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BANACH SPACES WITH THE DAUGAVET PROPERTY

VLADIMIR M. KADETS, ROMAN V. SHVIDKOY, GLEB G. SIROTKIN, AND
DIRK WERNER

ABSTRACT. A Banach space X is said to have the Daugavet property if every
operator T : X — X of rank 1 satisfies || Id+T|| = 1 + ||T||]. We show that
then every weakly compact operator satisfies this equation as well and that X
contains a copy of £1. However, X need not contain a copy of Li. We also study
pairs of spaces X C Y and operators T : X — Y satisfying || J+T|| = 1+ T,
where J : X — Y is the natural embedding. This leads to the result that a
Banach space with the Daugavet property does not embed into a space with
an unconditional basis. In another direction, we investigate spaces where the
set of operators with ||[Id 4T = 1 + ||T|| is as small as possible and give
characterisations in terms of a smoothness condition.

1. INTRODUCTION

It is a remarkable result due to Daugavet [8] that the norm identity
(1.1) [1d+T[ =1+ [T},

which has become known as the Daugavet equation, holds for compact operators
on C0,1]; shortly afterwards the same result for compact operators on L1[0, 1] was
discovered by Lozanovskii [21]. Over the years, (1.1) was extended to larger classes
of operators on various spaces (see for instance [1], [11], [16], [23], [25], [27], [28] and
the references in these papers for more information); in particular, the Daugavet
equation holds for operators not fixing a copy of C[0, 1] defined on certain “large”
subspaces of C'(K), where K is a compact space without isolated points, and for
operators not fixing a copy of L1[0, 1] defined on certain “large” subspaces of L1[0, 1]
(17, [26]).

In Section 2 of this paper we show that the validity of (1.1) for weakly compact
operators (as a matter of fact even for strong Radon-Nikodym operators) follows
already from the corresponding statement for operators of rank 1 which in turn can
be verified by means of a simple lemma. This has several interesting consequences
and implies for instance that X contains a copy of ¢; if all the rank-1 operators
on X satisfy the Daugavet equation. The investigation of the Daugavet equation
for rank-1 operators is suggested by results in Wojtaszczyk’s paper [28]. Actually,
we take a broader approach and consider a Banach space Y together with a closed
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subspace X and the canonical embedding J: X — Y, and we study the equation
(1.2) [J+ T =1+|T]

for classes of operators from X into Y. If (1.2) holds for operators of rank 1, we
say that the pair (X,Y) has the Daugavet property. We study heredity properties
of Daugavet pairs and spaces and prove that the Daugavet property is inherited by
M-ideals and by subspaces with a separable annihilator.

To explain the relevance of studying (1.2) we recall that, by an argument from
[16], the well-known fact that neither C[0,1] nor L]0, 1] has unconditional bases
can easily be deduced from the Daugavet property for finite-rank operators on these
spaces. In order to obtain the more general result that C[0, 1] and L]0, 1] do not
even embed into spaces having an unconditional basis it is necessary to investigate
(1.2). This was done in [18]. Using techniques from that paper we now prove that
if X is a subspace of a separable space Y and X has the Daugavet property, then
Y can be renormed so that the new norm coincides with the original one on X and
the pair (X,Y") has the Daugavet property. This implies that no space with the
Daugavet property embeds into a space with an unconditional basis.

Section 3 deals with quotient spaces of Ly = L1[0,1] by “small” subspaces.
In particular, we exhibit an example of a space with the Daugavet property not
containing a copy of Li; our example is L1/Y with Y a space constructed by
Talagrand in his work on the three-space problem [24].

In Section 4 we extend results from [2] and [16] on the following question. If T':
X — X is an operator with ||T'|| € o(T), then T is easily seen to satisfy (1.1). We
say that X has the anti-Daugavet property (for a class of operators) if no other
operators (in this class) satisfy (1.1). We show that the anti-Daugavet property is
closely related to a smoothness property of X introduced in Definition 4.1 below. In
fact, we are able to characterise the anti-Daugavet property for compact operators
along these lines.

We use standard notation such as Bx and Sx for the unit ball and the unit
sphere of a Banach space X, and we employ the notation

S(z*,e) ={x € Bx: z*(x) > 1 —¢}

for the slice of Bx determined by z* € Sx+ and € > 0. ex C stands for the set of
extreme points of a set C. In this paper we deal with real Banach spaces although
our results extend to the complex case with minor modifications.

The main results of this paper were announced in [19].

2. THE DAUGAVET PROPERTY

Let X be a subspace of a Banach space Y and let J: X — Y denote the inclusion
operator. We say that the pair (X,Y’) has the Daugavet property for a class M of
operators, where M C L(X,Y), if

(2.1) I+ Tl =1+T]

forall T € M. If X =Y, we simply say that X has the Daugavet property with
respect to M, and if M is the class of rank-1 operators, we just say that X or
(X,Y) has the Daugavet property.

It is well known [2] that if T satisfies (2.1), then so does AT for every A > 0.
In particular, if M is a cone, it is sufficient to verify (2.1) for all T € M with
IT|| = 1. It is obvious that X has the Daugavet property once X* has it, but the
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converse fails (take X = C[0, 1]); also, a 1-complemented subspace of a space with
the Daugavet property might fail it (consider one-dimensional subspaces).
Here is the key lemma of our paper.

Lemma 2.1. Let (X,Y) have the Daugavet property. Then:

(a) For every yo € Sy and for every slice S(x§,e0) of Bx there is another slice
S(xf,e1) C S(xg,e0) of Bx such that for every x € S(x7,e1) the inequality
|z + yol| > 2 — &g holds.

(b) For every xf € Sx~ and for every weak* slice S(yo,c0) of By~ (where yo €
Sy C Sy-) there is another weak* slice S(y1,e1) C S(yo,€0) of By~ such
that for every y* € S(y1,€1) the inequality ||zf + y*|x || > 2 — €0 holds.

