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Chapter 3

Normality of spaces of
operators and quasi-lattices

This chapter has been submitted for publication as M. Messerschmidt, “Normality of
spaces of operators and quasi-lattices”. It is available as arXiv:1307.1415.

3.1 Introduction

This paper’s main aim is to investigate normality and monotonicity (defined in Sec-
tion 3.3) of pre-ordered spaces of operators between pre-ordered Banach spaces.
This investigation is motivated by the relevance of this notion in the theory of posi-
tive semigroups on pre-ordered Banach spaces [6], and in the positive representation
theory of groups and pre-ordered algebras on pre-ordered Banach spaces [12].

If X and Y are Banach lattices an elementary calculation shows that the space
B(X,Y) is absolutely monotone, i.e., for T,S € B(X,Y), it £T < S, then ||T]| <
|[S||. If X and Y are general pre-ordered Banach spaces the situation is not so clear,
and raises a number of questions: If B(X,Y) is, e.g., absolutely monotone, does this
necessarily imply that X and Y are Banach lattices? If not, what are examples of
pre-ordered Banach spaces X and Y, not being Banach lattices, such that B(X,Y")
is absolutely monotone? What are the more general necessary and/or sufficient
conditions X and Y have to satisfy for B(X,Y’) to be absolutely monotone? This
paper will attempt to answer such questions through an investigation of the notions
of normality and conormality of pre-ordered Banach spaces which describe various
ways in which cones interact with norms.

A substantial part will devoted to introducing a class of ordered Banach spaces,
called quasi-lattices, which will furnish us with many examples that are not neces-
sarily Banach lattices. Quasi-lattices occur in two slightly different forms, one of
which includes all Banach lattices (cf. Proposition 3.5.2). We give a brief sketch of
their construction.

There are many pre-ordered Banach spaces with closed proper generating cones
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44 Chapter 3: Normality of spaces of operators and quasi-lattices

that are not normed Riesz spaces, e.g., the finite dimensional spaces R™ (with n > 3)
endowed with Lorentz cones or endowed with polyhedral cones whose bases (in
the sense of 2, Section 1.7]) are not (n — 1)-simplexes. Although there is often
an abundance of upper bounds of arbitrary pairs of elements, none of them is a
least upper bound with respect to the ordering defined by the cone. An interesting
situation arises when one takes the norm into account when studying the set of
upper bounds of arbitrary pairs of elements. Even though there might not exist
a least upper bound with respect to the ordering defined by the cone, there often
exists a unique upper bound, called the quasi-supremum, which minimizes the sum
of the distances from this upper bound to the given two elements. This allows us to
define what will be called a quasi-lattice structure on certain ordered Banach spaces
which might not be lattices (cf. Definition 3.5.1). Surprisingly, many elementary
vector lattice properties for Riesz spaces carry over nearly verbatim to such spaces
(cf. Theorem 3.5.8), and in the case that a space is a Banach lattice, its quasi-lattice
structure and lattice structure actually coincide (cf. Proposition 3.5.2).

Quasi-lattices occur in relative abundance, in fact, every strictly convex reflex-
ive ordered Banach space with a closed proper generating cone is a quasi-lattice
(cf Theorem 3.6.1). This will be used to show that every Hilbert space H endowed
with a Lorentz cone is a quasi-lattice (which is not a Banach lattice if dim(H) > 3).
Such spaces will serve as examples of spaces, which are not Banach lattices, such
that the spaces of operators between them are absolutely monotone (cf. Theorem
3.7.10), hence resolving the question of the existence of such spaces as posed above.

We briefly describe the structure of the paper.

After giving preliminary definitions and terminology in Section 3.2, we introduce
various versions of the concepts of normality and conormality of pre-ordered Banach
spaces with closed cones in Section 3.3. Normality is a more general notion than
monotonicity, and roughly is a measure of ‘the obtuseness/bluntness of a cone’ (with
respect to the norm). Conormality roughly is a measure of ‘the acuity/sharpness
of a cone’ (with respect to the norm). Normality and conormality properties often
occur in dual pairs, where a pre-ordered Banach space with a closed cone has a
normality property precisely when its dual has the appropriate conormality property
(cf. Theorem 3.3.7). The terms ‘monotonicity’ and ‘normality’ are fairly standard
throughout the literature. However, the concept of conormality occurs scattered
under many names throughout the literature (chronologically, [23, 7, 3, 21, 11, 34,
45, 35, 47, 44, 39, 48, 6, 9, 37]). Although the definitions and results in Section
3.3 are not new, they are collected here in an attempt to give an overview and to
standardize the terminology.

In Section 3.4, with X and Y pre-ordered Banach spaces with closed cones, we
investigate the normality of B(X,Y’) in terms of the normality and conormality of
X and Y. Roughly, excluding degenerate cases, some form of conormality of X and
normality of Y is necessary and sufficient for having some form of normality of the
pre-ordered Banach space B(X,Y) (cf. Theorems 3.4.1 and 3.4.2). Again, certain
results are not new, but are included for the sake of completeness.

In Section 3.5 we introduce quasi-lattices, a class of pre-ordered Banach spaces
spaces that strictly includes the Banach lattices. We establish their basic properties,
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in particular, basic vector lattice identities which carry over from Riesz spaces to
quasi-lattices (cf. Theorem 3.5.8).

In Section 3.6 we prove one of our main results: Every strictly convex reflexive
pre-ordered Banach space with a closed proper and generating cone is a quasi-lattice.
Hence there are many quasi-lattices.

Finally, in Section 3.7, we show that real Hilbert spaces endowed with Lorentz
cones are quasi-lattices and satisfy an identity analogous to the elementary identity
[l||]] = ||z|| which holds for all elements x of a Banach lattice. This is used to show,
for real Hilbert spaces H; and Hsz endowed with Lorentz cones, that B(Hi, Ha) is
absolutely monotone.

3.2 Preliminary definitions and notation

Let X be a Banach space over the real numbers. Its topological dual will be denoted
by X’. A subset C' C X will be called a cone if C + C C C and AC C C for all
A > 0. If a cone C satisfies C' N (—C') = {0}, it will be called a proper cone, and if
X = C - C, it will be said to be generating (in X).

Definition 3.2.1. A pair (X, C), with X a Banach space and C C X a cone, will
be called a pre-ordered Banach space. If C is a proper cone, (X,C) will be called
an ordered Banach space. We will often suppress explicit mention of the pair and
merely say that X is a (pre-)ordered Banach space. When doing so, we will denote
the implicit cone by X and refer to it as the cone of X. For any z,y € X, by
x >y we will mean z —y € X,. We do not exclude the possibilities X; = {0} or
X1 = X, and we do not assume that X is closed.

Let X and Y be pre-ordered Banach spaces. The space of bounded linear op-
erators from X to Y will be denoted by B(X,Y) and by B(X) if X =Y. Unless
otherwise mentioned, B(X,Y) is always endowed with the operator norm. The
space B(X,Y) is easily seen to be a pre-ordered Banach space when endowed with
the cone B(X,Y)y = {T' € B(X,Y) : TX; C Yy}. In particular, the topologi-
cal dual X’ also becomes a pre-ordered Banach space when endowed with the dual
cone X! := B(X,R);. For any f € X' and y € Y, we will define the operator
f®oy e B(X,)Y) by (f @ y)(x) := f(x)y for all x € X. Tt is easily seen that
1£ @yl = I7lllyll-

3.3 Normality and Conormality

In the current section we will define some of the possible norm-cone interactions
that may occur in pre-ordered Banach spaces, and investigate how they relate to
norm-cone interactions in the dual. Historically, these properties have been assigned
to either the norm or the cone (e.g., ‘a cone is normal’ and ‘a norm is monotone’).
We will not follow this convention and rather assign these labels to the pre-ordered
Banach space as a whole to emphasize the norm-cone interaction.
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We attempt to collect all known results and to standardize the terminology. The
definitions and results in the current section are essentially known, but are scattered
throughout the literature under quite varied terminology'. References are provided
when known to the author.

Definition 3.3.1. Let X be a pre-ordered Banach space with a closed cone and
a > 0.
We define the following normality properties:

(1) We will say X is a-maz-normal if, for any z,y,z € X, z < z < y implies
2]l < amax{[y], [|2]|}-
(2) We will say X is a-sum-normal if, for any x,y,z € X, z < z < y implies

] < e(llyll + [I21)-

(3) We will say X is a-absolutely normal if, for any z,y € X, +a < y implies
lz|l < ally||. We will say X is absolutely monotone if it is 1-absolutely normal.

(4) We will say X is a-normal if, for any z,y € X, 0 < x < y implies ||z|| < a|ly]|.
We will say X is monotone if it is 1-normal.

We define the following conormality properties:

(1) We will say X is a-sum-conormal if, for any x € X, there exist some a,b € X
such that z = a — b and ||a|| + ||b]| < «|z|. We will say X is approzimately
a-sum-conormal if, for any x € X and € > 0, there exist some a,b € X such
that z = a — b and ||a|| + ||b]| < afjz| + €.

(2) We will say X is a-maz-conormal if, for any x € X, there exist some a,b € X
such that = a—b and max{||a||, |0} < a||z||. We will say X is approximately
a-mazx-conormal if, for any = € X and € > 0, there exist some a,b € X such
that = a — b and max{||a]|, ||b||} < a|lz| + &.

(3) We will say X is a-absolutely conormal if, for any x € X, there exist some
a € X, such that +2 < a and ||a|| < al|z|]. We will say X is approximately
a-absolutely conormal if, for any = € X and € > 0, there exist some a € X
such that £z < a and ||a| < ofz| + .

(4) We will say X is a-conormal if, for any x € X, there exist some a € X such
that 0,2 < a and ||a|| < «||z||. We will say X is approzimately a-conormal if,

1A note on terminology: The terms ‘normality’ (due to Krein [28]) and ‘monotonicity’ are fairly
standard terms throughout the literature. Our consistent use of the adjective ‘absolute’ is inspired
by [47] and mimics its use in the term ‘absolute value’.

