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PREFACE 4

Preface

The aim of my master project is to study several tensor products in Riesz space theory and
in particular to give new constructions of tensor products of integrally closed directed partially
ordered vector spaces, also known as integrally closed pre-Riesz spaces, and of Banach lattices
without making use of the constructions by D.H. Fremlin [3, 4]. To do this, we made use of so-
called free Riesz spaces and free Banach lattices.

Our second aim was to find out if positive linear maps as universal mappings are really so natural
as they seems to be. The so-called Riesz* homomorphism and bimorphisms seems to be more
natural as universal mappings for pre-Riesz spaces, since Riesz* homomorphisms extends to Riesz
homomorphism between the Riesz completions. Therefore we define the integrally closed Riesz*
tensor product. Under some conditions, Riesz* bimorphisms extends to Riesz bimorphisms between
the Riesz completions and we can prove that the integrally closed Riesz* tensor product actually
exists. In the cases where it exists, it is equal to the usual tensor product of integrally closed
pre-Riesz spaces; the positive tensor product.

It turns out that the positive tensor product £ ® F' of integrally closed pre-Riesz spaces E and F
has the nice property that the Riesz completion of E'® F' is the Archimedean Riesz tensor product
of the Riesz completions E” and F". Moreover, ® : Ex F — E®F is a Riesz* bimorphism and the
restriction of the Riesz bimorphism ® : E" x F” — E"QF" (where we view E as a subspace of E”
and F as a subspace of F"). We give a positive answer to the open problem in [7]; the Archimedean
tensor cone is equal to the Fremlin tensor cone. After all we consider the tensor product of partially
ordered vector spaces with Fremlin norm and norm closed cone and we calculate the positive tensor
product of polyhedral cones.



ACKNOWLEDGMENTS 5

Acknowledgments

I would like to thank Marcel de Jeu and Onno van Gaans for their support and help during my
master project and by writing this thesis.



LIST OF SYMBOLS

List of symbols

Al

Au

[,y

<A

A<y

r< A<y
zly

rVy

T Ay

||

B+

B

FBL(A)
FNRS(A)
FVS(A)
FRS(A)

Kp

K

Kt

EQF

LoM

LM

L&M

rqg:RE S RA
Jja: RR* _, RR”
we : FRS(A) = R, € € RA

set of lower bounds of a set A

set of upper bounds of a set A

order interval

for non-empty set A we have x < a for alla € A

for non-empty set A we have a <y foralla € A
r<Aand A<y

x is orthogonal to y

supremum of x and y

infimum of x and y

absolute value of z

positive elements of E

the space of all order bounded linear functionals on F
free Banach lattice over non-empty set A

free normed Riesz space over non-empty set A

free vector space over set A

free Riesz space over set A

Fremlin tensor cone

integrally closed tensor cone

projective tensor cone

positive tensor product or vector space tensor product of ' and F
Riesz space tensor product of L and M
Archimedean Riesz space tensor product of L and M
Banach lattice tensor product of L and M

restriction map for subset A C B

Ga(f)(€) = f(Ela), f eRE' ¢ e RB
we(f) = f(§)



1 RIESZ SPACE THEORY 7

1 Riesz space theory

Many vector spaces have a natural ordering. For example R or R™ but also the continuous functions
on R, C(R), with the point-wise ordering. In this section we treat the most basic theory about
Riesz spaces and partially ordered vector spaces. For the standard theory and notation we refer
to [1, 2].

1.1 Partially ordered vector spaces

Definition 1.1. A partially ordered vector space is a real vector space E with a partially ordering
< defined on it, such that for all z,y,2 € E and o € RT

(i) z <y implies that z + z < y + z,

(ii) = <y impies that az < ay.
The ordering on a partially ordered vector space is called a vector space ordering.

