < [|[zo — we || +
[zl H A

Let us prove case 2. If Re z{(xo) > 1 — ¢, then the proof is done. Suppose that
1—46 = Re zj(z) > 1 — do.

Fix ¢ € (0, min{2 — o, W}) (observe that 45-2-00=0" by the conditions on ¢). As |la§|| = 1,

s 51
we may find ye € Sx satisfying z(y¢) > 1 — & Now, we consider
do— 90
Ae = #5—5 and Te = X0 + AeVe.

Notice that A¢ € (0,1) (since § < dp and £ < 2 — §p) and
lzell = llzoll = Allyell =1 = Ae > 0.

Also, observe that
(1-8)2—-6—¢&+d —o
2—6—¢

Re zi(ze) <1 =04 A =

2
s0, Re zfj(z¢) < 0 since € < 45*25%. Now,

Re ot (2 ) s Reap (2 ) > Lzt Al=8
(B3 1= X
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Therefore, (Hiﬁ , xé) € A% (8). We have

T¢ Te 50 )
— || < - - < -1 <
0~ o] <o e+ oo - g € 52+ et -1
o — 0 o — 9 0o — 9
S - S - S2({—F—= -
S0 el = ool < 52 + e = aoll <2 (5250
Consequently, letting £ — 0, we get
. . 2(6g — 0
dlstoo((xo,xo),Ag((é)) < (2%5)
as we desired. g

Proof of Proposition 3.1. Let us give the proof for ®x(4). Observe that for d1,02 € (0,2) with 01 < da,
one has

0< ®x(d2) —Px (1) =du (Ax(62), (X)) —dy (Ax(61), (X)) < dpr (Ax(02), Ax(61)) .

Now, the continuity follows routinely from Lemma 3.3.

An analogous argument allows to prove the continuity of ®%-(§) from Lemma 3.4. O

The following lemma will be used to show that the approximation in the space is not worse than the
approximation in the dual. It is actually an easy application of the Principle of Local Reflexivity.
Lemma 3.5. Fore >0, let (x,2*) € Bx X Bx» and let (§*,7**) € I(X*) such that

|lz* =% <e and |z—9"| <e.
Then there is a pair (y,y*) € II(X) such that
|z —yll <e and |z*¥—y*| <e.

Proof. First chose ¢’ < € such that still

|lz* —g*|| <&’ and |z —g""| <€

(1+§)s’+§+,/%<s,

and use the Principle of Local Reflexivity (see [1, Theorem 11.2.4], for instance) to get an operator
T : Lin{z,9**} — X satisfying

ITINTH <1+€ T@) =2, §(TF) =y (F) =1

Now, we consider ¢ > 0 such that

T ~ %k
Next, we consider & = HTEZ{**gﬂ € Sx and ¥ = y* € Sx«, observe that
Yy
1 £
Rez* (Z) > ——=1— ——,
() 1+¢ 14¢

and we use Corollary 2.4 to get (y,y*) € II(X) satisfying that

2 2
o=l <y wd 15 =yl <\ Tog

Let us show that (y,y*) € II(X) fulfill our requirements.
[z =yl < T(2) = T@ )+ 1T@™) =2l + |2 -y

/ 2€
< (148 +E+ m<€
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and, analogously,

* * * ~ % ~ % * 25
lz* —y* | <llz* =g | + 17" =yl <&’ + 4/ —= <&,

1+¢
getting the desired result. O

Proposition 3.6. Let X be a Banach space. Then
Px(6) < Px-(8) and ®F(5) < DF.(6)
for every § € (0,2).
Proof. The proof is the same for both moduli, so we are only giving the case of ®x (). Fix ¢ € (0,2).

We consider any € > 0 such that ®x«(J) < ¢ and for a given (z,2*) € Ax(J) consider (z*,z) € Ax«(J)
(we identify X as a subspace of X**) and so we may find (§*,§**) € II(Y™*) such that

lz* —g*|| <e and |z—g"| <e.
From Lemma 3.5, we find (y,y*) € II(X) such that
|z —yl| <e and|z" —y*| <e.

This means that ®x(J) < & and, therefore, ®x(d) < Px«(J), as desired. O

We do not know whether the inequalities in Proposition 3.6 can be strict. Of course, this can not be
the case when the space is reflexive.

Corollary 3.7. For every reflevive Banach space X, one has ®x(8) = ®x+(8) and &% (§) = ®%.(5) for
every 0 < § < 2.

Our last result in this section states that when the Bishop-Phelps-Bollobds modulus is the worst
possible, then the spherical Bishop-Phelps-Bollobas modulus is also the worst possible.

Proposition 3.8. Let X be a Banach space. For every 6 € (0,2), the condition ®x(§) = V2§ is
equivalent to the condition ®%(5) = /2.

Proof. Since ®% () < ®x(5) < V20, the implication [®% (8) = v25] = [®x(5) = V26] is evident. Let us
prove the inverse implication. Let ®x(§) = v/26. Then there is a sequence of pairs (z,,,z%) € Bx x Bx-
such that Re z¥(z,) > 1 — 4 but for every (y,y*) € II(X) we have

1 1
lon = yll > V25—~ or [la, —y*]| > V26 - —.

An application of Remark 2.3 gives us that ||z}|| — 1 as n — oco. As the duality argument given in
Lemma 3.5 implies the dual version of Remark 2.3, we also have ||z,|| — 1 as n — co. Denote @,, = ﬁ,
T

o
=7,

X = . In the case when ¢ € (0, 1], we have Re Z7(Z,) > 1 — § but for every (y,y*) € II(X)

n
~ 1 ~ ~ % * 1 ~ % *
120 =yl 2 V20 = — — |l = Zull - or |77 — 9"l > V20 — — — ||, —a7].

Since the right-hand sides of the above inequalities go to v/2§, we get the condition ®%(5) = v/24.

In the case of § € (1,2), we no longer know that Re z}(Z,) > 1 — ¢, but what we do know is that
liminf Re % (#,) > 1 — d, and that gives us the desired condition ®% (5) = v/26 thanks to the continuity
of the spherical modulus (Proposition 3.1). O
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4. EXAMPLES

We start with the simplest example of X = R.

0 if0<d<1

VE—T1+1 ifl<d<?2’ ®E(9) = 0 for every 4 € (0,2).