The concept that we will call ‘conormality’ has seen numerous equivalent definitions and the
nomenclature is rather varied in the existing literature. The term ‘conormality’ is due to Walsh
[44], who studied the property in the context of locally convex spaces. What we will call ‘1-max-
conormality’ occurs under the name ‘strict bounded decomposition property’ in [8]. The properties
that we will call ‘approximate 1-absolute conormality’ and ‘approximate 1-conormality’, were first
defined (but not named) respectively by Davies [11] and Ng [34]. Batty and Robinson give equivalent
definitions for our conormality properties which they call ‘dominating’ and ‘generating’ [6].
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for any z € X and € > 0, there exist some a € X such that {0,z} < a and
lall < allz|| +e.

The following two results show the relationship between different (co)normality
properties and for the most part are immediate from the definitions.

Proposition 3.3.2. For any fired o > 0, the following implications hold between
normality properties of a pre-ordered Banach space X with a closed cone:

a-maz-normality =—=> a-absolute-normality

ﬂ ﬂ

a-sum-normality =——==> a-normality ——=> (a + 1)-sum-normality

ﬂ ﬂ

2a-maz-normality X 1is proper

Proof. The only implication that is not immediate from the definitions is that a-
normality implies (o + 1)-sum-normality. As to this, let X be an a-normal pre-
ordered Banach space with a closed cone and z,y, z € X such that z < a <y. Then
0 <2 — 2z <y— 2 so that, by a-normality and the reverse triangle inequality,

el = llzll < llz = 2l < ally — 2] < a((ly] + [I])-

Hence [lz]| < ally[| + (e + Dlz] < (a+D)([lyll + [I2])- O

Similar relationships hold between conormality properties as do between normal-
ity properties. All implications follow immediately from the definitions, with one
exception. That is, if a pre-ordered Banach space has a closed generating cone, then
there exists a constant 8 > 0 such that it is S-max-conormal (and hence 2(4-sum-
conormal). This is a result due to Ando [3, Lemma 1], and is the bottom implication
in the following proposition (although [3, Lemma 1] assumes the cone to be proper,
this is not necessary for its statement to hold, cf. Theorem 3.3.6).
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Proposition 3.3.3. For any fized a > 0, the following implications hold between
conormality properties of a pre-ordered Banach space X with a closed cone:

Q-sum-conorm. approx. a-sum-conorm.

a-abs.-conorm. approx. a-abs.-conorm.

Q-max-conorm. —— > (¥-CONnorm.

2a-sUum-conorm. approx. Q-max-Cconorm. ———s approx. Q-conorm.

38 > 0: [-sum-conorm. <——— X is generating

Remark 3.3.4. The direct analogue to Ando’s Theorem [3, Lemma 1] (the bottom
implication in Proposition 3.3.3) in Proposition 3.3.2 would be that having X
proper implies that X is S-max-normal for some 5 > 0. This is false. Example 3.6.7
gives a space which has a proper cone but is not a-normal for any a > 0.

Remark 3.3.5. For the sake of completeness, we note that Andé’s Theorem |3,
Lemma 1] (the bottom implication in Proposition 3.3.3) can be improved, in that
the decomposition of elements into a difference of elements from the cone can be
chosen in a continuous, as well as bounded and positively homogeneous manner. The
following result is a special case of [13, Theorem 4.1], which is a general principle for
Banach spaces that are the sum of (not necessarily countably many) closed cones. Its
proof proceeds through an application of Michael’s Selection Theorem [1, Theorem
17.66] and a generalization of the usual Open Mapping Theorem [13, Theorem 3.2]:

Theorem 3.3.6. Let X be a pre-ordered Banach space with a closed generating
cone. Then there exist continuous positively homogeneous functions (-)* : X — X,
and a constant a > 0 such that x = ¥ — 2~ and ||z*| < a||z|| for all z € X.

Normality and conormality properties often appear in dual pairs. Roughly, a
pre-ordered Banach space has a normality property if and only if its dual has a
corresponding conormality property, and vice versa. The following theorem provides
an overview of these normality-conormality duality relationships as known to the
author.
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Theorem 3.3.7. Let X be a pre-ordered Banach space with a closed cone.

(1) The following equivalences hold:

(a) For o > 0, the space X is a-maz-normal if and only if X' is a-sum-
conormal.

(b) For a > 0, the space X is a-sum-normal if and only if X' is a-maz-
conormal.

(¢) For a > 0, the space X is a-absolutely normal if and only if X' is a-
absolutely conormal.

d) For a > 0, the space X is a-normal if and only if X’ is a-conormal.
( ; i y

e) There exists an o > 0 such that X is a-maz-normal if and only if X' is
(e) y if X/,
generating.

(2) The following equivalences hold:

(a) For a > 0, the space X is approzimately a-sum-conormal if and only if
X' is a-maz-normal.

(b) For a > 0, the space X is approximately a-maz-conormal if and only if
X' is a-sum-normal.

(¢) For a > 0, the space X is approximately a-absolutely conormal if and
only if X' is a-absolutely normal.

(d) For a > 0, the space X is approximately a-conormal if and only if X' is
a-normal.

(e) The cone X, is generating if and only if there exists an o > 0 such that
X' is a-maz-normal.

The result (1)(a) was first proven by Grosberg and Krein in [23] (via [21, Theorem
7]). The result (2)(a) was established by Ellis [21, Theorem 8|. For a = 1, the results
(1)(c),(d), (2)(c) and (d) are due to Ng [34, Proppositions 5, 6; Theorems 6, 7|. The
fully general results (1)(d) and (2)(d) appear first in [39, Theorem 1.1] by Robinson
and Yamamuro, and later in [37, Theorems 1,2] by Ng an Law. Proofs of (1)(a)
(again), (1)(b), (1)(c), (1)(d) (again), and (2)(a) (again), (2)(b), (2)(c), and (2)(d)
(again) are due to Batty and Robinson in [6, Theorems 1.1.4, 1.3.1, 1.2.2]. The
results (1)(e) and (2)(e) are due to Ando [3, Theorem 1].

Bonsall proved an analogous duality result for locally convex spaces in |7, Theo-
rem 2.

The following lemma shows that conormality properties and approximate conor-
mality properties of dual spaces are equivalent. Ng proved (3) for the case « =1 in
[34, Theorem 6]:
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Lemma 3.3.8. Let X be a pre-ordered Banach space with a closed cone. Then the
following equivalences hold:

(1) For a > 0, the space X' is approzimately a-sum-conormal if and only if X' is
a-sum-conormal.

(2) For a >0, the space X' is approximately a-maz-conormal if and only if X' is
a-maz-conormal.

(8) For a > 0, the space X' is approzimately a-absolutely conormal if and only if
X' is a-absolutely conormal.

(4) For a > 0, the space X' is approzimately a-conormal if and only if X' is
a-conormal.

Proof. That a conormality property implies the associated approximate conormality
property is trivial. We will therefore only prove the forward implications.

We prove (1). Let X’ be approximately a-sum-conormal. Then, for any 8 > «
and any 0 # f € X, by taking e = (6—a)||f|| > 0, we have that there exist g, h € X,
such that f =g —h and [|g|| + [|h[] < o|f]| + (8 — )| f]| = BIIfIl. Therefore, X
is B-sum-conormal for every 8 > a. Now, by part (1)(a) of Theorem 3.3.7, X is -
max-normal for every 8 > «. Therefore, if z,y, z € X are such that z < x < y, then
ol < Bmax{igll 2]} for all B > a, and hence [lz] < infssq Bmax{|y], |II} =
amax{||y|, ||z||}. We conclude that X is a-max-normal, and, again by part (1)(a)
Theorem 3.3.7, that X’ is a-sum-conormal.

The assertions (2), (3) and (4) follow through similar arguments. O

By Theorem 3.3.7 and Lemma 3.3.8, a pre-ordered Banach space with a closed
cone possesses both a normality property and its paired approximate conormality
property (with the same constant) if and only if its dual possesses the same properties
(cf. Corollary 3.3.11). Such spaces are called regular and were first studied by Davies
in [11] and Ng in [34].

Definition 3.3.9. Let X be a pre-ordered Banach space with a closed cone. We
define the following regularity properties:>

(1) For a > 0, we will say X is a-Ellis-Grosberg-Krein regular if X is both a-max-
normal and approximately a-sum-conormal.

(2) For a > 0, we will say X is «a-Batty-Robinson regular if X is both a-sum-
normal and approximately a-max-conormal.

(3) For a > 0, we will say X is a-absolutely Davies-Ng regular if X is both a-
absolutely normal and approximately a-absolutely conormal.

(4) For a > 0, we will say X is a-Davies-Ng regular if X is both a-normal and
approximately a-conormal.

2The term ‘regularity’ is due to Davies [11]. Our naming convention is to attach the names
of the persons who (to the author’s knowledge) first proved the relevant normality-conormality
duality results of the defining properties (cf. Theorem 3.3.7).



Section 3.3 51

(5) We will say X is Andé regular if X is generating and there exists an o > 0
such that X is a-max-normal.

It should be noted that every Banach lattice is 1-absolutely Davies-Ng regular.
The following result combines Propositions 3.3.2 and 3.3.3 to provide relation-
ships that exist between regularity properties.