An alternative notation for y < z isx > y. If x < y and = # y we also write x < y or y > x. We call
an element € F positive if z > 0 and negative if x < 0. Two elements x and y are comparable
if x <y or y <z and we denote this by 2 ~ y. We denote by Fin(E) the set of all finite subsets
of E. The trivial ordering < on a vector space F, is defined by = < y if and only if z = y for all
x,y € E. The set of all positive elements of a partially ordered vector space E is denoted by ET.
It is called the (positive) cone.

Definition 1.2. Let F be a partially ordered vector space. Let A C E be a set. We call A

(i) bounded from below if there is an x € E such that z < a for all a € A, and we write z < A
or A>ux.

(ii) bounded from above if there is an x € E such that for all @ € A we have that a < x. In this
case we write A <z or z > A.

(iil) order bounded if it is both bounded from below and from above.

(iv) solid if A =J,c [—2, 7], or equivalently, A is solid, if [z, 2] C A for all z € A [5, Definition
3511]. A linear subspace of E that is solid is called an (order) ideal or solid subspace.

We define

(i) the set of all lower bounds of A to be A! ={z € E: foralla € A,z < a},

(ii) the set of all upper bounds of A to be A* ={x € E: foralla € A,a < z}.

We write A% for (A%)!, etc.
Remark 1.3. (i) [z,y] # 0 if and only if z < y.

(ii) If E is a Riesz space and I C E a subspace, then is I an order ideal if and only if for all
x € FEand y €I, |z| < |y| implies that y € I.

(iii) Every ideal of a Riesz space is a Riesz subspace.

(iv) 0 =0 = E.

Proposition 1.4. Let E be a partially ordered vector space.
(i) If A C E then AW = A,
(ii) If E # 0 then E' = E* = ().
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Proof. Let E be a partially ordered vector space.

(i) Let A C E be a subset. Let x € A%. Then z > A%, so x € A*% and hence A* C A%, Let
x € A" Tet a € A, then is a < A%, so a € A" and therefore @ < x. Hence z € A" so
Avlv = Av We conclude that A% = A,

(ii) Suppose E # 0. If E has the trivial ordering, then the statements are clear. Suppose F has
a non-trivial ordering. Then there is an = € E with 2 < 0. Suppose that E' # (. Let y € E'.
Then y < x < 0. But then 2y < y and 2y € E, so y ¢ E'. Contradiction. So E' = .

There is an x € F,z > 0. Suppose that E* # (). Let y € E*. Then y > x > 0. But then
2y >y and 2y € E, thus y ¢ E*. Contradiction. So E* = ().

O

Definition 1.5. Let E be a partially ordered vector space. Let A C E be a subset. An element
z € E is called the infimum of A provided z is a lower bound of A and y < z, for all y € A
Likewise z € F is called the supremum of A if it is an upper bound of A and = < y, for all y € A".

Definition 1.6. A partially ordered vector space F is called

1. directed or generating if for all x,y € E there is a z € E such that ¢ < z and y < z,

2. Archimedean if for all z,y € E with the property that nz < y for all n € Z, we have that
z =0,

3. integrally closed if for all x,y € E with the property that nz < y for all n € Ny, one has
z <0,

4. a pre-Riesz space if E is directed and for all X € Fin(E)\{0} and for all x € E with
(x + X)" C X" we have that = > 0 [9, Definition 1.1(viii)],

5. a Riesz space if for all x,y € E the supremum z V y and infimum z A y of x and y exists,

[=p}

. a (0 )-Dedekind complete Riesz space if for every (countable) bounded set X in E the supre-
mum sup X and infimum inf X of X exists.

Proposition 1.7. For a partially ordered vector space E the following statements hold

(i) E is directed if and only if E = ET — Bt
(i) if E is integrally closed, then E is Archimedean. The converse is not true in general.

(i4i) Every Riesz space is pre-Riesz and every directed integrally closed partially ordered vector
space is pre-Riesz[9, Theorem 1.7].

(i) E is a Riesz space if and and only if one of the following is satisfied

(a) xVy exists, for all x,y € E, or,

(b) x Ny exists, for all z,y € E, or,

(¢) for all x € E, the absolute value |x| =z V (—x) of x exists, or,
(d) for all x € E, the positive part of x,z" =z V 0 exists, or,

(e) for all x € E, the negative part of x,x~ = (—x) V 0 exists.