Example 4.1. oR(9) = {

Proof. We first fix § € (0,1]. First observe that taking x = 1 — §, 2* = 1, it is evident that ®r(J) > 4.
For the other inequality, we fix z,z* € [—1,1] with 2*z > 1 — §. Then, z and z* have the same sign and
we have that |z| > 1—¢ and |#*| > 1—¢. Indeed, if |z| < 14, as |z*| < 1, one has z*z = |z*z| < 1-4, a
contradiction; the other inequality follows in the same manner. Finally, one deduces that |z —sign(x)| < §
and |z* — sign(z*)| < J, as desired.

Second, fix 6 € (1,2). On the one hand, taking z = v/d — 1, 2* = —v/0 — 1, one has z*z = 1 — 4.
As|z+1=+v0—1+4+1and |[z* — 1| = Vd -1+ 1, it follows that Pr(d) > +/d — 1+ 1. For the other
inequality, we fix z, z* € [—1,1] with *z > 1 —§. If  and z* have the same sign, which we may and do
suppose positive, then |z — 1] < 1 < § and |z* — 1| < 1 < J and the same is true if one of them is null.
Therefore, to prove the last case we may and do suppose that x > 0 and z* < 0. Now, if we suppose, for
the sake of contradiction, that

e —(-1)|>vd—1+1 and |z"-1>2Vé—-1+1,

we get x > v —1 and —z* > d —1, so —xz*x > J — 1 or, equivalently, z*x < 1 — 4, a contradiction.
Therefore, either |z — (=1)| < vVd—14+1and [z* — (-1)| <1 <+vVd—14+1or|z*—1] <+0—1+1and
e —1]<1<vVéd—1+1.

The result for ®3 is an obvious consequence of the fact that Sg = {—1,1}. O

Let us observe that the above proof gives actually a lower bound for ®x(d) for every Banach space X
when ¢ € (0,1].

Remark 4.2. Let X be a Banach space. Then ®x(6) > ¢ for every 6 € (0,1]. Indeed, consider 2y € Sx
and zf € Sx- with zj(z¢) = 1 and write = (1 — §)zp and z* = x§. Then Re z*(z) = 1 — ¢ and
dist(z, Sx) = 0.

We do not know a result giving a lower bound for ®x(J) when 6 > 1, outside of the trivial one
®x(0) = 1. Also, we do not know if the lower bound for the behavior of ®x(d) in a neighborhood of 0
given in the remark above can be improved for Banach spaces of dimension greater than or equal to two.

We next calculate the moduli of a Hilbert space of (real) dimension greater than one.

Example 4.3. Let H be a Hilbert space of dimension over R greater than or equal to two. Then:

(a) @3 (8) = V2 — V4 —26 for every § € (0,2).
(b) For § € (0,1], Dy (d) = max{é7 V2-— M} For § € (1,2), ®5 () = /9.

Proof. As we commented in the introduction, both ® 5 and @% only depend on the real structure of the
space, so we may and do suppose that H is a real Hilbert space of dimension greater than or equal to 2.
Let us also recall that H* identifies with H and that the action of a vector y € H on a vector x € H is
nothing but their inner product denoted by (x,y). In particular,

H(H) = {(2’72) €Sy x SH}

Therefore, for every § € (0,2), ®5(d) (resp. ®%(d)) is the infimum of those ¢ > 0 such that whenever
x,y € By (resp. z,y € Sy) satisfies (z,y) > 1 -4, there is z € Sy such that ||z —z|| < e and ||[y—z| < e.

We will use the following (easy) claim in both the proofs of (a) and (b).
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Claim: Given x,y € Sy with x 4+ y # 0, write z = to denote the normalized midpoint. Then

H+H

o — 2l = Iy — 2l = /2 - V2 + 20, 9.

Indeed, we have ||z — z||? = 2 — 2(x, z) and

2r,r+y) 2+ 2(w,y)

2z, z) = = ;
lz +yl 2+ 2(z,y)
giving ||z — z|| = \/2 — /24 2{x,y), being the other equality true by symmetry.
(a). We ﬁrst prove that ®%(5) < V2 — V4 —25. Take x,y € Sy with (z,9) > 1—6 (so z +y # 0),

consider z = [ € Sy and use the claim to get that

HIHJ\

lo =2l = lly - 2 = V2 - Vot 20, 9) < /2 - VA= 35.
To get the other inequality, we fix an ortonormal basis {ej, g, ...} of H, consider

=+v1-06/2e1++/0/2e2 € Sy and y=+/1—-0/2e1 —+//2es € Sy

and observe that (x,y) =1 —4J. Now, given z € Sy, we write 21 = (z,e1), 22 = (2, e2), and observe that
maxc{ |z — /% |2 — ylI*} = max {|z1 — ¢?T*Fﬂ@i¢*?+1—a—@}
=21 4+1-6/2-22\/1-6/2 +maX|22i\/7|2 1— 2% — 22
=2—22\/1—6/2+2|2|/6/2>2—-2/1-0/2.
It follows that ®% () > V2 = V4 =25, as desired.

(b). We first fix § € (0,1) and write g = max {5, V2 Vi 25}. The inequality ®(8) > £, follows

from Remark 4.2, the fact that ®(d) > ®%(5) and the result in item (a). To get the other inequality,
we first observe that

(5) Py (0) < Prin(2,y1(9) Va,y € By with (z,y)=1-0.

This follows from the obvious fact that ®.(d) increases when we restrict to subspaces. This implies that
it is enough to show that for P = (p1,0),Q = (q1,q2) € Be;” such that pi,¢q2 > 0, |P|| > ||Q]], and
(P,Q) > 1 — § where €(2) is the 2-dimensional Hilbert space, there exists z € S o 80 that ||P — z|| < eo
and [|Q — z|| < eg. Now, it is straightforward to check that we have || P| € [\/7 1], and ¢ = ﬁ €
[1 -6, \/i] Figure 1 helps to the better understanding of the rest of the proof.

Consider M = (\/ 172‘1;3””13 “, 1P HQHI(DT ‘”), which is the normalized midpoint between A = (1,0) and

B = (ﬁ, 1- (ﬁﬁ) and write A to denote the arc of the unit sphere of H between A and M. We

claim that @ € (J,ca B(2,0) and P € [, B(z,€0). Observe that this gives that there is 2 € A C Sy
whose distance to P and (@ is less than or equal to ¢, finishing the proof. Let us prove the claim. First, we

show that Q = (q1,q2) € U.ca B(2,60). If g2 < W the ball of radius ey centered in the point
of A with second coordinate equal to go contains the point @ since £y > disto ((g1,0), A) > dist(Q, A).
For greater values of ¢o, write first C' = (ql, %), which belongs to B(M,eg) by the previous

argument. Also, as M is the normalized mid point between A and B, we have by the claim at the
beginning of this proof that

IM =Bl =2 V2524 B) = |2—[2+ IIPII <\V2-Vi-2s
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\

FIGURE 1. Calculating ®5(d) for ¢ € (0,1)

so, also, |M — D|| € ep. Therefore, both the points C and D belong to B(M,ep), so also the whole
segment [C, D] is contained there, and this proves the first part of the claim. To show the second part of
the claim, that P € (), B(2,€0), we consider the function

fp)==14p*—2p(p+1-6) (pe[VI-4.1])
and observe that it is a convex function, so

f(p) < max{f(1), f(V1 -0} <ef.