Proposition 3.3.10. For any fized o > 0, the following implications hold between
reqularity properties of a pre-ordered Banach space with a closed cone:

a-Ellis-Grosberg-Krein reqularity === a-Batty-Robinson reqularity

ﬂ |

a-absolute Davies-Ng reqularity =—=> a-Davies-Ng reqularity

ﬂ

38 > 0: B-Ellis-Grosberg-Krein reqularity <——= Ando reqularity

Proof. The only implication that does not follow immediately from Propositions
3.3.2 and 3.3.3, is that Ando regularity implies 8-Ellis-Grosberg-Krein regularity for
some 3 > 0. As to this, let X be an And6 regular ordered Banach space with a closed
cone. By Proposition 3.3.3, since X, is generating, there exists some § > 0 such
that X is d-sum-conormal. By assumption, there exists an a > 0, such that X is
a-max-normal. By taking 8 := max{d, a}, we see that X is also S-max-normal and
(approximately) S-sum-conormal. We conclude that X is §-Ellis-Grosberg-Krein
regular. O

A straightforward application of Theorem 3.3.7 and Lemma 3.3.8 then yields:

Corollary 3.3.11. Let X be a pre-ordered Banach space with a closed cone. Then
the following equivalences hold:

(1) For a > 0, the space X is a-Ellis-Grosberg-Krein regular if and only if X' is
a-FEllis-Grosberg-Krein regular.

(2) For a > 0, the space X is a-Batty-Robinson regular if and only if X' is a-
Batty-Robinson regular.

(3) For oo > 0, the space X is a-absolutely Davies-Ng regular if and only if X' is
a-absolutely Davies-Ng regular.

(4) For a > 0, the space X is a-Davies-Ng regular if and only if X' is a-Davies-Ng
regular.

(5) The space X is Ando regular if and only if X' is Ando regular.
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3.4 The normality of pre-ordered Banach spaces of
bounded linear operators

If X and Y are pre-ordered Banach spaces with closed cones, we investigate nec-
essary and sufficient conditions for the pre-ordered Banach space B(X,Y) to have
a normality property. Where results are known to the author from the literature,
references are provided.

We begin, in the following result, by investigating necessary conditions for B(X,Y)
to have a normality property. Parts (2) and (3) in the special case X =Y and o = 1
in the following theorem are due Yamamuro [48, 1.2-3]. Batty and Robinson also
proved part (2) for X =Y and o = 1, and part (3) for « = 8 = 1 [6, Corollary
1.7.5, Proposition 1.7.6]. Part (5) is due to Wickstead [45, Theorem 3.1].
Theorem 3.4.1. Let X and Y be non-zero pre-ordered Banach spaces with closed
cones and o > 0.

(1) The cone B(X,Y); is proper if and only if X = Xy — X and Y, is proper.

(2) Let B(X,Y) be a-normal. If Yy # {0}, then X is approzimately co-conormal.
If X! # {0}, then Y is a-normal.

(3) Let B(X,Y) be a-absolutely normal. If Yy # {0}, then X is approximately
a-absolutely conormal. If X', # {0}, then Y is a-absolutely normal.

(4) Let B(X,Y) be a-sum-normal. If Yy # {0}, then X is approzimately a-max-
conormal. If X', # {0}, then Y is a-sum-normal.

(5) Let B(X,Y) be a-maz-normal. If Yy # {0}, then X is approzimately a-sum-
conormal. If X', # {0}, then Y is a-maz-normal.

Proof. We prove (1). Let B(X,Y); be proper. Suppose X # X, —X,. By
the Hahn-Banach Theorem there exists a non-zero functional f € X’ such that
f\X+_X+ =0. Let 0 #y €Y, then £f ® y > 0 since f ® y|x, = 0. Therefore
B(X,Y )4 is not proper, contradicting our assumption. Suppose Y, is not proper.
Let 0 £y e Y, N(=Y;)and 0 # f € X'. Then £f ®y > 0, and hence B(X,Y) is
not proper, contradicting our assumption.

Let X = X4 — X4 and Y4 be proper. If T' € B(X,Y); N(—B(X,Y)4), then,
since Y is proper, TX; = {0}. Hence T(X; — X;) = {0}, and by density of
X; — X, in X, we have T' = 0.

We prove (2). Let B(X,Y) be a-normal. With Y, # {0}, by Theorem 3.3.7, to
conclude that X is approximately a-conormal, it is sufficient to prove that X’ is a-
normal. Let f,g € X' satisfy 0 < f < g,andlet0#y € Y,. Then 0 < fRy < gQy,
and by the a-normality of B(X,Y),

1yl = [If @yl < allg@yll = allgllyll-

Therefore || f|| < a|g||, and hence X" is a-conormal. With X' # {0}, let 0 # f € X',
be arbitrary, and y,z € Y such that 0 <y < 2. Then 0 < f®y < f®zin B(X,Y),
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and by the a-normality of B(X,Y),

Iyl = 1If @yl < allf @ z[l = all fll=]].

Hence ||y|| < a|z]| and we conclude that Y is a-normal.

We prove (3). Let B(X,Y) be a-absolutely normal. With Y, # {0}, by Theorem
3.3.7, to conclude that X is approximately a-absolutely conormal, it is sufficient
to prove that X’ is a-absolutely normal. Let f,g € X’ satisfy +f < g, and let
0#yeY,. Then £f ®y < ¢g®y, and by the a-absolute normality of B(X,Y),

1yl = [If @yl < allg@yll = allgllyll-

Therefore || f|| < al|g||, and hence X’ is a-absolutely normal. With X' # {0}, let
0 # f € X! be arbitrary, and y,z € Y such that +y < 2. Then £f @y < f® z in
B(X,Y), and by the a-absolute normality of B(X,Y),

Iyl = 1If @yl < allf @zl = all flll=]

Hence ||y|| < a|z]| and we conclude that Y is a-absolutely normal.

We prove (4). Let B(X,Y) is a-sum-normal. With Y # {0}, by Theorem 3.3.7,
it is sufficient to prove that X’ is a-sum-normal to conclude that X is approximately
a-max-conormal. Let 0 # y € Y, and f,g,h € X' satisfy ¢ < f < h. Then
gy < f®y<h®yin B(X,Y), and by the a-sum-normality of B(X,Y),

1Al = If @yl < a(lg@yll + IR @yll) = allgll + RNy

Hence || f|| < a(||g|| + ||]]) and X" is a-sum-normal. With X’ # {0}, to prove that
Y is a-sum-normal, let u,v,y € Y satisfy u <y < v andlet 0 # f € X/ . Then
feu<fey<f®uin B(X,Y), and hence, ||y|| < a(||u|| + ||v||) as before.

The proof of (5) is analogous to that of (4). O

Converse-like implications to the previous result also hold, giving sufficient con-
ditions for B(X,Y") to have a normality property. Part (1) and the case « = 8 =1
of part (3) are due to Batty and Robinson Batty and Robinson [6, Proposition 1.7.3,
Corollary 1.7.5]. The special case X =Y and « = 8 = 1 of part (3) is due to
Yamamuro [48, 1.3]. The case where X is approximately a-sum-conormal and Y is
B-max-normal of part (4) is due to Wickstead [45, Theorem 3.1].

Theorem 3.4.2. Let X and Y be pre-ordered Banach spaces with closed cones and
a, B> 0.

(1) If X4 is generating and Y is a-normal, then there exists some vy > 0 for which
B(X,Y) is y-normal.

(2) If X is approzimately a-conormal and Y is B-normal, then B(X,Y) is (2 +
1)3-normal.

(8) If X is approzimately a-absolutely conormal and Y is -absolutely normal,
then B(X,Y) is af8-absolutely normal.
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(4) If X is approximately a-sum-conormal and Y is B-normal (B-absolutely nor-
mal, B-maz-normal, B-sum-normal respectively), then B(X,Y) is a-normal
(af-absolutely normal, af-maz-normal, af-sum-normal respectively)

Proof. We prove (1). By Andd’s Theorem [3, Lemma 1], the fact that X is gener-
ating in X implies that there exists some 8 > 0 such that X is f-max-conormal. Let
T,5 € B(X,Y) be such that 0 < T < S. Then, for any « € X, let a,b € X be such
that z = a — b and max{||a||, |0} < B||z||, so that 0 < Ta < Sa and 0 < Th < Sb.
By a-normality of Y,

1Tz < | Tal + [[T] < a(l|Sall +[15b]) < eS| (lall + [[l) < 2a8][S]]|z]],

hence || T|| < 2a8]|S]|.

We prove (2). Let 7,5 € B(X,Y) be such that 0 < T < S. Let z € X be
arbitrary. Then, for every ¢ > 0, there exists some a € X such that {0,2} < a and
la]] < «||z]| +&. Since © = a— (a — ) and a,a —x > 0, we obtain 0 < T'a < Sa and
0<T(a—z)<S8(a—z), and hence

ITz| [Ta—T(a— )]

[Tal + [T (a — )]

pllSall + 5l1S(a — )|

BlISI(ellz]l + &) + BlISl(allzl + & + ]

2o+ B[Szl + 2¢B]S]-

ANRVAN VAR

Since £ > 0 was chosen arbitrarily, we conclude that ||T]| < (2« + 1)8||5].
We prove (3). Let T, S € B(X,Y) satisfy £7 < S. Let « € X be arbitrary. Then,
for every e > 0, there exists some a € X satisfying +2 < a and ||a|| < of|z|| + ¢.

Then
Te =T a+x T a—x ’
2 2

j:Tx:iT(a;x)$T(a;x>.

Since (a4 x)/2 >0, (a —2)/2 > 0 and £7 < S, we find
iTm§S(a—;x> +S<a;x> — Sa.

Now, because Y is (-absolutely normal, we obtain

and hence,

ITz|| < Bl|Sall < BlISlllall < aBlS|llzll +eB]IS]-

Since € > 0 was chosen arbitrarily, we conclude that B(X,Y) is af-absolutely
normal.

We prove (4). Let X be approximately a-sum-conormal and let Y be S-normal.
Let T,U € B(X,Y) satisty 0 < T < U and let z € X be arbitrary. Then, for every
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g > 0, there exist x1,z2 € X such that © = x; — x5 and ||z1] + ||z2]] < afjz| + €.
Also, 0 < T'x; < Uz, implies ||Tz;|| < B||Ux;] for ¢ = 1,2. Therefore,

[T| [Ty || + [Tz

<
< Uz + Bl|Uz||

< BIUl Uzl + ll==)

< aB|U]l]2l| +BIIU]\

Since € X and € > 0 were arbitrary, we may conclude that B(X,Y") is a3-normal.
The case where X is approximately a-sum-conormal and Y is S-absolutely normal
follows similarly.