(Follows directly from [1, Theorem 1.7].)

(v) Let 1 be an index set and let for every i € I, E; be a partially ordered vector space. The point
wise ordering on E =[],y Es is given by (2:)ic1 < (Yi)ier if and only if x; < y;, for alli € L.
E is directed, pre-Riesz, Riesz or (o-)Dedekind complete, respectively if and only if for each
i € I, E; is directed, pre-Riesz, Riesz or (0-)Dedekind complete, respectively.

(vi) For a Riesz space the notions ’Archimedean’ and ’integrally closed’ are equivalent.
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(vii) A o-Dedekind complete Riesz space is Archimedean.

Proof. Let E be a partially ordered vector space. We will only prove (i), (ii), (vi) and (vii). The
other statements are trivial or we refer to the literature.

(i) Suppose E is directed. Let z € E. Then thereisay € E with0 <yand 2 <y. Thusy—xz >0
and z =y — (y — ), so we have E = E* — ET. On the other hand, suppose £ = E* — ET.
Let z,y € E. Then there are x1, 2, y1,y2 € ET such that x = x; — 29 and y = y; — y». Hence
r <z +y and y < x1 + y;. So F is directed.

(ii) Suppose E is integrally closed. Let z,y € E with nz < y for all n € Z. Then nz < y

and n(—z) < y for all n € Ny. Thus 2 < 0 and —z < 0. So = = 0. It follows that E is
Archimedean.
For a counter-example consider R? with (z1,22) < (y1,92) if 1 < 31 and z2 < ya, or
(z1,22) = (y1,y2). Suppose n(x1,z2) < (y1,y2) for all n € Z. Then nzy < y; and nxs < yo,
for all n € Z. Thus (x1,72) = 0. So (R?, <) is Archimedean. Note that n(—1,0) < (1,1), for
all n € Ng and (—1,0) £ 0. Therefore (R?, <) is not integrally closed.

(vi) By statement (ii) we only need to prove that an Archimedean Riesz space F is integrally
closed. Let z,y € E and suppose that nz < y for all n € Ny. Then nz™ < y for all n € Z.
Thus 27 = 0 and = < 0. It follows that F is integrally closed.

(vii) Suppose E is a o-Dedekind complete Riesz space. Let x,y € F and suppose that nz < y, for
allm € Ng. Then x < {% in € N} =: A. Since A is bounded and E is a o-Dedekind complete
Riesz space i = inf A exists. We will prove that ¢ = 0. Suppose ¢ # 0. Since 0 < A, we have
that ¢ > 0. We have ni < y for all n € Ny. Thus B := {ni : n € Ny} is a bounded set. Let
s =sup B. Then (n + 1)i < s, for all n € Ny. So ni < s — i for all n € Ny. Since s is the
supremum of B we have that s < s — 4 so i < 0. Therefore ¢ > 0 and 7 < 0 and that is a
contradiction. We conclude that i = 0, thus & < 0. It follows that E is Archimedean.

O

Proposition 1.8. Let E be a partially ordered vector space. Then the following statements are
equivalent.

(i) E is integrally closed,
(i)) 0=inf {£ :n e N}, forallz € ET.

Proof. Let E be a partially ordered vector space. Assume (i). Let z € ET. Clearly, 0 is a lower
bound of {%x 'n € N} .Lety € {%x 'n € N}l . Then, ny < z, for all n € Ny. Since FE is integrally
closed, we have that y < 0. So the infimum of {% 'n € N} exists and is equal to 0.

Assume (ii). Let 2,y € E, and assume that nz < y for all n € Ny. So y > 0 and z is a lower bound
of {% in € N} . Hence z < inf {% in € N} = 0. We conclude that F is integrally closed. O

Cones

Cones in a vector space are in a one-to-one correspondence to the possible vector space orderings.