Proof. Both parts are proved in a very similar fashion; so we only present the proof
of (a).

Define T: X — Y by Tz = x{(x)yo. Then ||J* +T*| = ||J +T|| = 2, so there is
a functional y* € Sy~ such that ||J*y* +T*y*|| > 2 —eo and y*(yo) > 0. Put

J*y* 4 T*y* ) 9 _ o
N e L R L o
[[Jy* + Ty~ [[J*y* + Ty
Then we have, given z € S(z3,e1),
(T +T)y% ) = (L—e)|[ Ty + Ty || = 2 = eo;

x] =

therefore

(2.2) y* (@) + ¥ (yo)zo(z) = 2 — eo,

which implies that z{(z) > 1 — €9, i.e., © € S(z§,e0). Moreover, by (2.2) we have
y*(x) + y*(yo) > 2 — g9 and hence ||z + yo|| > 2 — &p. |

It is evident that the converse statement is valid, too. For future reference we
will record this in the following simplified version of Lemma 2.1.

Lemma 2.2. The following assertions are equivalent:
(i) The pair (X,Y) has the Daugavet property.
(ii) For every y € Sy, z* € Sx» and € > 0 there is some x € Sx such that
z*(z) >1—cand ||z +y|| >2—¢.
(iii) For every y € Sy, z* € Sx» and € > 0 there is some y* € Sy~ such that
y*(y) > 1—¢ and ||[z* +y*|x|| > 2 —e.

One consequence of these lemmas is that every slice of Bx and every weak* slice
of Bx~ has diameter 2 if (X,Y") has the Daugavet property. In particular, X fails
the Radon-Nikodym property, a fact originally due to Wojtaszczyk [28]. Likewise,
X* fails the Radon-Nikodym property. We shall return to this circle of ideas in
Theorem 2.9.

We now come to our first main result.

Theorem 2.3. If the pair (X,Y) has the Daugavet property, then (X,Y) has the
Daugavet property for weakly compact operators.

Actually, the proof will show that the Daugavet property holds for an even
larger class of operators, namely the strong Radon-Nikodym operators, meaning
operators T for which T'(Bx) is a Radon-Nikodym set. It would be interesting to
decide whether the result also extends to operators not fixing a copy of ¢;.
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Proof. Let T: X — Y be a weakly compact operator with || T|| = 1. Then K =
T(Bx) is weakly compact and therefore coincides with the closed convex hull of
its denting points; in fact, K is the closed convex hull of its strongly exposed
points [6]. So for every € > 0 there is a denting point yo of K with [|yo] >
sup{|lyll: v € K} —e = 1 — ¢, and for some 0 < § < e there is a slice S =
{y € K: y*(y) > 1 -6} of K containing yo and having diameter < ¢; here y* € Y*

and sup, ¢ ;e y*(y) = 1. Consider 2* = T*y*. By construction ||z*|| = 1 and
T(S(z*,0)) = {Tx:xz€ Bx, z*(z) >1-4}
= {Tz:2€Bx, y"(Tx) >1-46} C S.

So for every x € S(x*,d) we have ||Tz| > 1 — 2e. Now by Lemma 2.2 select an
element z € S(z*, ) such that || zo+yo/||yoll || = 2—0 and hence ||zo+yo| > 2—2e.
But Txg € S, so ||[Tzo — yol| < €, and we have

1]+ T = |lxo +Tol| = [lzo + yoll — & = 2 = 3,
as desired. O

Ezample. If X is a Banach space and (€2, X, ) is a non-atomic measure space, then
Y := L1(p, X) has the Daugavet property for weakly compact operators. This is a
special case of a result due to Nazarenko [22]; using our preceding results we can
prove this now in a few lines. Even in the case of the scalar-valued function space
L1(p), for which other proofs have appeared for instance in [3], [14] or [21], our
argument is shorter.

In fact, let y € Sy and y* € Sy«. The functional y* can be represented by a
weak® measurable function ¢ taking values in X*. For € > 0, find a measurable
subset B of ) such that ||xByllr, <e/2 and ||xB¢|L.. > 1—¢/2, and pick z € Sy
so that xpr = x and (p,z) > 1 —¢. Since clearly ||z + y|| > 2 — &, condition (ii) of
Lemma 2.2 is fulfilled.

By a similar argument, one can reprove the result from [16] that C'(X, X) has
the Daugavet property if the compact space K has no isolated points.

We now show that the Daugavet property automatically extends to certain larger
range spaces.

If K is a compact topological space, then we denote by £ (K) the sup-normed
space of bounded real-valued functions on K and by m(K) the closed subspace
consisting of those f € lo(K) for which {¢: f(t) # 0} is of first category. Let us
consider the quotient space

mo(K) =l (K)/m(K).
It follows from the Baire category theorem that the restriction of the quotient map
Q: l(K) — mo(K) to C(K) is an isometry. It is proved in [18] that the pair
(C[0,1], mo(K)), where K is the unit ball of C[0,1]* in its weak* topology, has the

Daugavet property, even for the class of so-called narrow operators, and likewise
for L4110, 1].

Proposition 2.4. Let (X,Y) have the Daugavet property and denote by K the
weak™ closure of ex By« in Y*. Then (X, mo(K)) has the Daugavet property, too.

Proof. The canonical map J; of Y into mo(K) is the composition QJy where Jy:
Y — C(K) is defined by (Joy)(y*) = y*(y) and Q is the (restriction of the) above
quotient map. As remarked above, J; is an isometry. To prove the proposition we
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will employ Lemma 2.2. Thus, 2* € Sx«, ¢ > 0 and [f] € S,,,,(k) are given; of
course, [f] denotes the equivalence class of f € {oo(K) in mo(K). We may assume,
without loss of generality, that

A={te K: f(t) >1—-¢/2}

is a set of second category. Now, there is an open set V' C K such that whenever
U C V is open, then U N A is of second category [20, p. 202].