It follows that

1P — M| = \/1 + P2 = V2IPI(IP] +1 - 6) < e,
hence M € B(P,ep). As also A € B(P,¢p), it follows that the whole circular arc A is contained in
B(P,gg) or, equivalently, that P € [],. B(z,€0).

Fix § € (1,2). Analogously to what we did before in equation (5), to show that ®x(5) < V3, it is
enough to consider the two-dimensional case and that, given p = (||p||,0) € Bu, ¢ = (¢1,92) € By with
g2 >0, to find 2 € Sy such that ||z — P|, ||z — Q|| < v/6. Routine computations show that

L (npn;ql, L (||p2+q1)2> s,

does the job. For the other inequality, we fix an orthonormal basis {ej,ea, ...} of H, consider

P:\/5—1€1€BH, Q:—\/5—1€1€BH
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and observe that (P,Q) =1 —¢. For any z € Sy, we write z; = (2,e1) and we compute
maxc{[}z = PIP, |z = Q1) = max {|o1 = VB = 1P+ 1~ [as?, |21 + V5~ 1P 41~ |2}
= max |21 + VE—1P+1—|z1)? = (o] + V- 1)* +1— |z ?
=042V —1|z| > 0.
It follows that ® 5 (8) > V6, as desired. O
Our next aim is to present a number of examples for which the values of the Bishop-Phelps-Bollobas
moduli are the maximum possible, namely ®% () = ®x () = V2§ for small §’s. As we always have

35 (6) < Px(6) < V26, it is enough if we prove the formally stronger result that ®%-(§) = v/20 for small
0’s (actually, the two facts are equivalent, see Proposition 3.8), and this is what we will show. It happens

that all of the examples have in common that they contains an isometric copy of the real space &()i) or 652).
In the next section we will show that the latter is a necessary condition that it is not actually sufficient.

The first result is about Banach spaces admitting an L-decomposition. As a consequence we will
calculate the moduli of L;(u) spaces.

Proposition 4.4. Let X be a Banach space. Suppose that there are two (non-trivial) subspaces Y and
Z such that X =Y ®1Z. Then ®x(8) = ®5(8) = /25 for every § € (0,1/2].
Proof. Fix § € (0,1/2] and consider (yo,y5) € II(Y) and (2o, 2§) € II(Z) and write

x():(\/;iayo,(l—\/?)zo)eéyx xi‘;:((l—m)yg,zg)esx*.

It is clear that Re x{(z9) = 1 — 0. Now, suppose that we may choose (z,z*) € II(X) such that
|zo — x| < V26 and |z — 2*|| < V2.
Write © = (y,2) €Y &1 Z, 2 = (y*,2*) € Y* @oo Z* and observe that
1=Re z"(z) = Re y"(y) + Re 27 (2) < ly* [yl + ="M=l < llyll + M=l =1,
therefore, we have
(6) Re y*(y) = [ly" [yl

Now, we have

(1= v26) — Iyl < [| (1L = v2o)us - w7 < V26

from which follows that ||y*|| < 1 and so, y = 0 by (6), giving ||z|| = ||z|| = 1. But then,

V20 V20 V29 V29
lzo — z|| = ||—— yo|| + (1——)20 -z > —+ (1——) lIzIll = V24,
2 2 2 2
a contradiction. We have proved that ®x(d) > V24, being the other inequality always true. O

The result above produces the following example.

Example 4.5. Let (2, %, ) be a measure space such that Ly () has dimension greater than one and let
E be any non-zero Banach space. Then, ®r,(, g)(0) = QEI(IME) (8) = V20 for every 6 € (0,1/2].

Indeed, we may find two measurable sets A, B C 2 with empty intersection such that 2 = AU B. Then
Y = Li(p|a, E) and Z = Lyi(p|p, E) are non-null, Ly (p, E) = Y @1 Z and so the results follows from
Proposition 4.4.
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Particular cases of the above example are ¢; and L1[0,1].

It is immediate that, using a dual argument than the one given in Proposition 4.4, it is possible to
deduce the same result for a Banach space which decomposes as an /,.-sum. Actually, in this case we
will get a better result using ideals instead of subspaces.

Proposition 4.6. Let X be a Banach space. Suppose that X* = Y &1 Z where Y and Z are (non-
trivial) subspaces of X* such that YY £X* and Z" # X* (w* is the weak*-topology o(X*,X)). Then
Dx(0) = D3 (8) = V25 for every § € (0,1/2].
Proof. We claim that there are yo, 20 € Sx and y§ € Sy and 2§ € Sz such that

Reys(yo) =1, Rezj(z0) =1, y*(20)=0Vy* €Y, z*(yo)=0Vz"€Z.

Indeed, we define yy and yj, being zp and 2§ analogous. By assumption there is yo € Sx such that
2*(yo) = 0 for every z* € Z and we may choose z* € Sx~ such that Re *(y9) = 1 and we only have to
prove that * € Y and then write y§ = x*. But we have z* = y* + z* with y* € Y, 2* € Z and

1 =Re z"(yo) = Re y"(yo) < [ly"| < "l + [["]| = 1,
soz*=0and z* €Y.
‘We now define

L _ (Y20,
= 5w

26
Ty = | 5 ¥ (I—C)zc?)ESX* zo=(1-V20)yo+ 2 € X

and first observe that ||zo|| < 1. Indeed, for every x* = y* + 2* € Sx~ one has
|2*(z0)| = ‘(1 = V20)y"(yo) + 2" (20)| < (1= V20)lly" [l + ="l < lly"ll + [l="[ = 1.
It is clear that Re z{(z9) = 1 — 0. Now, suppose that we may choose (z,z*) € II(X) such that
lzo —z|| < V2§ and |lxf —2*| < V2.