Definition 1.9. Let E be vector space. A subset K C F is called a cone provided

1. az,z+y € K forall z,y € K and a € R,
2. KN(-K)=0.

If K satisfies (i), then it is called a wedge.
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Proposition 1.10. Let E be a vector space. Let K be a cone in E. Define < on E by x <y if and
only if y —x € K. Then < is a partially ordered vector space. On the other hand if < is a vector
space ordering, then E is a cone. The vector space ordering and the ordering induced from ET
coincide.

Proof. Let E be a vector space and K a cone in E. Let < be defined through « < y if and only
ify—ax € K. Let x,y,2 € E and suppose that z <y and y < z. Then z — y,y —z € K. Thus
z—yt+y—z=z—zx € K,sox <z lfz<yandy <z, then x —y,—(x —y) € K, so
x—y € KN(—K) =0, thus x = y. For all x € E we have z < z. Thus < is a partially ordering.
It is straightforward that < is a vector space ordering.

On the other hand, suppose < is a vector space ordering on E. Note that = + vy, ax € ET, for all
z,y € ET and o € RT. Suppose x € E* N (—E™), then x > 0 and —z > 0. Thus z = 0. Therefore
E™ is a cone. The last statement is trivial. O

Remark 1.11. If < is a vector space ordering induced from a cone K, we denote (E, <) sometimes
by (E, K).

1.2 Morphisms

Definition 1.12. Let F and F be partially ordered vector spaces and let ¢ : E — F be linear,
then we call ¢

1. order bounded if for every order bounded set A C E, the set ¢(A) is order bounded,

2. positive or increasing if for all ,y € F with < y one has ¢(x) < ¢(y) or equivalently,
¢(x) > 0 as soon as x > 0,

3. bipositive if x > 0, for all z € E, is equivalent to ¢(x) > 0,
4. an order isomorphism if it is bipositive and surjective,

5. regular or a difference of positive linear maps if there are positive linear maps ¥, w : £ — F
such that ¢ =9 — w.

If £ and F are directed, then we call ¢

1. a Riesz* homomorphism if ¢({z,y}*) C ¢({x,y})* for all z,y € E [9, Definition 5.1],
2. a Riesz homomorphism if ¢({z,y}*)! = ¢({z,y})* for all z,y € E [9, Definition 2.1(i)],

3. a complete Riesz* homomorphism if for every set X in E bounded from above, we have that
$(X") C ¢(X)™[9, Definition 5.11],

4. a complete Riesz homomorphism if for every set X in F with inf X = 0, also inf ¢(X) = 0[9,
Definition 2.1(ii)].

Remark 1.13. (i) Every positive operator is regular and every regular operator is order
bounded. Not every order bounded linear map is regular, for a counterexample, see the
Example of Lotz in [1, Example 1.16].

(ii) Every bipositive linear map is injective.
(iii) Every Riesz homomorphism is a Riesz* homomorphism[9, Remark 5.2(i)].

(iv) If E and F are Riesz spaces, then every Riesz* homomorphism ¢ : E — F is also a Riesz
homomorphism[9, Remark 5.2(ii)].

(v) The composition of two Riesz homomorphism is not necessarily a Riesz homomorphism[9,
Remark 2.3].
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(vi) There exists an example of a Riesz homomorphism ¢ : E — F and a directed subspace
D C E, such that ¢|p : D — F is not a Riesz homomorphism[9, Remark 2.10].

(vii) The composition of two Riesz* homomorphisms is a Riesz* homomorphism[9, Remark
5.2(iii)).

(viii) If F and F are Riesz spaces, then our definition of a Riesz homomorphism coincide with the
usual definition of a Riesz homomorphism[9, Remark 2.2].

(ix) A complete Riesz homomorphism ¢ : E — F is not necessarily a Riesz homomorphism [9,
Remark 2.2], but if F is pre-Riesz, then ¢ is also a Riesz homomorphism [9, Corollary 2.7].