Let X be approximately a-sum-conormal and let Y be [-max-normal. Let
T,U,V € B(X,Y) satisfy U <T < V and let x € X be arbitrary. Then, for every
e > 0, there exist z1, 22 € X4 such that z = z1 — 22 and ||z1]| + ||z2|| < a|z] + €.
Also, Uzx; < Tz; < Vi, implies ||Tx;|| < fmax{||[Ux;||, ||Vz;||} for i = 1,2. There-
fore,

17| [T ]| + [T
Smax{[[Uz|, [[Va[l} + B max{([Uzs|, |V}
Bmax{[|U[], [V}l ]l + llz2]])

aff max{||U], [V[[}z]| + e max{[[U], [V'][}-

VAN VAN VAN VA

Since € X and € > 0 were arbitrary, we may conclude that B(X,Y) is af-max-
normal. The case where X is approximately a-sum-conormal and Y is S-sum-normal
follows similarly. O

If one has further knowledge of the behavior of the positive bounded linear opera-
tors, specifically that their norms are determined by their behavior on the cone, then
one can improve the constant in (2) of the above theorem. This will be discussed in
the rest of this section.

Definition 3.4.3. Let X be a pre-ordered Banach space with a closed cone and Y a
Banach space. For T' € B(X,Y), we define ||T||+ :=sup{||Tz| : z € X4, ||z]| = 1}.

If X=X, — X, then || - ||+ is a norm on B(X,Y), called the Robinson norm
(as named by Yamamuro in [48]). We will say that the operator norm on B(X,Y)
is positively attained (as named by Batty and Robinson in [6]) if |T'|| = || T||+ for all
positive operators T' € B(X,Y ).

If X, is closed and generating, || - ||+ is in fact equivalent to the usual operator
norm on B(X,Y). The following result is a slight refinement of a remark by Batty
and Robinson [6, p. 248].

Proposition 3.4.4. If X is a pre-ordered Banach space with a closed generating
cone and Y a Banach space, then the Robinson norm is equivalent to the operator
norm on B(X,Y).
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Proof. By Andd’s Theorem [3, Lemma 1], X is a-max-conormal for some « > 0. Let
z € X and T € B(X,Y) be arbitrary, then there exist a,b € X such that x =a—b
and max{||a||, [|b]|} < a|z||. Hence

[Tz| = [Ta—T0]|
< |Tall + |0
< T+ llall + 101)
< 20Tl [|=]).
Therefore, | T+ < ||IT|| < 2|7 - O

Part (2) of Theorem 3.4.2 can be improved if we know that the operator norm
is positively attained.
Proposition 3.4.5. Let X and Y be pre-ordered Banach spaces with closed cones,
with Y a-normal for some a > 0. If the operator norm on B(X,Y) is positively
attained, then B(X,Y) is a-normal.

Proof. Let T, S € B(X,Y) satisfy 0 <T < S. Then, for any z € X, 0 < Tz < Sx,
and hence ||Tz| < a|Sxz|. We then see that

1T = ITl+
— sup{|ITal| 5 € X4, fall < 1}
< asup{|Se]: w € Xy, o] <1}
= aflS+
= «a|s],
and conclude that B(X,Y) is a-normal. O

The following theorem gives one necessary condition and some sufficient condi-
tions to have that an operator norm is positively attained. The sufficiency of (1)2,
(2), and the necessity of approximate 1-conormality in the following theorem are
due to Batty and Robinson in [6, Proposition 1.7.8.].

Theorem 3.4.6. Let X and Y be pre-ordered Banach spaces with closed cones.

If Y, # {0} and the operator norm on B(X,Y) is positively attained, then X is
approzimately 1-conormal.

Any of the following conditions is sufficient for the operator norm on B(X,Y)
to be positively attained:

(1) The space X is approximately 1-max-conormal and Y is 1-maz-normal.

(2) The space X is approximately 1-absolutely conormal andY is absolutely mono-
tone (i.e., if X =Y, X is 1-absolutely Davies-Ng regular).

3There is a small error in the statement of (1) in [6, Proposition 1.7.8.]. We give its correct
statement and proof.
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(3) The space X is approximately 1-sum-conormal (in which case |T| = ||T+
even holds for all T € B(X,Y)).

Proof. We prove the necessity of approximate 1-conormality of X when Y, # {0}
and the operator norm on B(X,Y) is positively attained. Let f € X', be arbitrary
and let 0 # y € Y. Then, since the operator norm on B(X,Y) is positively attained,

Iyl = I1F @yl = 1I1f @yll+ = 1F1+ Myl

so that ||f|| = || fll+. Forall f,g € X’ satisfying 0 < f < g, we obtain || f|| = || f|l+ <
llgll+ = llgll. Therefore X’ is monotone, and by part (2)(d) of Theorem 3.3.7, X is
approximately 1-conormal.

We prove the sufficiency of (1). Let T € B(X,Y);. Let v € X and e > 0
be arbitrary. Then, since X is 1-max-conormal, there exist a,b € X, such that
x = a — b and max{||al],||b||} < ||z|| +¢&. We notice that —b < 2 < aand T > 0
imply that =70 < Tz < Ta. Then, since Y is 1-max-normal,

ITz|| < max{||Tal, |T0} < [T+ max{[lall, [0} < |7+ (llz]| +¢)-

Because € > 0 was chosen arbitrarily, we conclude that || T+ < ||T|| < |T]|+-

We prove the sufficiency of (2). Let T € B(X,Y);. Let x € X and € > 0 be
arbitrary, then there exists a z € X such that {—z,2} < z and ||z|| < ||z + e.
Then, since T' > 0, we see that {—Tz, Ta} < Tz, and therefore, since Y is absolutely
monotone,

ITell < WT=0 < ITH 1zl < 1T (ol +):

Because € > 0 was chosen arbitrarily, we conclude that | T+ < ||T|| < ||T||+-

We prove the sufficiency of (3). Let z € X be arbitrary. Since X is approximately
1-sum-conormal, for every £ > 0, there exist a,b € X, such that x = a — b and
llall + 1|8]] < ||=]| +&. For any T € B(X,Y), we have

ITz|| < [Tall + [ITol < 1T+ (llall + 16[) < [T+ (ll2]l + €).

Since € > 0 and « € X were chosen arbitrarily, we obtain ||T||+ < ||T|| < [|T]|+. O

3.5 Quasi-lattices and their basic properties

In this section we will define quasi-lattices, establish their basic properties and pro-
vide a number of illustrative (non-)examples.

Let X be a pre-ordered Banach space and A any subset of X. For x € X, by
A <z we mean that a < x for all @ € A and say z is an upper bound of A. We will
use the Greek letter ‘upsilon’ to denote the set of all upper bounds of A, written as
v(A). If z € X is such that A < z and, for any y € X, A < y < z implies z = y,
we say that z is a minimal upper bound of A. We will use the Greek letter ‘mu’ to
denote the set of all minimal upper bounds of A, written as u(A). We note that
v(A) and p(A) could be empty for some A C X.
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For any fixed =,y € X, we define the function ., : X — Rx¢ by 044(2) =
|z —z|| + ||z — y|| for all z € X, and note that o, ,(z) > ||z — y|| for all z,y,z € X.
We will refer to 0,4 as the distance sum to x and y.

We introduce the following definitions and notation:

Definition 3.5.1. Let X be a pre-ordered Banach space with a closed cone.

(1) We say that X is an v-quasi-lattice if, for every pair of elements z,y € X,
v({z,y}) is non-empty and there exists a unique element z € v({z,y}) mini-
mizing o, , on v({z,y}). The element z will be called the v-quasi-supremum

of {z,y}.

(2) We say that X is a p-quasi-lattice if, for every pair of elements z,y € X,
w({z,y}) is non-empty and there exists a unique element z € p({z,y}) mini-
mizing oy, on p({z,y}). The element z will be called the p-quasi-supremum

of {z,y}.

We immediately note that all Banach lattices are p-quasi-lattices:

Proposition 3.5.2. If X is a lattice ordered Banach space with a closed cone (in
particular, if X is a Banach lattice), then X is a p-quasi-lattice and its lattice
structure coincides with its p-quasi-lattice structure.

Proof. Since for every z,y € X, u({z,y}) = {x V y} is a singleton, this is clear. O

Remark 3.5.3. If X is a pre-ordered Banach space with a closed cone, then, for
x,y € X, the set v({x,y}) is closed and convex, and hence techniques from convex
optimization can be used to establish whether a pre-ordered Banach space is an
v-quasi-lattice (cf. Theorem 3.6.1). The set p({z,y}) need not be convex in general
(cf. Example 3.5.9), and hence it is usually more difficult to determine whether or
not a space is a p-quasi-lattice than an v-quasi-lattice.

Except in the case of monotone v-quasi-lattices which are also p-quasi-lattices
with coinciding v— and p-quasi-lattice structures (cf. Theorem 3.5.12), no further
relationship is known between v— and p-quasi-lattices. Example 3.5.5 will provide
a Banach lattice, and hence p-quasi-lattice, that is not an v-quasi-lattice. Further-
more, Example 3.5.13 will provide a non-monotone v-quasi-lattice, which exhibits
v-quasi-suprema that are not minimal, hence if this space were a p-quasi-lattice
(which is currently not known), then its v— and p-quasi-lattice structures will not
coincide.

To avoid repetition, we will often use the term quasi-lattice when it is unimpor-
tant whether a space is an v— or u-quasi-lattice, i.e., a quasi-lattice is either an v— or
p-quasi-lattice. In such cases we will refer to the relevant v— or p-quasi-supremum
as just the quasi-supremum. When it is indeed important whether a space is an v—
or p-quasi-lattice, we will mention it explicitly.