Next we use the fact that an extreme point of a compact convex set has a
neighbourhood base consisting of slices; this follows from the converse to the Krein-
Milman theorem (see [7, p. 107] for details). Thus, V contains a weak* slice; i.e.,
there are yg € Sy and €1 < £/2 such that

(2.3) w'eK, w'(y)>1l—-e1 = w'eV

Since the pair (X,Y) has the Daugavet property, we get from Lemma 2.2 some

xo € SxNS(x*,e/2) such that ||zo+yol| > 2—e1; we wish to show that ||[Joxo+f]]] >

2 —e. In fact, for some wg € K we have w§(zo) + wg(yo) > 2 — €1 and therefore

wg(yo) > 1 —eq; thus w§ € V by (2.3). Pick a neighbourhood U C V of w{ so that
w*(zo) + w*(yo) > 2 —&1 Yw* € U.

In particular w*(xzo) > 1—¢1, and since U N A is of second category by construction
of V, we have

IlJozo + fII = inf{[w(zo) + f(w")[: w* € UN A}
2

> 1—e1+1-— >

_57

N ™

and we are done. (|

Clearly, for every space between Y and mg(K) the Daugavet property holds, as
well; in particular, the pair (X, C(ex By~)) has the Daugavet property. It remains
open whether in general (X, C(By~)) has the Daugavet property; this is true for
X =Y =C[0,1] and X =Y = L;[0,1] [18].

Proposition 2.4 permits the following renorming theorem.

Theorem 2.5. Let X C Y be separable Banach spaces, and suppose X has the
Daugavet property.

(a) If K = ex Bx~ and mo(K) is as above, then there is an isomorphic embedding
S Y — mo(K) with S|x = Q|x, the restriction of the quotient map from
Loo(K) onto mo(K).

(b) The space Y can be renormed so that the new norm coincides with the original
one on X and (X,Y) has the Daugavet property for the new norm.

Proof. Part (a) is proved in [18, Th. 3.1] for K = Bx« (no matter if X has the
Daugavet property or not); but the proof works for all symmetric isometrically
norming weak™ closed subsets of Bx« without isolated points. So, here it is enough
to check that ex Bx+ does not contain isolated points.

Assume that xf is an isolated extreme point. Since z{ has a neighbourhood
base of slices, there are some £ € Sx and € > 0 such that the only extreme point
satisfying *(§) > 1 — ¢ is #* = z§. Now the Daugavet property yields an element
x € Sx with zf(z) > 1 —¢ and ||z — £|| > 2 — €. Pick an extreme point z* so that
x*(x — &) = ||lx — &||; then we have (—z*)(§) > 1 — € and, consequently, z* = —zf
so that 1 —e < a*(x) = —z{(z) < 0: a contradiction.
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(b) By part (a) and Proposition 2.4, ||y||| = ||Sy|| defines a norm with the required
properties. O

This theorem entails some information on the non-existence of unconditional
expansions. We first formulate a lemma that gives a quantitative version of [17,
Lemma 3.6].

Lemma 2.6. Let X C Y be Banach spaces with J: X — 'Y the natural embedding.
Suppose that the pair (X,Y) has the Daugavet property with respect to a subspace
M C L(X,Y) of operators. Let T = >.>° T, be a pointwise unconditionally
convergent series of operators T,, € M. Then ||J+T| > 1. In particular, J cannot
be represented as a pointwise unconditionally convergent sum J = Y~ T, with
T, € M for all n € N.

Proof. Denote by FIN(N) the set of finite subsets of N. By the Banach-Steinhaus
theorem, the quantity
« = sup {

is finite, and whenever B C N, then

> T, Ssup{ > T,

neB neA
Let € > 0 and pick Ag € FIN(N) such that || >
from the Daugavet property

J+ > T,

neAg

>,

neA

tAe FIN(N)}

: A € FIN(N), ACB} <o

nea, Inll > a—¢e. Then we obtain

— ZT”

n¢A0

>1+

> T

n€eAo

||J+T||Z' —a>1l-—¢,

which proves the lemma. O

We could not decide whether in general ||J +T'|| = 1+ ||7|| in Lemma 2.6. This
is the case if the expansion is 1-unconditional, because for A, = —1 if n € Ag and

An = 1 otherwise
S T, > ATy

n€eAo neN
> 142(a—¢e)—||T|| = 1+|T| — 2e.

J+T| > 142

Corollary 2.7. If X is a separable Banach space with the Daugavet property, then
X does not embed into an unconditional sum of reflexive spaces. In particular, X
does not embed into a space with an unconditional basis.

Proof. Assume that X embeds into an unconditional sum of Banach spaces Y =
P,, X with associated projections P, from Y onto X,. After replacing X, by
P,(X) we assume that the X,, and Y are separable. We may also assume, by
renorming Y according to Theorem 2.5, that the pair (X,Y) has the Daugavet
property so that by Theorem 2.3 every weakly compact operator from X into Y
satisfies the Daugavet equation (1.2). Since the embedding operator J: X — Y has
an expansion into a pointwise unconditionally convergent series J = > P x,
we deduce from Lemma 2.6 that P, |x is not weakly compact for some ng, and
X, is not reflexive. O
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Now we use Lemma 2.1 to produce ¢;-copies in spaces with the Daugavet prop-
erty. First, an extension of that lemma.