Theorem 1.14. Let E be a directed partially ordered vector space. Let 1 be an index set. Let F;
be a directed partially ordered vector space for every i € I. Let, for everyi € I, ¢p; : E — F; be a
linear map. Let F' = [[;; F; with the pointwise ordering. Define ¢ : E — F by ¢(x); = ¢i(x).
Then

(i) ¢ is a Riesz* homomorphism if and only if for each i € 1, ¢; is a Riesz* homomorphism.

(ii) ¢ is a Riesz homomorphism if and only if for each i € 1, ¢; is a Riesz homomorphism.

Proof. (For the proof of (ii) see also [9, Theorem 2.14].) Note that for z,y € F

o({z, 1) = [ & o 3™,

i€l

o({z.yy)' =[] oi{a, v}’

i€l
and
o({z.y1)" = [[ 6:({z v}
iel
Hence the Theorem follows. O

Proposition 1.15. Let L and M be Riesz spaces. If ¢ : L — M 1is an injective Riesz homomor-
phism, then ¢ is bipositive.

Proof. Let L and M be Riesz spaces. Let ¢ : L — M be an injective Riesz homomorphism.
Clearly, ¢ is positive. Let x € L and ¢(z) > 0. Then ¢(z) = ¢(z) V0O = ¢(z) V ¢(0) = ¢(x V 0).
Since ¢ is injective, we have that x = 2 vV 0 > 0. Thus ¢ is bipositive. O

Not every injective positive linear map is bipositive, for example f : (R, {0}) — (R,R"),x — z is
an injective positive linear map that is not bipositive.

1.3 Order ideals

Recall that a subspace I of a partially ordered vector space E is called an ideal, if for all z € I the
order interval [—z, z] is contained in I. We will give some results here about ideals and what they
are useful for.

Proposition 1.16. Let E and F' be partially ordered vector spaces. Let ¢ : E — F be a positive
linear map. Then ker ¢ is an order ideal.

Proof. Let E and F be partially ordered vector spaces. Let ¢ : E — F be a positive linear map.
Let x € ker ¢. For all y € [—x,z], we have 0 = ¢(—z) < ¢(y) < ¢(z) = 0. Hence ¢(y) = 0, therefore
y € ker ¢. We conclude that ker ¢ is an order ideal. O
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Theorem 1.17. Let E be a partially ordered vector space and let J C E be an order ideal. Denote
an equivalence class x + J of x € E by [x]. Define a partially ordering < on E/J by, [x] < [y] if
there is an z € J such that © < y + z. This turns E/J into a partially ordered vector space. We
have for all X, Y € E/J, X <Y if and only if there are x,y € E such that x < y,[z] = X and
ly] =Y. Moreover (E/J)t = {[z] : x € E*}. Defineq: E — E/J by x — [z]. If E is directed,
then q is a Riesz homomorphism.

Proof. For the first statements, see [5, Proposition 351J]. Suppose F is directed. Let z,y € E.
Then q({z,y}*)" = {[z] : 2 € {z,y}*}* < {[z], W]} = q({z,y})". Since ¢ is in particular positive,
the converse inclusion holds by [9, Lemma 2.4]. Thus ¢ is a Riesz homomorphism. O

We call ¢ the quotient Riesz homomorphism and E/J the quotient space.

Proposition 1.18. (See [10, Corollary 1.3.14] and [11, Theorem 62.3]). Let L be a normed Riesz
space and I a norm closed order ideal of L. Then L/I is a normed Riesz space with quotient norm

]| = inf{[yl| : y € L, [y] = [x]}.

If L is a Banach lattice, then L/I is also a Banach lattice.

1.4 Relatively uniform topology

Suppose [ is an ideal of a Riesz space L, then L/I is also a Riesz space. Unfortunately, even in the
case that L is Archimedean, L/I need not be Archimedean. A sufficient and necessary condition
for L/T to be Archimedean is that I is relatively uniformly closed, which will be defined next.