The following notation will be used for both v— and p-quasi-lattices. Let X be
a quasi-lattice and x,y € X arbitrary. We will denote the quasi-supremum of {z, y}
by xVy. This operation is symmetric, i.e., xVy = yVz. We define the quasi-infimum
of {z,y} by zAy := —((—x)V(—y)). It is elementary to see that xAy < {z,y}. We
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define the quasi-absolute value of z by [z] := (—z)V(z). We will often use the
notation z* := 0Vz and 2~ := 0V (—z).

Before establishing the basic properties of quasi-lattices, we will give a few ex-
amples of spaces that are (not) quasi-lattices.

The following is an example of a quasi-lattice that is not a Riesz space, and hence
not a Banach lattice:

Example 3.5.4. The space {R3,] - ||2}, endowed with the Lorentz cone
C:= {(1'1,%271‘3) x> (g;% + x§)1/2}.

There are many minimal upper bounds of, e.g., {(0,0,0), (0,0,2)} (cf. Example 3.5.9
and Proposition 3.7.5). Hence no supremum exists, and this space is not a Riesz
space. Another method to establish this would be to note that C' has more than
distinct 3 extreme rays, while every lattice cone in R? has at most 3 disinct extreme
rays |2, Theorem 1.45].

This space is (simultaneously an v-quasi-lattice and) a p-quasi-lattice. Intu-
itively, this can be seen by taking arbitrary elements, x,y € R, and seeing that
there exists a unique element in u({x,y}) with least first coordinate, which is then
the quasi-supremum. It is possible give a more explicit proof, but this is not needed
in view of the general Theorem 3.7.10 which is applicable to this example.

The following is an example of a Banach lattice, hence a p-quasi-lattice, that is
not an v-quasi-lattice:

Example 3.5.5. Consider the space {R3, || - ||oo} with the standard cone. Let z :=
(1,—1,0). Then

v({0,2}) = {(21,22,23) ER® 1 21 > 1, 29,25 > 0},

and hence, for all z € v({0,2}), we see 004(2) = ||Z]lo + |(z1 = 1, 22 + 1, 23)| 0
14+ 1=2. But, for every t € [0,1], {0,2} < z := (1,0,¢) is such that

Y

2,0(2t) = [12e = @[loo + (126 = Olloo = [1(0, 1, 8)[Jc + [[(1,0,8) |00 = 2,

so that there exists no unique upper bound of {z,0} minimizing the distance sum
to z and 0. We conclude that this space is not an v-quasi-lattice.

There do exist ordered Banach spaces endowed with closed proper generating
cones that are not normed Riesz spaces, nor p-quasi-lattices or v-quasi-lattices:

Example 3.5.6. Let {R3 | - |} be endowed with the cone defined by the four
extreme rays {(+1,+1,1)}. Let x := (0,0,0) and y := (2,0,0). It can be seen that
p({x,y}) = {(1,t,1) € R® : t € [-1,1]}. Since this set is not a singleton, this space
is not a Riesz space. Moreover, o, , takes the constant value 2 on p({z,y}), and
hence there does not exist a unique element minimizing o, , on p({z,y}). Therefore
this space is not a p-quasi-lattice. Furthermore, if z € v({z,y}) and z3 > 1, then
0zy(2) > 2, and since v({z,y}) N {z € R? : 23 < 1} = p({z,y}), all minimizers of
0,y in v({z,y}) must be elements of u({z,y}). Since o, , is constant on u({z,y}),
this space is not an v-quasi-lattice.
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The following results establish some basic properties of quasi-lattices.

Proposition 3.5.7. If X is a quasi-lattice, then X1 is a proper and generating
cone.

Proof. If X is not proper, there exists an x € X such that x > 0 and —x > 0. Let
z > {0,z} be arbitrary. Then z —x > z > 0 > z, so that z > z — x > {0,2}. Hence
no upper bound of {0, x} is minimal and therefore X cannot be a p-quasi-lattice.
Moreover, every z € {Az : A € [-1,1]} minimizes o_, , on v({z, —x}), therefore
X cannot be an v-quasi-lattice either.
For all z € X, since v({z,0}) is non-empty, taking any z € v({x,0}) and writing
x =z — (2 — x) shows that X is generating in X. O

Surprisingly, many elementary Riesz space properties have direct analogues in
quasi-lattices. Many of the proofs below follow arguments from [49, Sections 5, 6]
nearly verbatim.

Theorem 3.5.8. Let X be a quasi-lattice, and x,y,z € X arbitrary. Then:

(1) 2Vx = zAz = z.

(2) For a >0, (az)V(ay) = a(zVy) and (az)A(ay) = a(zAy).
(8) For a <0, (ax)V(ay) = a(zAy) and (az)A(ay) = alzVy).
(4) (@Vy) +z=(z+2)V(y+ 2) and (zAy) + z = (z + 2)A(y + 2).
(5) 2 >0, 27 = (—2)*t.
(6) [2] >0 and, for all a € R, [az] = |a| [2]. In particular [—z] = [x].
(7) x=at —a;atAz~ =0 and [2] =2+ + 2.
(8) If £ >0, then xA0 =0 and z = 2 = [z].
(9) ]l = [=].
(10) x50y + Ay = = +y and 2y — 2Ay = [z — y].
(11) 2Vy =3z +y) + L [z —y] and zAy = 3(z +y) — 5 [z —y].

Proof. Assertion (1) follows from # < x and the fact that o ,(x) = 0 and o4 ,(y) > 0
for all y # .

We prove the assertion (2) for p-quasi-lattices. The case a = 0 follows from (1),
hence we assume o > 0. By definition, 2Vy is a minimal upper bound of {x,y}. Since
a > 0, the element a(zVy) is then a minimal upper bound of {az,ay}. Suppose
that a(zVy) # (ax)V(ay), then there exists a minimal upper bound of {az, ay},
say zg, such that

az.ay(20) = l20 — azl| + 20 — ayll < [la(zVy) — az|| + [a(zVy) — ayl|.
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But then a1z is a minimal upper bound for {z,y}, and
uy(a” 20) = [la” 20 — 2] + [la™ 20 — y|| < [[(aVy) — 2|l + [[(zVy) - yl,

contradicting the definition of zVy € u({z,y}) as the unique element minimizing
0zy on p({z,y}). We conclude that (ax)V(ay) = a(zVy). The same argument
holds for v-quasi-lattices by ignoring the word ‘minimal’ in the previous argument.
By using what was just established, showing that (axz)A(ay) = a(zAy) holds is an
elementary calculation.

The assertion (3) follows from applying (2) with 8 := —a > 0.

The assertion (4) follows from the translation invariance of both the metric de-
fined by the norm and the partial order, and (5) is immediate from the definitions.

To establish (6), we notice that {z, —z} < [x] implies 0 < z —z < 2[z]. The
second part follows by noticing that (—az)V(az) = (—|a|z)V(Ja|z) and applying
(2).
We prove (7). By (4), 27 — 2 = (2V0) — 2 = (z — z)V(—z) =
x =27 — 2. By this, we then have 0 = —x~ + 2~ = 2A04+ 2~ =
(x)A(z7). By (2) and (4), [z] = (—x)Vz = (—x)Vo+2—2 = 0V(2x) —2 = 22T —
x4+ =27+

We prove (8). Let > 0, then 0 is an upper bound of {0, —z}. Moreover, since
the cone is proper, 0 is a minimal upper bound for {0,—z}. But, for any z € X
(and in particular all (minimal) upper bounds of {0, —z}), we have

0—2,0(0) = [0 = (=2)[ + [0 = 0 = [|0 = (=2)[| < 7—2,0(2).

Hence we have 0 = (—z)V0 = z~, and hence, by (7), z = 2+ = [z].

The assertion (9) follows from (6) and (8).

We prove (10). We observe that 2Vy = ((z — y)V0) +y = (z — y)™ + y, and
zAy =z + (0A(y — z)) = z — (z — y)*. Adding these two equations yields zVy +
xAy = x+y, and subtracting gives zVy —xAy = 2(z —y)T +y—x = (2(x — y)V0) —
(z—y)=(z-yV(-(z—y) = [z -yl

The assertion (11) follows by adding and subtracting the equations established
in (10). O

In a sense the more interesting results concerning quasi-lattices are ones outlining
how they may differ from Riesz spaces and Banach lattices. An important remark,
that may at first sight be counterintuitive, is the following: For elements z,y, z in
a quasi-lattice, z < z and y < z does not, in general, imply that zVy < 2. The
following example shows how this may happen:

Example 3.5.9. We continue with Example 3.5.4. Let = (0,0,0) and y = (0,0, 2),
then zVy = (1,0,1). The set of minimal upper bounds of {z,y} forms a branch of a
hyperbola. Choosing z from this hyperbola such that z and zVy are not comparable,
say any z = (vt2 4+ 1,4t,1) with ¢ > 0, we see that, although < z and y < z, it
does not hold that zVy < z.

The previous example shows how it may sometimes happen in quasi-lattices that
the quasi-supremum operation is not monotone: z < y does not necessarily imply
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zT < yT. We can therefore not expect distributive laws, Birkhoff type inequalities
or the Riesz decomposition property to hold in general quasi-lattices.

The following example shows how a quasi-supremum operation need not even be
associative:

Example 3.5.10. Let {R3 || - |2} be endowed with a ‘half Lorentz cone’
C = {(x1, 29, x3) : &1 > (22 + 2212 25 > 0}.

By Corollary 3.6.2, this space is a p-quasi-lattice.

For any z,y € R?, we claim that (xVy)s = max{zs,y2}. To this end, let z >
{z,y} be arbitrary and define 2’ := (21, max{zs,ya}, z3). We first show that 2z’ >
{z,y}. Firstly, 25 — 22 = max{xa,y2} — 2 > 0 and 2z — yo = max{xa,y2} —y2 > 0.
Since zg — x5 > 0 and 25 — ya > 0, we also have z5 > 25. Also, where we use the fact
that (20 — 25)(20 — 2) > 0 and (22 — 25)? > 0 in the last step,

—x1 = 21—
V(22 — 22)2 + (23 — x3)2
V(e — 25+ 24— 02)? + (25 — 3)?