Lemma 2.8. If (X,Y) has the Daugavet property, then for every finite-dimensional
subspace Yy of Y, every eg > 0 and every slice S(x,e0) of Bx there is a slice
S(z7,e1) of Bx such that

(2.4) ly +tzll = (1 —eo)(llyll +1t])  Vy €Yo, x € Sy, 1)

Proof. Let § = £¢/2 and pick a finite -net {y1,... ,yn} in Sy,. By a repeated ap-
plication of Lemma 2.1(a) we obtain a sequence of slices S(z,£9) D S(z*(), 1)) o
.. D S(x*™ (™) such that one has

(2.5) lye + 2l >2 -4

for all z € S(x*®) ). Put 27 = 2™ and &1 = e™); then (2.5) is valid for every
x € S(x},e1) and k =1,...,n. This implies that for every « € S(z},£1) and every
y € Sy, the condition

ly+a| >2-20=2—¢

holds.
Let 0 < ty,t2 <1 with t; +t2 = 1. If t; > to, we have for x and y as above
[ti(z +y) + (t2 — t1)y|
tillz +yll = [t2 — ta] ||yl
t1(2 — Eo) + 1t — 11
i1+t —t1gg = 1—eo,

[tiz + tay|

AVANIY]

and an analogous argument shows this estimate in case ¢; < ta.
This implies (2.4), by the homogeneity of the norm and the symmetry of Sy,. O

Theorem 2.9. If X has the Daugavet property, then X contains a copy of {1.

Proof. Using Lemma 2.8 inductively, it is easy to construct a sequence of vectors

e1,ea,... and a sequence of slices S(z},e,), €, = 47", n € N, such that e, 1 €
S(zy 1,ns1) and every element of S(z} ,1,en41) is—“up to &,”—+¢;-orthogonal
to lin{ey, ... ,en}, which means

ly+2ll = @ =)yl +llzl) vy elinfer,...  en}, v € S(@pi1,ent1):

The sequence (e,,) is then equivalent to the unit vector basis in ¢;. |

The proof even shows the stronger result that X contains asymptotically isomet-
ric copies of ¢1 in the sense of [10].

Next, we study to what extent the Daugavet property is hereditary.

Recall that an M-ideal in a Banach space X is a closed subspace J such that
X* decomposes as X* = V @; J* for some closed subspace V of X*, where J+ =
{o* € X*: 2*|; = 0}. Then {z*|;: ¥ € V'} is linearly isometric to J*, and we shall
write

(2.6) X*=J @ J

Proposition 2.10. The Daugavet property is inherited by M -ideals.
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Proof. Suppose J is an M-ideal in a Banach space X with the Daugavet property.
Let y € Sy and € > 0, and let z* € J* C X* with ||z*|| = 1. Consider the slices

S1o= {fe gl <t 2™ () =1—¢},

S = {feX:fll <1, 27(§) 21 —¢/3}
By Lemma 2.2, there is some x € S such that ||z + y|| > 2 — £/3; hence there is
some y* € Sx« with y*(x +y) > 2 — /3. Decompose y* =y} +y3 € J* ®1 J*+ so
that 1 = |ly*|| = ||yl + lly3]l. Therefore we have

y' (@) +uily) =22 —¢/3

so that y*(z) > 1 —¢/3 and yi(y) > 1 — /3. Consequently, ||yi]| > 1 —¢/3 and
thus [lyz|| < /3.

Let us now consider the o(X, J*)-topology on X. An application of the Hahn-
Banach theorem shows that By is o(X, J*)-dense in Bx [13, Remark 1.1.13]. We
may therefore find some & € By satisfying |y} (£ — x)| < e/3 and |z*(§ — )| < /3,
ie., £ € §1, and we have

[E+ul = v (€+y) = i) +vi(y)
> yi(@) +yily) —€/3
> yi(z) +yz(x) +yily) —2¢/3
since ||lys|| <e/3
= y'(@) +yi(y) —2¢/3
> 2—c.
An application of Lemma 2.2 completes the proof of the proposition. O

Obviously, if X has the Daugavet property and J C X is an M-ideal, then X/J
need not have the Daugavet property; for example, if X = C[0,1] and J = {f € X:
f(0) = 0}, then X/J is one-dimensional and thus fails the Daugavet property.

We now prove a converse to Proposition 2.10, which can be regarded as a ver-
sion of the three-space property for the Daugavet property under strong geometric
assumptions.

Proposition 2.11. If J is an M-ideal in X such that J and X/J share the Dau-
gavet property, then so does X.

Proof. Suppose that y € Sx, z* € Sx+ and € > 0 are given as in Lemma 2.2(ii).
We decompose

et =aitay e J o, 27 = [l=i + llas]
and from (2.6) we deduce that

ol =max{ sup 1l s bl f =1

y*E€B y*€B, L
We shall first assume that
Illlyr = sup [y @)l =1.

yreEB =
Since X/J has the Daugavet property and (X/J)* = J*, there is some 2y € X
satisfying
[[zolll =1, a5(zo) = (1 —)llasll, llzo+ylll =2 —e.
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Next, pick £ € By with

(2.7) 21(§) = (1 =)l
and use the 2-ball property of M-ideals [13, Theorem 1.2.2] to find some n € J with
(2.8) [zo £ & —nll <1+e.
Obviously,  := xg + £ — n has the properties
lzl < 1+e,
z3(z) = w53(zo) = (1 —e)llas,
lz+yl = llz+yll = lllzo+yll = 2-¢,

and it is left to estimate 3 (z). Now we get from (2.8)
[21(§) £ 27 (x0 —n)| < (1 + )1 ]|

and hence from (2.7)

|21 (z0 — m)| < 2ef|ar]
so that

w1 (x) = (1= 3¢)|li]|
and finally

z* () 2 (1= 3e)llzi] + (1 = e)fla]| = 1 - 3e.