We consider the semi-norm || - ||y defined on X by ||z|ly :=sup{|y*(z)| : y* € Sy} which is smaller than
or equal to the original norm, write * = y* + z* with y* € Y and 2* € Z, and observe that

1 =Rez"(z) = Re y*(z) + Re z"(x) < [ly*[lllzlly + 2"zl < [yl + 12"] = 1.
Therefore, we have, in particular, that
(7) Re y*(x) = [ly*[lll=(ly-
Now, we have

)(1 —V24) - |\m||y‘ - ‘(1 — V20) lwolly — ||x||y‘ <l = v2d)yo - xHY <25
from which follows that ||z||y < 1 and so, y* = 0 by (7) and ||z*|| = ||2*|| = 1. But then,

V2 gl (1= 255 — |5 Y2 | (1= 2y ey

o W A EAS

+ = /26,

g — 2| =

a contradiction. Again, we have proved that ®x(§) > V20, the other inequality always being true. O

Of course, the first consequence of the above result is to Banach spaces which decompose as £,,-sum
of two subspaces. Indeed, if X =Y @, Z for two (non-trivial) subspaces Y and Z, then X* = Y+ @, Z+
and Y1 and Z+ are w*-closed, so far away of being dense. Therefore, Proposition 4.6 applies. We have
proved the following result.

Corollary 4.7. Let X be a Banach space. Suppose that there are two (non-trivial) subspaces Y and Z
such that X =Y ©uo Z. Then ®x(8) = ®3(8) = /20 for every & € (0,1/2).

As a consequence, we obtain the following examples, analogous to the ones presented in Example 4.5.
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Examples 4.8. (a) Let (£2,%, 1) a measure space such that L. (Q2) has dimension greater than one
and let E be any non-zero Banach space. Then,

Op () =P _um (@) =V20  (5€(0,1/2]).
(b) Let T" be a set with more than one point and let E be any non-zero Banach space. Then,

Do) = P51 5 (0) = V26 and Dup gy = B5p p (6) = V20 (5 €(0,1/2)).

Our next aim is to deduce from Proposition 4.6 that also arbitrary C(K) spaces have the maximum
moduli and for this we have to deal with the concept of M-ideal. Given a subspace J of a Banach space X,
J is called M-ideal if J* is a L-summand on X* (use [10] for background). In this case, X* = J+ @, J*
where J# = {z* € X* : ||2*| = ||#*|;||} = J*. Now, if X contain a non-trivial M-ideal .J, one has
X* = J+ @ J* and to apply Proposition 4.6 we need that J* to be not o(X*, X)-dense. Actually, J* is
not dense in X* if and only if there is 29 € X \ {0} such that ||zo + y|| = max{||zo||, ||y||} for every y € J
(this is easy to verify and a proof can be found in [3]). Let us enunciate what we have shown.

Corollary 4.9. Let X be a Banach space. Suppose that there is a non-trivial M-ideal J of X and a
point o € X \ {0} such that ||zo + y|| = max{||xo||,||y||} for everyy € J. Then, ®x () = ®3(5) = V26
for every § € (0,1/2].

With the above corollary we are able to prove that the moduli of any non-trivial Cy(L) space are
maximum.

Example 4.10. Let L be a locally compact Hausdorff topological space with at least two points and let

E be any non-zero Banach space. Then ®¢, (1, g)(d) = (I)g*o(L,E) (8) = /20 for every 6 € (0,1/2].

Indeed, we may find a non-empty non-dense open subset U of L and consider the subspace
J={f€Cy(L,E) : flu =0},

which is an M-ideal of Cy(L, E) by [10, Corollary VI.3.4] (use the simpler [10, Example I.1.4.a] for

the scalar-valued case) and it is non-zero since L \ U has non-empty interior. As U is open and non-

empty, we may find a non-null function zy € Cy(L, E)) whose support is contained in U. It follows that
lzo + y|| = max{||zol|, ||y||} for every y € J by disjointness of the supports.

A sufficient condition to be in the hypotheses of Corollary 4.9 is that a Banach space X contains two
non-trivial M-ideals J; and Js such that J; N Jy = {0}. In this case, J; and J; are complementary
M-summands in J; 4+ J5 [10, Proposition 1.1.17]. Let us comment that this is actually what happens in
C(K) when K has more than one point.

Corollary 4.11. Let X be a Banach space. Suppose there are two non-trivial M-ideals J; and Jo such
that J; N Jo = {0}. Then ®x(8) = ®3(8) = /26 for every § € (0,1/2].

A sufficient condition for a Banach space to have two non-intersecting M-ideals is that its centralizer
is non-trivial (i.e. has dimension at least two). We are not going into details, but roughly speaking,
the centralizer Z(X) of a Banach space X is a closed subalgebra of L(X) isometrically isomorphic to
C(Kx) where Kx is a Hausdorff topological space, and it is possible to see X as a C(Kx)-submodule
of [[xex, Xk for suitable Xj’s. We refer to [2, §3.B] and [10, §L1.3] for details. It happens that every
M-ideal of C(Kx) produces an M-ideal of X in a suitable way (see [2, §4.A]) and if Z(X) contains more
than one point, then two non-intersecting M-ideals appear in X, so our corollary above applies.

Corollary 4.12. Let X a Banach space. If Z(X) has dimension greater than one, then ®x (8) = ®%(8) =
V26 for every 6 € (0,2].

To give some new examples coming from this corollary, we recall that the centralizer of a unital

(complex) C*-algebra identifies with its center (see [10, Theorem V.4.7] or [2, Example 3 in page 63]).

Example 4.13. Let A be a unital C*-algebra with non-trivial center. Then, ® 4(5) = ®5(6) = v/20 for
every 6 € (0,1/2].



BISHOP-PHELPS-BOLLOBAS MODULI OF A BANACH SPACE 17

It would be interesting to see whether the algebra L(H) for a finite- or infinite-dimensional Hilbert
space H has the maximum Bishop-Phelps-Bollobds moduli. None of the results of this section applies to
it since its center is trivial and, despite it containing K (H) as an M-ideal, there is no element z¢ € L(H)
satisfying the requirements of Corollary 4.9 (see [3, page 538]). Let us also comment that the bidual of
L(H) is a C*-algebra with non-trivial centralizer, so ® 1, (g« (6) = (bi(H)** (6) = /26 for every § € (0,1/2)].
If there is § € (0,1/2] such that ® (g (6) < V20, then this would be an example when the inequality in
Proposition 3.6 is strict.

We finish this section with two pictures: one with the Bishop-Phelps-Bollobas moduli of R, C and éff},
and another one with the corresponding values of the spherical Bishop-Phelps-Bollobas moduli.