Y

\/(22 — 23)% 4+ 2(22 — 23) (22 — w2) + (25 — 22)* + (25 — 23)?
> 3/ — 22)2 + (2 — xa)2.

Similarly 2] —y1 > /(25 — y2)% + (25 — y3)?, so that 2/ > {z,y}. We claim that
0uy(2) > 04.4(2"). Indeed, again since (22 — 25)(22 — x2) > 0 and (22 — 25)% > 0,

= V(a1 —21)2 + (22 — 22)2 + (23 — 72)?
= \/(21 —x1)? + (22 — 2h + 25 — 22)? + (23 — x2)?
om0+ (22— )% + 2o — ) (2 — 52) + (5 — 22)? + (23— 32)?
R e e
= =2 4 (2~ w2)? + (2 — a)?
= | ~all
Similarly we have ||z — y||2 > ||z’ — y||2. Therefore o, ,(2) = |z —z|2+ ||z — yll2 >

0zy(2). We conclude that (zVy)s = max{zs,y2}, else, by the above construction,
there would exist an upper bound of {z,y} different from zVy, but which also
minimizes o, on pu({z,y}).

Now let a := (0,0,0), b := (0,—1,1) and ¢ := (0 — 1,—1). Using what was
just proven and the fact that the space is a p-quasi-lattice, it can be seen that aVb
must be an element of the plane {x € R3 : 25 = 0} and must be a minimal upper
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bound of {a,b}. The minimal upper bounds of {a,b} that are elements of {x € R3 :
xo = 0} can be parameterized by v : t — (y/1+4 (1 —¢)2,0,¢) with ¢ € (—o0,1]
and the function t ~ ,;(y(t)) attains its minimum at ¢ = v/3 — 1. Therefore
aVb = (2¢/2 —+/3,0,4/3 — 1). Again, using similar reasoning, it can be verified
(using a computer algebra system) that (aVb)Ve = (y/1+ (14 k)>,0,k), where
k= 2371 (—29 —8/2+9V3+ 12\/6). Also, since (1,—1,0) is the only minimal
upper bound of {b,c} that is an element of the plane {z € R3 : x5 = —1}, we must
have bVc = (1,—1,0). It can then be verified that aV(bVe) = (2,0,0). We conclude
that aV(bVc) # (aVb)Ve.

The triangle and reverse triangle inequality take the following form in quasi-
lattices. They reduce to the familiar ones in lattice-ordered p-quasi-lattices.

Theorem 3.5.11. (Triangle and reverse triangle inequality) Let X be a quasi-lattice
and x,y € X be arbitrary. Then

{z+y —(z+y)} <[zl + vl

and
{o—1Tlyl,—z—[yl,y—[z],—y—[z]} < [z £ y].

Proof. By Theorem 3.5.8 (7), for all 2 € X, we have [z] > 2¥ > 42, and hence we
obtain [z] + [y] > 2T +yT >x+yand [z] + [y] > 2~ +y~ > —x —y. Therefore
[2] + [y] is an upper bound of {x + y, —(x + y)}.

To establish the second inequality, we use what was just established to see,
by Theorem 3.5.8 (6) and (9), that {z,—z} = {(z xvy) Fy,—((zr £ y) Fy)} <
[z +y] + [Fyl = [ £yl + [y]. Hence {z — [y], -z — [y} < [z £y]. Similarly,
{y—Tz],—-y—[2]} < [z £ y], and finally we conclude that {x — [y],—z — [y],y—
[z], =y — [z]} < [z +y]. O

The following result allows us to conclude that monotone v-quasi-lattices are in
fact p-quasi-lattices:

Theorem 3.5.12. Fvery monotone v-quasi-lattice is a p-quasi-lattice, and its v—
and p-quasi-lattice structures coincide.

Proof. We first claim that, if X is a monotone ordered Banach space, then, for
z,y € X, if zg € v({z,y}) is such that ||z — z| + |z — y|| > ||z0 — z|| + ||z0 — y]| for
all z € v({z,y}) with z # 2, then zy is a minimal upper bound of {z,y}.

As to this, by translating, we may assume that y = 0. Let z € X be any element
satisfying {z,0} < 2z < z5. Then 0 < z < zp and 0 < z—x < zp—z. By monotonicity,
2] < llz0ll and [z — || < [|z0 — =[], so that ||z]| + ||z — 2| < [|20]| + [lz0 — [|. The
hypothesis on zy then implies that z = zy3. Hence zy is a minimal upper bound of
{z,y}, establishing the claim.

Let X be a monotone v-quasi-lattice and z,y € X arbitrary. By the above
claim, the v-quasi-supremum of {z,y} is a minimal upper bound of {z,y}. Since
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w{z,y}) € v({z,y}) we have that the v-quasi-supremum of {z,y} is also the u-
quasi-supremum. We conclude that X is also a p-quasi-lattice, and that its v— and
p-quasi-lattice structures coincide. O

The following example shows that there exist v-quasi-lattices in which some v-
quasi-suprema are not minimal upper bounds.

Example 3.5.13. Consider the space {R?,]| - |2}, endowed with the cone
C:={(a,b,c) €R?:az? +bx +c>0for all x € [0,1]}.

By Theorem 3.6.1, this space is an v-quasi-lattice. Let « := (0,1,0), y := (0,—1,1).
It can be verified (using a computer algebra system) that

aVy = (2712~ V3), 2712 - V3),1),

while {z,y} < (1,—1,1) < 2Vy. Therefore zVy ¢ p({z,y}).

By comparing the norms of the elements in 0 < (0,—1,1) < (0,0,1), we see
that this space is not monotone. We can therefore not draw any conclusion from
Theorem 3.5.12 as to whether this space is a u-quasi-lattice. A valid conclusion we
may draw is that, if this space is indeed also a u-quasi-lattice in addition to being
an v-quasi-lattice, its pu— and v-quasi-lattice structures will not coincide.

3.6 A concrete class of quasi-lattices

In the previous section we have already noted that lattice ordered Banach spaces
are p-quasi-lattices (cf. Proposition 3.5.2) and gave a number of examples of quasi-
lattices. We begin this section by proving that quite a large class of (not necessarily
lattice ordered) ordered Banach spaces with closed generating cones are in fact quasi-
lattices. Afterwards, we briefly investigate conditions under which a space has a
quasi-lattice as a dual, or is the dual of a quasi-lattice.

We recall that a normed space X is strictly convex or rotund if, for z,y € X,
lx+yl = ||z||+ ||ly|| implies that either z or y is a non-negative multiple of the other
[29, Definition 5.1.1, Proposition 5.1.11].

The following theorem shows that there exist relatively many quasi-lattices:

Theorem 3.6.1. Fvery strictly convex reflexive ordered Banach space X with a
closed proper generating cone is an v-quasi-lattice.

Proof. We need to prove that every pair of elements xg,y9 € X has an v-quasi-
supremum in X.

If zg and yo are comparable, by exchanging the roles of xy and yq if necessary,
we may assume rg < yp. We may further assume that zo = 0 by translating over
—x9. We will denote the distance sum to 0 and yo by o instead of oyg -

If yo = 0, then o(z) = 0 if and only if z = 0, so that 0OV0 = 0. If 0 # yo > 0,
we have that yo € v({0,y0}) and, for all z € v({0,yo}), we have o(z) = ||yo — 2|| +
Izl > llyoll = o(yo). Suppose that zp € v({0,yo}) is such that o(yo) = o(29). We
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must have zg # 0, else 0 < yp < zg = 0 hence, since X is proper, yg = 0, while
yo # 0. Then, since

190 = 20 + 20l = llvoll = o(30) = (20) = llyo — 20l + [I20l,

by strict convexity we obtain yg — 29 = Az for some A > 0. Hence 29 > yo = (1 +
A)zg > zg and then, since X is proper, yo = 29. Therefore 0Vyo = yo.

We consider the case where neither xog < yo nor yg < x¢. Again, by translating,
we may assume without loss of generality that xo = 0, and that neither yo < 0 nor
0 < yo. We again denote the distance sum to 0 and yy by o instead of o y,.

Since X is generating, v({yo,0}) = X1 N (yo + X+ ) is non-empty, hence let
z0 € X4 N (y+ X;+). Consider the non-empty closed bounded and convex set

K=X,Ny+Xs)N{x e X:0(zx) <o(z)}

We note that 0,y ¢ K, since we had assumed that neither yg < 0 nor 0 < yo holds.

The function ¢ is continuous and convex and, since K is bounded closed and
convex and X is reflexive, by [5, Theorem 2.11|, there exists an element z,, € K
minimizing ¢ on K. We claim that z,, is the unique minimizer of o on K. To prove
this claim it is sufficient to establish that o is strictly convex on K, i.e., if 2,2’ € K
with z # 2’ and ¢ € (0,1), then o(tz + (1 — t)2') < to(z) + (1 — t)(2).

We first claim that the line Ryy does not intersect K. Indeed, if A\yy € K for
some A € R, then we must have A # 0, since 0 ¢ K. But then \yp € K C X
implies that either yo < 0 or 0 < g, contrary to our assumption that neither yo <0
nor 0 < yq.