After scaling x appropriately we obtain (ii) of Lemma 2.2.
In the second part of the proof we suppose that

0:= sup [|y*(y)| < sup [y*(y)|=1.
y*€B, 1 Y E€B

We shall need the following claim: There is some ¢ € S such that *(y) > 1 — 3¢
whenever £* € Sy« and £*(§) > 1 — e. In fact, we have a decomposition X** =
J++ @oo J*t of the bidual space; denote the projection from X** onto J++ by Q.
Now,

1 = [yl = max{[|Qyl|, [ly — Qull} = max{[|Qy]|, 0}

and thus ||Qy|| = 1. By the principle of local reflexivity, in the version of [5],
there is a linear operator L: lin{y, Qy} — X such that £ .= L(Qy) € Sy, Ly =1y
and ||L|| < 1+ ¢&; the point here is that L maps Qy € J++ into J. Clearly

§=3y+3(2£—y) and
126 —yll = 1L2Qy — )| < (1 +¢)2Qy —yl| =1 +¢.

Hence, if £* € S+, then £*(y) < 1 and £*(2§ —y) < 1+ e. Consequently &*(y) >
1 — 3e whenever £*(§) > 1 —e.
By assumption on J and Lemma 2.2 there is some xg € J such that

(2.9) lzoll =1, 27(x0) =2 (A —&)l|21ll, [lwo+&ll 22—
Next, pick z € Bx and £ € S+ with the properties
25(2) = (L —e)llazll, &wo+&) =2—¢
so that
(2.10) &lzo) 21—¢, &€ =1-e
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By construction of & we therefore have £f(y) > 1 — 3¢. Using the 2-ball property
of M-ideals again, we may find some n € J with

Iz z0 —nll <1+e,
and we let x := z + 29 — 7. As in the first part of the proof we obtain from (2.9)

and (2.10)
21 (z = )| < 2eflaill, &6z —m) < 2

and thus

ai(x) = @i(wo) = 2efz1]l = (1= 3e)|l27ll;

w(e) = wa(z) = (1—e)llazll
so that

[zl < 1+e,
() > 1- 3¢,
and
lz+yll = &rt+y) = &=z —n) +&(xo+y) > 2 6e.

Again, we see that (ii) of Lemma 2.2 is fulfilled. |

We next aim at proving that subspaces of Daugavet spaces having a separable
annihilator (such subspaces can be regarded as “large”) have the Daugavet property
as well. We shall use local /1-complements as explained in the following lemma.

Lemma 2.12. If X has the Daugavet property, then for every x € Sx, every
€ > 0 and every separable subspace V' of X* there is an element z* € Sx~« such that
z*(x) > 1 —¢ and ||x* +v*|| = 1+ ||v*| for all v* € V.

*

Proof. Take a dense sequence (v}) in Sy and a sequence of weak* compact slices
S(x,e) D S(x1,e1) D S(x2,e2) D ... such that

1
l* 4+ vi]| >2— = Va* € S(zp,en), k=1,...,m;
n

this is possible by a repeated application of Lemma 2.1(b), as in the proof of
Lemma 2.8. Clearly, any 2* € [,y S(%n, €n) works. O
Corollary 2.13. If X has the Daugavet property, then X* contains an isometric
copy of ¢1. In particular, X* is neither strictly convex nor smooth.

Proof. An isometric £1-copy can be produced from Lemma 2.12 by an obvious
inductive procedure. |

Theorem 2.14. Suppose X has the Daugavet property and Y C X is a subspace
with a separable annihilator Y. Then Y has the Daugavet property.

Proof. Fix y € Sy and € > 0 and consider the slice
S={y' eV =X"/Y": |y <1, y*(y) 2 1 — <}

Also, fix an element [z]] € Sx+,y1. To prove the theorem it suffices, by Lem-
ma 2.2(iii), to find some [z3] € S such that ||[z] + «3]|| = 2. To achieve this, apply
Lemma 2.12 with # = y and V = lin({z;} UY*). We get a functional 3 € Sx-
such that z3(y) > 1 — ¢ and

23 + 0%l =1+ [lo"] Vo™ eV,
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Then [x3] € S and

Nt + 23l = inf{le] + 23+ 2] 2" € Y
= inf{l+ ||lz} +2*||: 2" € Y}
(since x7 + 2* € V)
= 1+|[=3] = 2.
This completes the proof of the theorem. O

In [16] the following property was investigated: X has the hereditary Daugavet
property if every finite-codimensional subspace of X has the ordinary Daugavet
property. The preceding theorem shows that the hereditary Daugavet property
coincides with the usual one.

At the end of this section we study sums of pairs with the Daugavet property.

Lemma 2.15. If (X1,Y1) and (Xa2,Y2) have the Daugavet property, then so do
(X1 @1 X2,Y1 @1 Y2) and (X1 ©oo X2, Y1 oo Ya).

Proof. We first deal with (X @oc X2, Y1 Boo Y2). Let us consider x;‘ S X;‘, y; €Y;

(= 1,2) with [[(y1,92)ll = max{{sl], ly=l} = 1, [[(2,25)] = [l27]] + ll3]| = 1.
Assume without loss of generality that ||y1|| = 1. By Lemma 2.2 there is, given
e > 0, some z; € X; satisfying

1]l =1, zi(z1) > [=7]|(1 —¢), llzr+wmll>2—e.
Also, pick zo € X5 such that
[z2]l =1, @3(x2) = [[23](1 —e).
Then [|(x1,z2)|| = 1, ((zF,23), (x1,22)) > 1 — ¢ and
(@1, 22) + (Y1, 92)ll = [le1 + o1l =22 — &

Thus, (X1 e Xa2,Y1 @ Y2) has the Daugavet property.
A similar calculation, based on Lemma 2.2(iii), shows that (X7 ®1 X5,Y; ®1 Y2)
has the Daugavet property. O

We remark that the converse of the above lemma is valid, too.

Proposition 2.16. Suppose that (X1,Y1), (X2,Y2),... are pairs of Banach spaces
with the Daugavet property. Then (co(X;),co(Y;)) and (€1(X;),£1(Y;)) have the
Daugavet property.