A A

27 2 7

FIGURE 2. The value of ®x(d) FIGURE 3. The value of ®%(6)
for &, C, £ for &, C, £

5. BANACH SPACES WITH THE GREATEST POSSIBLE MODULUS

Our goal in this section is to show that Banach spaces with the greatest possible moduli contain almost
isometric copies of the real £2_. Let us first recall the following definition.

Definition 5.1. Let X, E be Banach spaces. X is said to contain almost isometric copies of F if, for
every € > 0 there is a subspace E. C X and there is a bijective linear operator T : F — FE. with
IT|| <1+4¢eand [|[T7 <1+e.

The next result is well-known and has a straightforward proof.

Lemma 5.2. A real Banach space E contains an isometric copy of &@ if and only if there are elements
u,v € Sg such that ||u—v|| = |lu+v|| = 2. E contains almost isometric copies of 62 if and only if there
are elements u,, v, € Sg, n € N such that ||u, — vy,|| — 2 and ||uy, + vn| — 2 as n — 0.

The class of spaces X that do not contain almost isometric copies of Eg) was deeply studied by James
[11] (see also the exposition in Van Dulst’s book [9]), who gave to such spaces the name “uniformly
non-square”. He proved in particular, that every uniformly non-square space must be reflexive, that this
property is stable under passing to subspaces, quotient spaces and duals. In fact, a general result is true
[12]: for every 2-dimensional space E if a real Banach space X does not contain almost isometric copies
of E then X is reflexive.
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The aim of this section is to prove that if a real Banach space X satisfies that its Bishop-Phelps-
Bollobds modulus is v/2¢ in at least one point § € (0,1/2), then X (and, equivalently, the dual space)

contains almost isometric copies of £2). Actually, as shown in Remark 3.8, ®x(d) = v/26 if and only if
@5 (8) = v/25. Therefore, we may use the formally stronger hypothesis of ®%(5) = v/24.

We will use some lemmas and ideas of Bishop and Phelps [4], but for the reader’s convenience we will
refer to the corresponding lemmas in Diestel’s already classical book [§].

From now on, X will denote a real Banach space. For t > 1 and z* € Sx«, we denote
K(t,z*)={z e X : |z| <tz*(x)}.
Observe that K (t,z*) is a convex cone with non-empty interior.

Lemma 5.3 (Particular case of [8, Chapter 1, Lemma 1]). For every z € By, every «* € Sx« and every
t > 1, there is xg € Sx such that zo — z € K(t,2*) and [K(t,2*) + xo] N Bx = {zo}.

Lemma 5.4 ([8, Chapter 1, Lemma 2] with a little modification that follows from the proof there). Let
x*,y* € Sx« and suppose that x* (ker y* N SX) C (—00,&/2]. Then

dist(z*, Lin y*) <¢&/2 and min{||z* —y*|, |lz* + y*||} <e.
Lemma 5.5. Let z € Bx, * € Sx«, t > 1, and let o € Sx be from Lemma 5.3. Denote y* € Sx«

a functional that separates o + K(t,a*) from Bx, so y*(zo) = 1 and y*(K(t,z*)) C [0,00). Then
a*(kery* N Sx) C (—o0,1/t] and so, dist(z*, Lin y*) < 1/t and min{||z* — y*||,[|z* + y*||} < 2/t.

Proof. This also can be extracted from [8, Chapter 1], but it is better to give a proof. For every
w € kery* N Sx we have that w does not belong to the interior of K(t,x2*), so 1 = ||lw| > tz*(w),
ie. x*(kery* N Sx) C (—o0,1/t]. An application of Lemma 5.4 completes the proof.

Now we are passing to our results. At first, for the sake of simplicity, we consider the easier finite-
dimensional case.

Lemma 5.6. Let X be a finite-dimensional real space. Fiz e € (0,1). Suppose that (z,2*) € Sx X Sx~
satisfies that ©*(x) = 1 — % and that

max{|ly — x|, [y* — 27|} = e

. « 2 . * * —
for every pair (y,y*) € I(X). Then fort = 2, there exists yo € [x + K (t,2*)]NSx such that x*(yo) = 1.

Proof. Consider a sequence t,, > t, n € N, with lim,, ¢,, = ¢t. Using Lemma 5.3, we get y,, € Sx such that
(8) Yn —x € K(ty,2") and  (K(tn,2") +yn) N Bx = {yn}.

Let ) € X* be a functional that separates K (t,,2*) +y, from Bx, i.e. ¥’ (y,) =1 and y (K (tn,2*)) C
[0,00). Then, according to Lemma 5.5,

9) min{[[z" —ypll, 27 +yp I} <2/t <e.

But

2
* * * * * * * € *
l2” +ynll > (7 + 90)(yn) =1+ 2% (yn) =1+ 27(2) + 27 (Y —2) =2 = 5 + 27 (yn — @)

Since (y, — ) € K(t,,z*), we have 2*(y, — x) 2 ||(yn — @)||/tn = 0 so
&2
e +uil 22— S >

(we have used here that 0 < & < 1). Comparing with (9), we get ||z* — y}|| < &, so the condition of our
lemma says that ||z — y,|| > . Without loss of generality (passing to a subsequence if necessary) we can
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assume that y,, tend to some yg. Then
e <lim|lyn —2f| <limi,z*(y, — ) = (2" (yo) — 2™ (2))
2 g2 2 g2
< (2" -1+ —)<-1-1+—)=e.
“@ ) -1+ )< Z(1-1+ 5) =¢

This means that all the inequalities in the above chain are in fact equalities. In particular, x*(yo) = 1
and

lyo — || = lim [yn — 2| = t(z" (o) — 27 (x)),

ie yo € [vr+ K(t,z*)]NSx. O
Lemma 5.7. Under the conditions of Lemma 5.6, there are y* € Sx- and a > 1 — 5 with

€
(10) lz* —ay"l < 5 and |a* —y7| > e,

and there is v € Sx such that
(11) z"(v) = y*(v) = 1.

Proof. Let yo be from Lemma 5.6. Fix a strictly increasing sequence of ¢,, > 1 with lim,, t,, = ¢ and let
us consider two cases.