We now prove that o is strictly convex on K. Let z,z’ € K be arbitrary but
distinct and ¢ € (0,1). If z £ Az’ for all A\ > 0, then, by strict convexity of X,
[tz4+ (1—=1t)2"|| < t]|z]|+ (1 —1)||2'||, and hence o(tz+(1—t)2") < to(z)+ (1 —t)o(2').
On the other hand, if 2/ = Az for some A > 0, we must have that A # 1 (since z # 2’)
and A # 0 (since 0 ¢ K). Therefore, supposing that

(1= 1) (yo — 2) + t{yo — )| = (1 = D)llyo — 2l + tllyo — 2,

by strict convexity of X, we obtain (1—t)(yo—z) = pt(yo—2') for some p > 0 (if p = 0,
then yg = z € K contradicts yg ¢ K). By rewriting, we obtain ((1—t)—pt)yo = ((1—
t) —ptA)z. If (1 —1t) — ptA) =0, then ((1 —1¢) — pt) # 0 since A # 1 and pt # 0, and
hence yg = 0, contradicting the assumption that neither yg < 0 nor 0 < yg. Therefore
((1—t)—ptA) # 0, and z € KNRyp, contracting the fact that K and Ry are disjoint.
Therefore, we must have ||(1—t)yo— (1—t)z+tyo—t2'|| < (1—1)||yo — 2|l +t||yo — 2’|,

and hence o(tz 4+ (1 —t)2') < to(z) + (1 — t)o(2').
We conclude that o is strictly convex on K, and that 2, € K is the unique
minimizer of o on K. Then clearly z,, is also the unique minimizer of o on v({0, yo}).
O

Theorem 3.6.1 and Theorem 3.5.12 together yield the following two corollaries:
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Corollary 3.6.2. FEvery strictly convex reflexive monotone ordered Banach space
with a closed proper generating cone is both an v-quasi-lattice and a p-quasi-lattice
(and its v— and p-quasi-lattice structures coincide).

Corollary 3.6.3. For 1 < p < oo, every LP-space endowed with a closed proper
generating cone is an v-quasi-lattice. In particular, every ¢P-space and every space
{R™, |||} that is endowed with a closed proper generating cone is an v-quasi-lattice.
If, in addition, the space is monotone, it is also a u-quasi-lattice (and its v— and
u-quasi-lattice structures coincide).

Proof. That an LP-space is strictly convex for every 1 < p < oo is a consequence
of [29, Theorem 5.2.11]. The result then follows from the previous theorem and
Theorem 3.5.12. O

The remainder of this section will be devoted to dual considerations, specifically
to the question of when the dual of a pre-ordered Banach space is a quasi-lattice.
The following result gives necessary conditions for this to be the case.

Proposition 3.6.4. If a pre-ordered Banach space X with a closed cone has a quasi-
lattice as dual, then:

(1) There exists an o > 0 such that X is a-maz-normal.
(2) X; — X4 is dense in X.

Proof. By Proposition 3.5.7, the dual cone is proper and generating. By part (1)(e)
of Theorem 3.3.7, there exists an o > 0 such that X is a-max-normal. By |[2,
Theorem 2.13(2)], X4+ — X is weakly dense in X. Since X — X is convex, its
weak closure and norm closure coincide, and X, — X is therefore norm dense in
X. O

Corollary 3.6.5. Let X be a pre-ordered Banach space with a closed generating
cone. If X has a quasi-lattice as dual, then there exists an « > 0 such that X is
a-FEllis-Grosberg-Krein regular.

Proof. By the previous result, there exists a § > 0 such that X is S-max-normal.
The cone X was assumed to be generating, and therefore X is Ando-regular. By
Proposition 3.3.10 there exists an a > 0 such that X is «a-Ellis-Grosberg-Krein
regular. O

The following theorem provides sufficient conditions for a pre-ordered Banach
space to have a quasi-lattice as dual.

We recall that a normed space X is smooth if, for every x € X with ||z| = 1,
there exists a unique element ¢ € X’ with ||¢|| = 1 such that ¢(x) = 1 [29, Definition
5.4.1, Corollary 5.4.3].

Theorem 3.6.6. If, for some o > 0, X is an a-normal smooth reflexive pre-ordered
Banach space with a closed cone such that X1 — X is dense in X, then its dual s
an v-quasi-lattice.

If, in addition, X is approzimately 1-conormal, its dual is a p-quasi-lattice (and
its v— and p-quasi-lattice structures coincide).
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Proof. By [2, Corollary 2.14, Theorem 2.40], the dual cone is proper and generating
in X’. That the dual cone is closed is elementary. By [29, Proposition 5.4.7], X’
is strictly convex, since X was assumed to be smooth. Therefore X’ satisfies the
hypotheses of Theorem 3.6.1, and is an v-quasi-lattice.

If we make the extra assumption that X is approximately 1-conormal, then by
part (2)(d) of Theorem 3.3.7, X’ is monotone. Then, by Theorem 3.5.12, X’ is a
p-quasi-lattice. O

The following example shows that there exist v-quasi-lattices that are not a-
normal for any a > 0. It cannot have a quasi-lattice as dual, nor is it the dual of a
quasi-lattice. Indeed, by Proposition 3.6.4 its dual is not a quasi-lattice. Moreover,
by part (2)(e) of Theorem 3.3.7, since the space is not a-normal for any « > 0, its
cone is not the dual cone of a pre-ordered Banach space with a closed generating
cone, and in particular, it is not the dual of a quasi-lattice.

Example 3.6.7. Consider the following subset of ¢2:

oo

1/2
1
= 2; > 2
C r el x1_<g mm>

m=2

Clearly, C' N (=C) = {0} and A\C C C for all A > 0. Also, by Minkowski’s
inequality, C'+ C' C C so that we may conclude that C' is a proper cone. For any

x € (2, taking y := A\(1,0,0,...) € C with A > |z1| + (Zw L 2 )1/2, we see T =

m=2 m<m

y—(y—x) € C—C, so that C is generating in £2. Since the map po : £2 — R defined

by po i@ (s La?) /2 is a continuous seminorm, the map p : x — x1 — po(x)
is also continuous. Since C' = p~!(Rx), we conclude that C is closed. By Theorem
3.6.1, this space is an v-quasi-lattice.

We claim that this space is not a-normal for any « > 0. It is sufficient to show,
for every a > 1, that there exist z,y € £ with 0 < x < y, such that [|z] > ally|-
To this end, we set y := (2,0,...). We define z as follows: let N > n, > (2a)? and
x = (1,0,...,0,4/nq,0,...) with \/n, occurring at the n,-th coordinate. We then
see that 0 < z <y, while

1 1
[zl = (1 +1a)? >nd > 2a = aljyl|.

We conclude that this space is not a-normal for any a > 0.

3.7 A class of quasi-lattices with absolutely mono-
tone spaces of operators

In this section we show that a real Hilbert space H endowed with a Lorentz cone (de-
fined below) is a 1-absolutely Davies-Ng regular u-quasi-lattice (that is not a Banach
lattice if dimH > 3). Through an application of Theorem 3.4.2, this will resolve
the question posed in the introduction of whether there exist non-Banach lattice
pre-ordered Banach spaces X and Y for which B(X,Y) is absolutely monotone.
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Results established in this section will be collected in Theorem 3.7.10. In par-
ticular it will be shown that ||z| = || [«] || for all z € H (which is analogous to the
identity ||z|| = |||z||] which holds for all elements = of a Banach lattice). Then, for
a > 0 and pre-ordered Banach spaces X and Y that are respectively approximately
a-absolutely conormal and a-absolutely normal, the spaces of operators B(X,H)
and B(H,Y) are shown to be a-absolutely normal. Furthermore, if « = 1 (in partic-
ular if X and Y are Hilbert spaces endowed with Lorentz cones), then the operator
norms of B(X,H) and B(H,Y) are positively attained.

We begin with the following lemma which outlines sufficient conditions for es-
tablishing 1-absolute Davies-Ng regularity of absolutely monotone quasi-lattices:

Lemma 3.7.1. Let X be an absolutely monotone quasi-lattice satisfying ||z| =
[Tz || for all x € X. Then X is 1-absolutely Davies-Ng regular.

Proof. The fact that ||z]| = || [«]] for all z € X implies that X is 1-absolutely
conormal. Therefore X is 1-absolutely Davies-Ng regular. O

Every Banach lattice satisfies the hypotheses of the previous proposition. The
rest of this section will be devoted to proving that there exist quasi-lattices that are
not Banach lattices, but still satisfy the hypothesis of the previous proposition.

Definition 3.7.2. Let H be a real Hilbert space. For a norm-one element v € H,
let P be the orthogonal projection onto {v}*. We define the Lorentz cone

Ly :={xeH: (v|lg) > | Pz}

As in Example 3.6.7, it is elementary to see that this cone is closed, proper and
generating in H.

It is widely known that the Hilbert space R? ordered by the Lorentz cone L., C
R3 is not a Riesz space (cf. Example 3.5.4). This is actually true for arbitrary Hilbert
spaces endowed with a Lorentz cone as we will now proceed to show. The following
two lemmas will be used in the proof of Proposition 3.7.5 which establishes this fact.

Lemma 3.7.3. Let H be a real Hilbert space endowed with a Lorentz cone L, where
v € H is such that ||v|| = 1. If x € L, is such that (x|v) = ||Pz| and z1, 22 € L, are
such that © = z1 + zo, then 21,22 € {\x : A > 0}.

Proof. Let P be the orthogonal projection onto {v}*. If 2 = 0, since L, is proper,
the statement is clear. Let 0 # x € L, be such that (z|v) = ||Pz||. Then (z|v) =
|Pz|| > 0, else 2 = 0. Suppose 21 z3 € L, are such that © = z; 4+ z2. Then

(zv) = (21 + 22[0) 2 [|[Pz1]| + | P22l = | P(21 + 22)[| = [Pzl = (2lv).

Therefore || Pz ||[4||Pz2|| = ||Pz1+Pz|| = ||Pz|| > 0, and hence Pz; and Pz cannot
both be zero. We assume Pz; # 0, and then, by strict convexity of H, Pzo = APz
for some A > 0. If (z1|v) > ||Pz1]| or (za|v) > ||Pz2]|, then (z|v) = (z1]v) + (22|v) >
[[Pz1|| + || Pz2]| = || Pz||, contradicting the assumption that (z|v) = ||Pz||. Hence,
since z1, 22 € L,, we must have (z1|v) = ||Pz|| and (z2|v) = ||Pz2||, and therefore
(za]v) = ||Pz2|| = A||Pz1]] = A(z1]v). Now, since (z9|v) = A\(z1|v) and Pzo = APz,
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we obtain zo = (23|v)v+ Pzy = Az1, and hence x = z1 + 29 = (1+ \)z;. We conclude
that 21,20 € {Az : A > 0}. O

Lemma 3.7.4. Let H be a real Hilbert space endowed with a Lorentz cone L, where
v € H is such that ||v|| = 1. If x € L, is such that (xz|v) = ||Pzx| and 0 <y < «z,
then y € {Az : XA € [0,1]}.