Proof. Tt follows from Lemma 2.15 that (X1 Boo - - Boo Xn, Y1 Poo " * - Boo Yn ), TESP.
(X181 @1 X, Y181 --@1Y,,), have the Daugavet property for each n € N. Since
the union of these spaces is dense in ¢o(Xj;), co(Y;), €1(X;) or ¢1(Y;), respectively,
the result follows. |

For X; =Y these results were first proved by Wojtaszczyk [28] and, in a special
case, by Abramovich [1] using different approaches.
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3. QUOTIENTS OF Ly

In this section, we consider the space L1 = L1[0,1]. The Lebesgue measure is
denoted by p, and ¥ stands for the Borel o-algebra on [0, 1].

The following two properties which a subspace X of L; might or might not have
will turn out to be relevant for the Daugavet property of Lq/X.

(I) For every Borel set A C [0,1] and every € > 0 there is a positive function
f € L1(A) such that | f|]| = 1 and
(3.1) (L =&)(IA + [[Al]) < [IAf + Rl < AL+ 2]

forallhe X, A e R.

(IT) For every fy € L, every Borel set A C [0, 1] and every £ > 0 there is a positive
function f € L1(A) such that || f|| = 1 and (3.1) holds for all h € lin(XU{fo}),
AeR.

Lemma 3.1. Let X be a subspace of L.
(a) (I) emplies (II).
(b) If X satisfies (11), then L1/ X has the Daugavet property.

Proof. (a) Let fo ¢ X, and let P denote the projection from lin(X U {fo}) onto
lin{fo} along X. Given € > 0, there is some ¢ > 0 such that

g
uwB)<d = |xshl <=5

For A as in (II), let B C A be a Borel set of measure < . An application of (I)
with B in place of A and €1 = ¢/(4+2|| P||) in place of € provides us with a positive
function f € Ly(B), ||f]| = 1, such that

lef +gll = (X =—e)(lal +lgl)  VaeR, geX.

Now let h = Afp + g be a function in lin(X U {fo}) with |h|| = 1; i.e., Ph = Afo
and |A| < ||PJ|. To obtain (3.1), it is enough to show that || f + k|| > 2 — &; see the
last part of the proof of Lemma 2.8. In fact, we have

2—|If + Al I+ 1120 = [1f + 2]

/B(|f|+|>\fo+g|—|f+/\f0+g|)du
(since f =0 on [0,1]\ B)

< [+l =1 + g+ 2 [ 1foldu
B B
19
< (A +lgll =11 +gll) + 2[A =7
(UF11+ llgh = 1F + g11) + 2N 75
g
< all+lglh+5
< A+ Id=Pllhler + 5
< e

(b) We shall verify condition (ii) of Lemma 2.2. So let [fo] € Sp,/x, '€ Sx1 C
Sr.. and € > 0 be given; we are going to find an equivalence class [f1] in the slice
S(F,e) such that [|[fo + f1]l| > 2 — 2¢.
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There is a Borel set A C [0, 1] such that
(3.2) l-e<F|py<lae or —1<F|y;<-1+cae
Let us assume the former case. If f satisfies the condition in (IT), then we have
(F.) = [ Ps@d =1~
A
ie., [f] € S(F,e). If we put f; = f, we get

I[fo+ filll = inf{[lfr + fo+gl: g € X}
> mf{(l =&)X+ fo+gl): g€ X}
(1 =)@+ [[[fo]ll)
2 — 2e.
In the latter case of (3.2) we put f; = —f to obtain the same conclusion. |

Proposition 3.2. If X is a reflexive subspace of Ly, then L1/X has the Daugavet
property.
Proof. We shall use the previous lemma and stick to its notation. Now By is

uniformly integrable since it is weakly compact [4, p. 162]. Thus, given £ > 0 there
is some § > 0 such that

w(B) <6 = / |h(t)|dt <e/2 Vh € Bx.
B

For a Borel set A pick any Borel subset B C A of measure < ¢, and let f =
xB/w(B). Then we have for all h € Bx and |A| + ||h|| =1

INf 4B = / INF(E) + h(t)| dt + / Ih(t)] dt
B (0,1]\B
1
> |A|—2/|h<t>|dt+/ ()| dt
B 0
> 1-g
therefore property (I) is fulfilled. O

Our main objective in this section is to give an example of a Banach space with
the Daugavet property not containing a copy of L1, thus showing that a conceivable
generalization of Theorem 2.9 is not valid. Our example will be the quotient space
L,/Y, with Y a space constructed by Talagrand [24] as a counterexample to the
three-space problem for L;. Before we present several crucial features of Y, we
formulate a lemma.

Lemma 3.3. Let g = fin + hun € L1 be a sequence of bounded functions on [0, 1]
such that sup,, || fmllL., =: M1 < co. Assume also that the supports Ay, of hy, are
small in the sense that Y °_ | (Ay,) < 0o and that the sequence (gm,) is equivalent
to the standard l1-basis, i.e.,

H > Amgm > )\mgmH
m=1 m=1

for some My < oo and all (\y,) € £1. Then for every e > 0 there is some § € (0,£/2)
such that whenever A € ¥, u(A) > ¢, there is a subset B C A, u(B) = ¢, satisfying

(3.3) Ixsfll <elfl  VfeX:=lin{gm: meN}.

m=1
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Proof. Select a number N € N for which >\ u(A,,) < /2. Denote Mz :=
maxk<n |hkllL., and put 6 = &/(2 + Ma(M7 + Ms)). Then for every A € I,
1(A) > e, there is a subset B C A, pu(B) = 6§, such that BN (U,,on Am) = 0,
since § < /2. Take any f € Sx, f =Y v _; Amgm. Then > °_ |\p| < Ms, and
we obtain

o N
el = |3 A+ 3 A di < (B MRy + M) <
m=1 m=1

which proves (3.3) |

Let us now describe the structure of Talagrand’s example. In [24] he constructs
a space generated by a double sequence gn,,n = fm,n + hm,n such that for every
fixed n the sequence (gm.n)m meets the conditions of Lemma 3.3. Moreover, if
one denotes X, = H{gm,n: m € N} C Lj, then each X, is isomorphic to /¢y,
with Banach-Mazur distance tending to oo, though, and EUn X, is isomorphic to
the ¢1-sum of the X,, with isomorphism constant < 20, and not only each X,, but
every finite sum of these spaces meets the conditions of Lemma 3.3. The X,, are
constructed so as to consist only of very “peaky” functions: For every € > 0 there
is an n = n(e) such that [24, Th. 3.1]

(3.4) plflzep)<e  VfeSx,.