Case 1: Suppose there exists mg € N with int [K (tm,,2*) + ] N Bx # 0. Then, using the fact that for
every closed convex set with non-empty interior, the closure of the interior is the whole set, we get

Yo € [v+ K(t,2*)] N Bx =int[z + K(t,2*)] N Bx = U int[z + K (tn,z*)] N Bx.

nzmo
So, we can pick
(12) zn € [z 4+ K(ty,2%)] N Bx
such that z, — yo. In particular, *(z,) — 1. Let us apply Lemma 5.3: there are v,, € Sx such that
(13) VUp — 2n € K(ty,z* and [K(tn,x*) + vn} N Bx = {v,}.

)
Then z*(v, — 2z,) 2 0, ie. 1 = 2*(v,) 2 2*(2,) — 1, so 2*(v,) — 1. Condition (12) implies that
zn — « € K(t,,z*) which, together with (13), mean that v,, — x € K(t,,z*). Consequently,
2
. €
lon — z|| < tha* (vy, — ) < tng <e.

If we denote y € Sx« to the functional that separates v, + K (t,,2*) from Bx, then (v,,y)) € II(X).
Since we are working under the conditions of Lemma 5.6, it follows that

lyn — 2™ > €.
Also, by Lemma 5.5, dist(z*, Lin y) < 1/t,, so there are a,, € R such that
2% — anyy |l < 1/tn.

Again, without loss of generality, we may assume that the sequences (), (v,,) and (y;) have limits. Let us
denote « := lim,, a, y* :=lim, ¥, and v := lim, v,. Then ||v]| =1, ||y*|| = 1, 2*(v) = lim, 2*(v,) = 1,
and y*(v) = lim,, v’ (v,) = 1. This proves (11). Also,

% . 1
o — ay*[| = lim " — angll < > = <.
n t 2
Consequently,
€
) Sl — oyl > (@ ag)0) = 1 - e
so, > 1— 5.
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Case 2: Assume that for every n € N we have int[K(t,,2*) + ] N Bx = (. Let us separate z +
int (K (tp,x*)) from Bx by a norm-one functional y}, that is,

vy, (z +int [K (t,,2)]) > 1,
so, in particular, v (z) > 1.

Again, passing to a subsequence, we can assume that there exists y* = lim,, y} which satisfies ||y*|| = 1,
12 y*(x) 2 lim, y’(x) > 1. So, y*(x) = 1, i.e. (z,y*) € II(X). By the conditions of our lemma, this
implies that

ly* = ™| = max{[lz — 2|, [y* - 2"[|} > e.

Since

Yo € x + K(t,z%) = U int[z + K(t,,2*)],
neN
we can select z,, € int [m + K(tn, x*)] in such a way that z,, — yo. Then

y*(yo) = limyp(z) > 1,

hence, y*(yo) = 1. This means that condition (11) works for v := yg. The remaining conditions can be
deduced from Lemma 5.5 the same way as in the case 1. g

We state and prove the main result of the section in the finite-dimensional case.

Theorem 5.8. Let X be a finite-dimensional real Banach space. Suppose that there is a 6 € (0,1/2)
such that ®x(8) = V28 (or, equivalently, ®3-(5) = v/25). Then X* contains an isometric copy of &()%)
(hence, X also contains an isometric copy of &(i)).

Proof. Denote ¢ := v/2§ € (0,1). There is a sequence of pairs (z,,z}) € Sx X Sx- such that 7 (z,) >
1-6=1- % and

* 1
max{[ly — znll, ly" — 2y} > e - —

for every pair (y,y*) € II(X). Since the space is finite-dimensional, we can find a subsequence of (x,, z)
that converges to a pair (x,2*) € Sx x Sx». This pair satisfies that 2*(z) > 1 — J§ and for every

(y,y") € I(X),

max{|ly — 2|, [y* — 2"} = max{lly — @, ly" — 2]} — max{[le —zn |, [|2" — 25 [}
1
> €=~ —max{llz — anll, lz” —az |} — e

Since by Theorem 2.1, 2*(z) cannot be strictly smaller than 1 — §, we have z*(x) = 1 — §. Therefore, we
may apply Lemma 5.7 to find y* € Sx- and @ > 1 — £ for which conditions (10) and (11) are fulfilled.
Now we claim that in fact there is only one number v € R for which

* * €
(15) " —yy*| < 3

£

and this v equals 1 — 5. So a =1 — § and, we also claim that

* * € * *
(16) l2* —ey™ll=5 and Ja" -y =e.

Indeed, when we were proving equation (14), we proved that every v € R that fulfill (15) satisfies v > 1-5.
On the other hand, the function v — ||z* — yy*|| is convex, so the set G of those v € R satisfying (15)

is also convex; but 1 ¢ G, so v < 1. Finally, according to (10),
€ €
32 l=r=ly =l = ll2” =yl = 2" ="l > 5.

This means that all the inequalities above are equalities, so v < 1 — £, and also (16) is true. The claim

is proved.

3
2
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Now, let us define

* " — O[y* 2 *

=——=—(z"—(1-
|z —ay*|| 2

)y,

u

and let us show that functionals u* and y* span a subspace of X* isometric to ég). According to
Lemma 5.2, it is sufficient to show that |u* — y*|| = ||[u* + y*|| = 2. At first,

2 * *
= —flz" =yl =2
3

2 5
*_ox| — || 2 * 1-Z= *\ 0k
hu* =y H( 1=~y

At second,

(" —y" +ey*)(v) =2. 0

(LI )

* * 2 * E\ % * 2 * * *
22 lu +yrll=M26" - A= 3y) + o7l = Zlle” —y" +ey’l| >

Let us comment that for complex Banach spaces, we cannot expect that Theorem 5.8 provides a
complex copy of Eg) in the dual of the space. Namely, the two-dimensional complex space X = £§2)
satisfies ®x(8) = v/26 for § € (0,1/2) but it does not contain the complex space i (of course, it
contains the real space (2 as a subspace since 652) and (2 are isometric in the real case). We do
not know whether it is true a result saying that if a complex space X satisfies ®x(8) = v/20 for some
0 €(0,1/2), then X contains a copy of the complex space 652) or a copy of the complex space Eg).

Let us extend the result of Theorem 5.8 to the infinite-dimensional case. Roughly speaking, we proceed
as in the proof of such theorem, but instead of selecting convergent subsequences, we select subsequences
such that their numerical characteristics (like norms of elements, pairwise distances, or values of some
important functionals) have limits.

Theorem 5.9. Let X be an infinite-dimensional Banach space. Suppose that there is § € (0,1/2) such
that ®x(8) = V26 (or, equivalently, ®3(5) = V/26). Then X* (and hence also X ) contains almost
isometric copies of &()%).