Proof. Since L, is proper, thisis clearif z = 0. If 0 < y <z # 0, then x = y+(z—y)
with y, (z —y) € L,, so that by the previous lemma y = Ax for some A > 0. If A > 1,
then x < Az = y < z, since L, is proper and y = Az, implies z = y = 0 contradicting
the assumption x # 0. We conclude that A € [0, 1]. O

Proposition 3.7.5. Let ‘H be a real Hilbert space endowed with a Lorentz cone L,
where v € H such that ||v|| = 1. If dim(H) > 3, then H is not a Riesz space (and
hence not a Banach lattice).

Proof. Let P be the orthogonal projection onto {v}+ and {v,e1,es} C H be any
orthonormal set. For t € R, we have

{0,2e1} < ey +tes + V2 + v =: z.

We claim that each z; is a minimal upper bound of {0, 2e; }. We have (z¢|v) = || Pz,
and hence by the previous lemma, if {0,2e;} < y < 2z, we must have y = Az; for
some A € [0,1]. If A < 1, then AV#2 + 1 = (y — 2e1|v) and

|1P(y — 261)H2 = ||P(Xe1 + Meg + AW iE2 + 1v — 2@1)||2
= ||(A=2)e; + )\teg||2

(A —2)% + \%t?

> 14222

> A2 N2

Hence (y — 2e1|v) = AWt2 + 1 < ||P(y — 2e1)||, contradicting 2e; < y. Therefore we
must have A = 1, and y = z;, and hence z; is a minimal upper bound of {0, 2¢;} for
every t € R. Clearly all z; are distinct, and therefore there exists no supremum of
{07 261}. O

Since every Hilbert space is strictly convex, and knowing that Lorentz cones are
closed proper and generating, we conclude from Theorem 3.6.1 that every Hilbert
space endowed with a Lorentz cone is an v-quasi-lattice. We will now proceed to
show that these spaces are absolutely monotone. Once this has been established,
Theorem 3.5.12 will imply that they are in fact p-quasi-lattices.

The following lemma will be applied in Propositions 3.7.7 and 3.7.9, which to-
gether will show that Hilbert spaces endowed with a Lorentz cones are in fact 1-
absolutely Davies-Ng regular.



70 Chapter 3: Normality of spaces of operators and quasi-lattices

Lemma 3.7.6. Let H be a real Hilbert space endowed with a Lorentz cone L, where
v € H is such that |v]| = 1. Let x € H and Q be the orthogonal projection onto

span{x,v}. If {—x,2} <y, then {—z, 2} < Qy.

Proof. Let P be the orthogonal projection onto {v}+ and @ the orthogonal projec-
tion onto span{z,v}. Let Q+ :=id — Q. We note that ran(Id — P) = span{v} C
ran(Q), so that Id— P and @) commute, and hence P and @ also commute. Therefore,
from

WQy+z) = WQY+Qy—Q y*x)
(vly £ z) — (v|Q"y)
(v]y £ =)

I1P(y £ )|

|QP(y £+ )|
|P(Qy £+ Q)|
IP(Qy + )|,

we conclude that Qy > {—z, z}. O

v v

The following proposition, together with Theorem 3.5.12, will show that every
Hilbert space endowed with a Lorentz cone is in fact a p-quasi-lattice.

Proposition 3.7.7. A real Hilbert space endowed with a Lorentz cone is absolutely
monotone.

Proof. Let H be a real Hilbert space ordered by a Lorentz cone L,, where v € H is a
norm-one element. Let P be the orthogonal projection onto {v}+. Let {—z,z} <y
and let @ denote the orthogonal projection onto V' := span{z,v}. By Lemma 3.7.6,
{_[E’ LE} < Qy

If z € span{v}, then Pz = 0. Also V = span{v}, so that PQ = 0. Therefore
{~2,2} < Qy implies (vQy + 7) > ||PQ(y + z)|| = || Px]| = 0, and hence (v]Qy) >
[{v]2)]. Then |Qyll = [(v|Qu)] > (o|Qy) > [(v]z)| = o], and hence |z < |Qy] <
|ly|]| as was to be shown.

If x ¢ span{v}, since 0 # Pz =z — (v|z)v € V, we see that

ex = (V2||Pa|l) "' (£ Pz + || Pz||v)

are orthonormal elements of VNL,. We claim that VNL, = {Xe;+Xe_ : A\, N > 0}.
Let a € VN L,. Since x ¢ span{v}, 0 # Pz € V is orthogonal to v, and hence
{Pz,v} is a basis of V. Then, by writing a = aPx+ v for some a, § € R, we obtain
B = (alv) > ||Pal| = [al| Pz|. Hence, by
(alex) = (V2||Pz])" (aPz + Bv| + Px + || Pz|lv)
= (V2| Pz|)” ! (£a(Pz|Pz) + | Pz||)
= (V2|Pz|)~ (£a| Pz|? + 8]|Px])
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(V2| Pz[))~! (£al| Pz|? + |af| Pz|?)
0,
we conclude that VN L, = {dey +Ne_ : \, N > 0}. Now Qy £z € VN L, implies

(Qy £ alex) > 0, 50 that (Qylex) > |(le)], and hence o < |Qyl| < Ilyll as was
to be shown. O

2
2

Remark 3.7.8. If = ¢ span{v} we note that (V, V' NL,) in the previous proposition
is isometrically order isomorphic to the Banach lattice {R?, || |2} with the standard
cone through mapping e; € V ande_ € V to (1,0) =: e; € R? and (0,1) =: ep € R?
respectively.

We can now show that real Hilbert spaces endowed with Lorentz cones satisfy
the hypotheses of Lemma 3.7.1:

Proposition 3.7.9. Let H be a real Hilbert space endowed with a Lorentz cone.
Then ||z|| = || [z] || for all x € H. Hence H is 1-absolutely conormal.

Proof. Let v € ‘H be a norm one element and order H with the Lorentz cone L,.
We again denote the projection onto {v}+ by P. Let 2 € H be arbitrary.

If £ > 0 or x <0, then, by Theorem 3.5.8 (6) and (8), [z] = z or [z] = —uz,
respectively, so that ||z| = || [«] ]

It remains to show that ||z|| = || [#] ]| when neither > 0 nor z < 0. Then
x ¢ span{v}. We define the two dimensional subspace V := span{z, v}, denote the
orthogonal projection onto V' by @, and define @+ := Id — Q. By Lemma 3.7.6, if
{—z,2} <w, then {—z,z} < Quw.

When w ¢ V, we see that Qw # 0 implies

lw — || + [Jw + x|
\/HQ(w —o)?+ 1QH(w —2)|* + \/IIQ(w +2)|? + Q- (w + 2)|?

VIIQu — 22 + [Qw]2 + /IIQu + ]2 + Qw2
1Qu — /| + | Qu + 2.

V

We conclude that [2] must be an element of V. Furthermore, by Proposition 3.7.7
and Theorem 3.5.12, H is a p-quasi-lattice, and hence [x] € V is a minimal upper
bound of {—z,x}.

Finally, V' endowed with the cone £, NV is seen to be isometrically order iso-
morphic to {R?,] - ||z} with the standard cone (cf. Remark 3.7.8). Viewing V as
a Banach lattice, we notice that the Banach lattice absolute value |z| in V is the
only minimal upper bound for {—z,z} in H that is also an element of V. By the
argument in the previous paragraph, we conclude that [2] = |z|, and hence that
I T2] I = lll=|ll = ||z, by invoking the Banach lattice property |||z||| = ||z||in V. O

We collect the results established in this section and some of their consequences
in the following theorem. We note that (8) below resolves the question alluded to
in the introduction of the existence pre-ordered Banach spaces X and Y, which are
not Banach lattices, while B(X,Y") is absolutely monotone.
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Theorem 3.7.10. Let H be a real Hilbert space endowed with a Lorentz cone. Then:
(1) If dim(H) > 3, then H is not a Riesz space (and hence not a Banach lattice).
(2) H is an v-quasi-lattice.

(8) H is absolutely monotone.

(4) H is a p-quasi-lattice (and its v— and p-quasi-lattice structures coincide).
(5) For every x € H, ||z|| = || [z]]||. Hence H is 1-absolutely conormal.

(6) H is 1-absolutely Davies-Ng regular.

(7) If X and Y are pre-ordered Banach spaces with closed cones, with X ap-
proximately 1-absolutely conormal and Y absolutely monotone, then the op-
erator norms of both B(X,H) and B(H,Y') are positively attained, i.e., |T|| =
sup{||Tz|| : x > 0, ||z|| =1} for T € B(X,H)+ orT € B(H,Y ). In particu-
lar, if H1 is another real Hilbert space endowed with a Lorentz cone, then the
operator norm of B(H,H1) is positively attained.

(8) If « > 0 and X and Y are pre-ordered Banach spaces with closed cones, with
X approzimately a-absolutely conormal and Y a-absolutely normal, then both
B(X,H) and B(H,Y) are a-absolutely normal. In particular, if Hy is another
real Hilbert space endowed with a Lorentz cone, then B(H,H1) is absolutely
monotone.

Proof. The assertion (1) is Proposition 3.7.5. The assertion (2) follows from Theorem
3.6.1. The assertion (3) was established in Proposition 3.7.7 and hence (4) follows
from Corollary 3.6.2. The assertion (5) was established in Proposition 3.7.9, and
hence (6) follows from Lemma 3.7.1. The assertion (7) follows from (6) and part
(2) of Theorem 3.4.6. The assertion (8) is then immediate from (6) and part (3) of
Theorem 3.4.2. O
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