Finally, whenever (Y;,) is a subsequence of (X,,), then L;/lin|J, Y, fails to contain
a copy of L [24, p. 26].

Theorem 3.4. There is a subspace Y of Ly such that L1/Y has the Daugavet
property, but fails to contain a copy of Ly.

Proof. The space Y will be the closed linear span of a certain subsequence (Y;,) of
Talagrand’s sequence (X,,). As reported above, it is a deep result due to Talagrand
that L;/Y does not contain a copy of L.

In order to obtain the Daugavet property for L;/Y by means of Lemma 3.1, we
determine the Y,, as follows. First, we let Y7 = X;. Using inductively Lemma 3.3
and condition (3.4) we select a subsequence (Y;,) to fulfill the following two condi-
tions:

(a) For every n € N there is a 6, € (0,27""!) such that for every A € ¥,
w(A) > 27" there is some B C A, u(B) = d,, such that

(3.5) Ixafll <27"(|fll VfeYi@ - @Yy

in addition we pick 6, < §,—_1.
(b) For every g € Sy, ,, we have

(3.6) p({lgl = 107", }) < 107"6y.

Now put Y =linlJ,, ¥;, and let us prove the validity of condition (I) of Lemma 3.1.
Denote by M the smallest constant such that

> Ak
n=1

for every choice of f, € Sy, (n € N) and for all (\,) € ¢;; in fact, M < 20 [24,
Prop. 4.2]. Fix e > 0 and a set A € ¥, u(A) > €. Pick N € N such that

(3.8) 27N (M 4 2) <,

o0

>l

n=1

(3.7) M
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and apply (a) to obtain some B € ¥ satisfying (3.5) for n = N. Put go = x5/u(B)
and consider a function h =Y ° | A, f,, with ||h|| = 1 where f,, € Sy, for all n and
(An) € £1. We need to prove that

(3.9) lgo+hl =2 —e.
Denote

N
ho= Anfa, hi=h—hy, D={teB:|mnt)]<2"}

n=1
By (3.7) we know that

o0

>l €M,

n=1
so for every t € D at least one of the inequalities
[fn®)]>10"" n=N4+1,N+2,...,
has to be true; hence by (3.6)

(3.10) w(D) < Y p{lfal = 107"} <107 Vo,
n>N

To prove (3.9) let us note that

2—=llgo+ Al = lgoll + Irll = llgo + A

- /B(|90|+|h| ~ g0 + h) du

:/ (|90|+|h|—|90+h|)dﬂ+/(|go|+|h|—|go+h|)du
B\D D

/ 2Ih|du+/ 2[gol dp.
B\D D

The last two integrals can be estimated from above as follows:

IN

[l < [ fholdut [ pafdn
B\D B B\D
N
< 27V P+ 27 Vey
n=1
(by (3.5) and by definition of D)
< 27NM(M +1).

Further, by definition of go and (3.10)

WD) _
ol =555 <10

so that
2—llgo+h| <27V (M+2)-2<¢
by (3.8), and the proof of (3.9) and thus the proof of Theorem 3.4 is completed. O
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The common feature of Proposition 3.2 and Theorem 3.4 is that we factor by a
subspace with the Radon-Nikodym property. Recall from [28] or [27] that L;/H;
has the Daugavet property, too (since its dual does). So a natural question that has
remained open is whether a quotient L1 /X by a subspace with the Radon-Nikodym
property always has the Daugavet property or can at least be so renormed.

4. THE ANTI-DAUGAVET PROPERTY

In this part we consider operators T' from a Banach space X into itself. It is an
easy exercise to prove that

(4.1) Id+T|| =1+ ||T|

if T is a bounded linear operator for which ||T|| belongs to the spectrum of T.
Therefore, we say that a Banach space X has the anti-Daugavet property for a
class M of operators if, for T € M, the equivalence

[TA+T| =1+ T <= [T[l €o(T)

holds. Again, it is enough to consider operators of norm 1. If M = L(X), we
simply speak of the anti-Daugavet property.

We shall use some results on finite representability, ultrapowers and superreflex-
ivity which may be found in the monograph [4]. Geometric notions such as uniform
convexity and smoothness are discussed there, too; see also [9] or [12].

It was proved in [2] that uniformly convex and uniformly smooth spaces share
the anti-Daugavet property, and locally uniformly convex spaces have the anti-
Daugavet property for compact operators. In [16] an equivalent geometric condition
(see Definition 4.1(a)) for the anti-Daugavet property in finite-dimensional spaces
was presented. We shall now extend these results and introduce some geometric
properties of the unit sphere.

Definition 4.1.
(a) We say that a Banach space X is alternatively convex or smooth (acs) if for
all x,y € Sx and z* € Sx~ the implication
(4.2) at(z) =1, lz+yll=2 = 2%(y) =1

holds.
(b) We say that a Banach space X is locally uniformly alternatively convex or
smooth (luacs) if for all z,,y € Sx and 2* € Sx~ the implication

(4.3) ot (an) = 1, [lan +yll =2 = a2%(y) =1

holds.
(c) We say that a Banach space X is uniformly alternatively convex or smooth
(uacs) if for all ,,,y, € Sx and z, € Sx« the implication

(4.4) Ty () = 1, lzn tynll 22 = 23(yn) — 1
holds.