Proof. Denote € := v/2). There is a sequence of pairs (z,,2)) € Sx x Sx« such that =3 (z,) >1 -9 =
2

1— 5% and
2

* * 1
(17) max{[ly — anll, ly" — 25|} > € -~

for every pair (y,y*) € II(X). Since we have 7, (z,) < 1— (¢ — 1)2/2 by Theorem 2.1, we deduce that
lim, z% (z,) = 1 — §. Denote t = 2. As in the proof of Lemma 5.6, we find a sequence (y,,) of elements

in Sx such that )

(18) liTILH lyn — xn]| < tliTILnI:,(yn —z,) and hTILn:v;(yn) =1.

Pick a sequence (t,) with ¢, > t, n € N and lim, ¢, = t. Using Lemma 5.3, for every n € N we get
Yn € Sx such that

(19) Yn —Tp € K(tn,z)) and  (K(tn,2)) + yn) N Bx = {yn}.

For given n € N, let u* € Sx~ be a functional that separates K (t,, %) + y, from Bx, that is, satisfying
uk(yn) = 1 and w) (K (tn,z})) C [0,00). Then, according to Lemma 5.5, we have

min{||z, — up |, |77, + upll} < 2/t, <e.

As we have
2
* * * * * * * €
lzn +unll = (25 + ) (yn) = 1+ a3, (yn) = 1+ a7, (@a) + a7, (yn — 20) 2 2= 5 > &,
we get [z — uh|| < e, so (17) says that ||z, — y,| = e — 1. Without loss of generality, passing to a
subsequence if necessary, we can assume that the following limits exist: Uim,, ||z, — yn ||, lim, 2% (yn — zn)
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and lim,, 2% (y,). Then
e <lim flyn — 2| <l tnay, (yn — 20) = tlimaj, (yn — zn)
g2 2 g2

2
< Zlimat(yn) —1+ =)< Z(1-14 =) =e.
~(im () — 1+ 5) < (1 -1+ 5) =<

This means that all the inequalities in the above chain are in fact equalities. In particular, lim, 2% (y,) = 1,
and

(20) e = lim ||y, — x| = tlimz} (y, — x,),

so the analogue of Lemma 5.6 is proved.

Now, we proceed with analogue of Lemma 5.7: we need to show that there are y} € Sx- and a,, > 0,

anp — 1 — 5 with

(21) [, = emyp |l < 5 and [l —ypll > ¢,

<
2
and there is a sequence of v, € Sx such that
(22) liﬁn ) (vg) = liﬁn Yo (vp) = 1.
Case 1: Assume that there exist » > 0 and n € N such that, for all m > n,
([K(t—r,a},) +am] N Bx) \ (@m +7Bx) # 0.

This means that for all m > n there is z,, such that

|zm — Tl > 7, |lzmll <1 and  |lzm — zml| < (&= 1)), (2m — Zm)-
For X\ € (0,1) denote Y x := Azm + (1 — X)ypm,. Clearly, yn, » € Bx. Denote also

Am = Inf{X : Y\ € T, + K(t, 2),)},
and let us show that
(23) ligln Am = 0.
Observe first that A, is smaller than every value of A for which
lyma = Tm || <2 (Ymx — Tm)-

On the one hand, if ||ym — Zm|| — t2%,(Ym — Tm) < 0, then A = 0 belongs to the set in question, and the
job is done. On the other hand, if ||ym — Tm | — t2%, (ym — Tm) = 0, then there is A for which

Allzm = Zm || + (1L = Mym — zmll = tAz5, (2 — Tm) + 81 = N2y, (ym — 2m)
is positive and belongs to the set in question. This means that

A [Yym = Tm | =tz (Ym — Tm)

" lYym — Tl =tz (Ym — Tm) +t2h, (2m — Tm) — ||2m — mm||7

but the limit of the right-hand side equals 0 thanks to (20). So condition (23) is proved. This means that
Ymrm € Tm + K(t,x8) and ||Ym.r,, — Ymll < 2\ — 0. Let us pick a little bit bigger A, > A, in such
a way that we still have [|ly,, 5 — ym| — 0, but for some t, <t with £, — ¢, we have

(24) .5

Then, in particular, lim,, =} (y,, 5\”) = lim,, 2% (y») = 1. Let us apply Lemma 5.3. There are v,, € Sx such
that

—Tm| < Enx;kn(ymj\m - Tm).

m

(25) Un = Yp 5, € K(ty,z},) and [K(ty,z})+v,] N Bx = {v,}.
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Then @7, (vy —y, 5. ) = 0, ie. 1 >z} (vs) > 23(y, 5,) — 1, so a3 (v,) — 1. This proves the first
part of (22). Condition (24) implies that y, 5 —an € K (t,,z}) which, together with (25), mean that
Vn — T € K(tn,27). Consequently,
- _ g2
lvn — zn|l < tha) (vy — 2p) < tn? < €.
If we denote by y* € Sx- the functional that separates v, + K (f,,z*) from By, then (v,,v}) € II(X)
(this proves the second part of (22) even in a stronger form) so, thanks to (17),
1

Ivs — a3l > e
Also, by Lemma 5.5, dist(x, Lin y;) < 1/#,, so there are a,, € R such that

lo* = cnynll < 1/tn.

Again, without loss of generality, we may assume that the sequences () and ||z — a,yk|| converge.
Then,

. 1
lim [, — ) < 7 = 5
Consequently,

< > lim ||z}, — any)| = lim(z) — anyl)(v) =1 = limay,,
2 n n n

so lim,, o, > 1 — §. Starting at this point, (21) can be deduced in the same way as it was done for (16).

Case 2: Assume that there is a sequence of r,, > 0, r,, — 0 and that there is a subsequence of (z,, z7,)
(that we will again denote (z,,z%,)) such that

([K(t—rm,xfn) +a:m] ﬂBX) \ (@ +rmBx) =10 (for all m € N).

Then also
[K(t = Tm,z5) + 2| N (1= 7)Bx =0 (for all m € N).

Let us separate

1
[ [K(t = rp,25) + Tm]
from Bx by a norm-one functional y;;, that is,
(26) Yn (B (t =Ty a,) + @) > 1 =1

so, in particular, y, () > 1 —7ry, and lim,, y%,(z,,) = 1. By the Bishop-Phelps-Bollobés theorem, there
is a sequence (Zp, ;) € II(X), such that
max{||Zn — znl, |7, —ynll} — 0 as n — cc.
Again, passing to a subsequence, we can assume that all the numerical characteristics that appear here
have the corresponding limits. According to (17), for n big enough, we have
~% * =~ ~ % * 1
”yn - an = max{||xn - xn”? ||yn - xn”} Z€e— E7

so limy, ||y — x| > . We can select z, € z,, + K(t — ry,2}) in such a way that ||z, — yn| — 0. Then

n

12 limy) (y,) = limy) (2,) = lim(1 —7,) = 1.