Geometrically, the (acs)-property means some smoothness of the norm at points
lying on a line segment in the unit sphere. Precisely, X is (acs) if and only if
whenever co{z,y} C Sx, then z and y are smooth points of the unit ball of lin{z, y}.

We remark that uniformly convex spaces and uniformly smooth spaces are (uacs),
and locally uniformly convex spaces are (luacs). In [16] it was proved that in finite-
dimensional spaces (where by a compactness argument (acs), (luacs) and (uacs)
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are equivalent) (acs) is necessary and sufficient for the anti-Daugavet property. We
intend to characterise the anti-Daugavet property for the class of compact operators
on infinite-dimensional spaces by means of the (luacs)-property. To this end, we
shall need a lemma.

Lemma 4.2. Suppose X is (acs) and T: X — X is a weakly compact operator
with |T|| = 1 and || Id4+T|| = 2. Suppose in addition that ||x + Tz|| = 2 for some
x € Sx. Then 1 is an eigenvalue of T'.

Proof. Consider a functional z* € Sx~ such that *(z) = 1. By the (acs)-property
of X one has z*(Tx) = 1. Therefore z§ := T*(z*) attains the value 1 at = and
hence belongs to Sx+. Again, using (4.2) we obtain z}(Tz) = 1. Applying the
same argument inductively shows that z*(T"x) = 1 for all n € N. This implies
that

K:=cof{T"x:neN} Cc{ve X:2"(v) =1} NBx C Sx;

in particular 0 ¢ K. Also, K is a weakly compact convex set, since {T"x: n > 1} =
T({T"z: n > 0}), which is relatively weakly compact, and T maps K into K. By
the Schauder (or Markov-Kakutani) fixed point theorem, T" has a fixed point in K,
which is a non-zero eigenvector for the eigenvalue 1. |

Theorem 4.3. For a Banach space X, the following conditions are equivalent:

(i) X has the anti-Daugavet property for compact operators.
(ii) X has the anti-Daugavet property for operators of rank 1.
(iil) X is (luacs).

Proof. (i) = (ii) is evident. For the proof of (ii) = (iii), assume that X fails to be
(luacs). Then there is a functional z* € Sx+ and there are elements x,,y € Sx
such that x,,y € Sx and ||z + yn| — 2, 2*(z,) — 1, but 2*(y) < 1. Consider the
operator T: X — X defined by Tv = 2*(v)y. Then |T| = 1 and ||Id+T| = 2,
since

|Id+T| > limsup ||z, + T2yl
lim sup ||z, + 2" (z5)y]|

= limsup|lz, +y| = 2.

Thus T satisfies (4.1), but 1 ¢ o(T") because of z*(y) < 1; so X fails the anti-
Daugavet property for rank 1 operators.

(iii) = (i): Let T be a compact operator with [|T|| = 1 and ||Id+T|| = 2.
Then there is a sequence (z,) C Sx for which [|Tx, + x,| — 2. By compactness
of T we may assume that Tz, — y € Sx. Now consider z* € Sx+ such that
x*(y) = 1; then z*(Tx,) — 1. Put y* = T*z*; then we have ||y*|| < 1, and from
y*(zn) = *(Tz,) — 1 we deduce that actually ||y*|| = 1. So we have ||z, +y|| — 2
and y*(z,) — 1, and from (4.3) we get that y*(y) = 1. But now

ly+ Tyl = =" (y + Ty) = =" (y) +y"(y) = 2,
so Lemma 4.2 implies that 1 € o(T"); hence we obtain (i). O

We now turn to the relation of the (uacs)-property and the anti-Daugavet prop-
erty.

Lemma 4.4. If X is (uacs), then X is superreflezive.
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Proof. The (uacs)-property provides a uniform restriction on the structure of 2-
dimensional subspaces of X: For all € > 0 there exists some § > 0 such that if
lz+yll >2—90, z,y € Sx, and 2* € S(inisyy)+ with 2*(x) > 1 — 4§, then z*(y) >
1—e. Therefore, not every 2-dimensional Banach space is finitely representable in X,
and by [15] X has to be superreflexive. (In fact, X is uniformly non-square, which
is enough to imply superreflexivity by a theorem due to James; see [4, p. 261].) O

Theorem 4.5. If X is (uacs), then X has the anti-Daugavet property.

Proof. Let T: X — X be an operator of norm 1 such that ||Id +7'|| = 2. Consider

an ultrapower X* of X; X% is the factor space (o (X)/ci(X) with the norm

|[(z)]|l = limg ||z, ||, where ¢f'(X) consists of those sequences in X that tend

to zero along the ultrafilter (. Define TH: X% — X% by T%[(z,,)] = [(Txn)]-
The main advantage of considering T is that Id¥ +T* attains its norm. Indeed,

if 20 € Sx are chosen so that |28 + T22|| — 2, then 2° := [(20)] € Sxu and

lzo +T%(2%)|| = 2. By Lemma 4.4, X* is reflexive and thus T* is weakly compact.
It is evident from the definition that if X is (uacs) and Y is finitely representable
in X, then Y is (uacs), i.e., (uacs) is a superproperty. Thus we conclude that X* is
(acs), and we may apply Lemma 4.2. So there is an eigenvector z! = [(x})] € Sxu
with T%z! = 2!, This means that | Tz} — 2L || tends to zero along i, and 1 is an
approximate eigenvalue of T'; in particular 1 € o(T). O

As we said, it is evident that (uacs) is a superproperty. Also, the super anti-
Daugavet property coincides with (uacs), but we doubt whether the anti-Daugavet
property is a superproperty itself.
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