This means that condition (22) works for vy, := y,.

Now consider an arbitrary w € kery) N Sx. Taking a convex combination with an element i of the
unit sphere where y (h) almost equals —1, we can construct an element @ € Bx such that |w —w|| < 2r,
and y};(w) = —r,. Then, by (26), @ ¢ int(K(t — ry,2})), so ||| > (t — rn)z} (@). Consequently,

n

* * [~ 1
) (w) < ) (W) + 2r, < ; + 2r,.

n

n
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Observe that we have shown that the values of the functional =} on ker y* NSx do not exceed ﬁ +2r,.
Therefore, by Lemma 5.4,

1
dist(z}, Lin y) < +2r, — —
t—1rn t

and so there are «,, € R such that
1

lim [lz7, — anypll < -
n t

The remaining conditions in (21) and (22) can be deduced from the same way as in the case 1.
Finally, (21) and (22) imply that lim,, ||z}, —y}|| = lim,, ||} —y;;|| = 2: the proof does not differ much
from the corresponding part of the Theorem 5.8 demonstration. O

Corollary 5.10. Let X be a uniformly non-square Banach space. Then, ®3-(5) < ®x(§) < V26 for
every ¢ € (0,1/2). Consequently, every superreflexive Banach space can be equivalently renormed in such
a way that, in the new norm, ®3-(5) < ®x(5) < V26 for all 6 € (0,1/2).

It would be interesting to obtain a quantitative version of the above corollary.

6. A THREE-DIMENSIONAL SPACE E CONTAINING (%2 WITH Pp(8) < V28

Like in the previous section, for every 6 € (0,1/2) we denote € = V2§, so 0 < ¢ < 1. We denote
B2 C R3 the absolute convex hull of the following 11 points Ag,k = 1,...,11 (or, what is the same, the
convex hull of 22 points +Ax, k= 1,...,11):

3
A1:(07071)7

S £ £ £

Ao=(1—-¢,1,=2), As5=(1—-¢,-1,=), Au=(e—-1,1,=), As=(e—1,-1,=
2 ( g, 72)a 3 ( g, 72)a 4 (“5 5 72)a 5 (8 5 a2)7

S £ £ £

As=(1,1—¢,=), A =(-1,1—¢,=), Ag=(1l,e—1,=), Ag=(-1,e—1,=
6 (; 572)5 7 ( 5 572)a 8 (76 72)a 9 ( , € 72)a

AlO = (17 170)a All = (17 _150)
Denote D, (“D” from “Diamond”) the normed space (R?, || -||), for which B2 is its unit ball. Then D}
can be viewed as R3 with the polar of B2 as the unit ball, and the action of * € D} on x € D, is just
the standard inner product in R3. Let us list, without proof, some properties of D, whose verification is
straightforward:

e The subspace of D, formed by vectors of the form (x1,z2,0) is canonically isometric to eé?.

e There are no other isometric copies of &(ﬁ;) in D,.

e The subspace of D?* formed by vectors of the form (1, z2,0) is canonically isometric to ng) (and
S0, is isometric to Zg)).

e There are no other isometric copies of 6&? in D}.

e The following operators act as isometries both on D. and D¥: (z1,z9,23) — (22,21,23),
(21,29, 23) —> (21, —22,x3). In other words, changing the sign of one coordinate or rearranging
the first two coordinates do not change the norm of an element.

The following theorem shows that the existence of an &()%)—subspace does not imply that ®x(6) = v/20,
even in dimension 3.

Theorem 6.1. Let § € (0,1/2), e =26, and X = D.. Then ®x(8) < v26.

Proof. Assume contrary that ®x(§) = v/20. Like in the proof of Theorem 5.8, this implies the existence
of a pair (x,2*) € Sx x Sx+ with the following properties: z*(z) =1 — § and

(27) max{||z — z||, ||z* — z*||} > ¢ for every pair (z,z") € II(X).
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Also, repeating the proof of Theorem 5.8 for this z* € Sx«, we can find u*,y* € Sx~ such that the pair
(u*,y*) is l-equivalent to the canonical basis of 652) and

2

ut = (@ = 1=y

This means that 2* = Su* + (1 — §)y*. What can be this (u*,y*) if we take into account that there is
only one isometric copy of 652) in X*? Tt can be either v* = (1,0,0), y* = (0,1,0), or a pair of vectors
that can be obtained from this one by application of isometries, i.e. just 8 possibilities. Consequently,
x* either equals to the vector (/2,1 —¢/2,0), or to a vector that can be obtained from this one by
application of isometries, again just 8 possibilities.

N ™

By duality argument, there are u,y € Sx such that the pair (u,y) is l-equivalent to the canonical
basis of 652) and

13 £
—— 1— )y
T 2U+( QM

Since the only (up to isometries) pair u,y € Sx of this kind is v = (1,1,0), y = (1,—1,0), we get
x = (1,1—¢,0), or can be obtained from this one by application of isometries. So there are 8 x 8 = 64
possibilities for the pair (z,z*). Taking into account that z*(x) = 1 — ¢ we reduce this number to 8
possibilities: z = (1 —¢,1,0), 2* = (¢/2,1 — &/2,0) and images of this pair under remaining 7 reflections
and rotations of the underlying R2. If we show that this choice of (z,2*) do not satisfy condition (27)
then, by symmetry, the remaining choices would not satisfy (27) neither, and this would give us the
desired contradiction.

Indeed, the pair (z,z*) € II(X) that do not satisfy (27) for x = (1 —¢,1,0), z* = (¢/2,1 — ¢/2,0)
is the following one: z = (1 —¢,1,¢/2), z* = (¢/2,1 — ¢/2,¢). Let us check the required properties.
At first, z = Ay € Sx. Then, z*(z) = 1. The last property means, that ||z*|| > 1, so in order to
check that [|z*]] = 1 it remains to show that |z*(Ag)| < 1 for all k. This is true for ¢ < 1. Finally,
Iz = 2ll = (0,0,¢/2)ll = 5ll5A1ll = 3¢ <€, and ||z* —2*|| = [|(0,0,¢)[ = {(0,0,¢), A1) = fe <e. O
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