Definition 1.19. Let E be a partially ordered vector space. A sequence {x,}n,>1 converges
relatively uniformly (ru-converges) to z € FE, if there exist a u € ET and a sequence of positive
real numbers {e,},>1 with &, | 0 such that —e,u <z, —z < e,u, foralln € N. Aset ACFE
is relatively uniformly closed (ru-closed) if for every sequence {z,},>1 C A that is relatively
uniformly convergent to an x € L, we have that x € A. Clearly, the intersection of an arbitrary
collection of relatively uniformly closed sets if relatively uniformly closed. We define the relatively
uniformly closure (ru-closure) of a set A to be the intersection of all relatively uniformly closed
sets B that contain A. This collection is not empty since it contains F.

Remark 1.20. (i) If F is a Riesz space, then z,, converges relatively uniformly to z, if there is
au € E1 and a real valued sequence {¢,, },>0,&n | 0 such that |z,, — 2| < e,u, for all n € N.

(ii) Suppose L is a non-Archimedean Riesz space. So there are x,y € L such that nx <y, for all
n € Z, but = # 0. Note that y = |y| > 0. For all n € N we have that nx < y and —nz < y,
thus n|z| <y, for all n € Ng. We conclude that [0 — 2| < 1y, for all n € N, and that the
constant sequence {0},,>1 converges to x # 0. We see that {0} is not ru-closed and that that
the constant sequence {0}52; converges to at least two different elements, namely 0 and x.

Theorem 1.21. Let E be a partially ordered vector space. If ET is relatively uniformly closed,
then E is integrally closed.

Proof. Let E be a partially ordered vector space with relatively uniformly closed positive cone ET.
Let z,y € F be such that nx <y, for all n € Ny. Then y > 0 and 0 < %y—x, for all n € N. Hence

—ry < gy —x—(—x) = Ly,

for all n € N. We see that the sequence {%y — z},>1 C ET converges relatively uniformly to —z.
Since ET is relatively uniformly closed we have that —x € E™, thus z < 0 and E is integrally
closed. O

Lemma 1.22. Let E be a partially ordered vector space. Let A C E be a non-empty relatively
uniformly closed set. Then for all x € E we have that x + A = {x +y : y € A} is relatively
uniformly closed.
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Proof. Let E be a partially ordered vector space. Let A C E be a non-empty relatively uniformly
closed set. Let « € E. Suppose {z+x,,}°2, is a sequence in z+ A that converges relative uniformly
to y. Then, there exists a real sequence {¢,}>2; and u € E™ such that

—cpu < x4+ x, —y < Epu,
for all n € N. Thus for all n € N we have that
—epu < x, — (y— z) < gnu.

It follows that {z,}32, is a sequence in A that ru-converges to y —x. Since A is ru-closed, we have
that y —x € A, thus y € x + A. Hence = + A is ru-closed. O

Theorem 1.23. Let E be a partially ordered vector space. Let I be an order ideal of E. Then E/I
1s Archimedean if and only if I is relatively uniformly closed.

Proof. Let E be a partially ordered vector space and let I be an order ideal of E. Let ¢ : E — E/I
be the canonical quotient map. Suppose E/I is Archimedean. Let {z,},>1 be a sequence in
I that relative uniform converges to x € FE. By definition, there is a sequence of positive real
numbers {£,},>1 and a u € E* such that ¢, | 0 and —e,u < x,, — z < e,u, for all n € N. Thus
—e,q(u) < —q(z) < enq(u), for all n € N. For every m € N there is an n,,, € N such that L > ¢, .
so Lg(u) < —q(z) < Lq(u), for all m € N. It follows that mq(z) < g(u), for all m € N. Since E/I
is Archimedean we have that ¢(2) = 0. Thus = € I and T is relatively uniformly closed.

On the other hand, suppose that I is relatively uniformly closed. Let x,y € E be such that
nlz] < [y], for all n € Z, then [y] > 0. Therefore we may assume that y > 0. We have for all n € N,

Lyl < [2] < £[y).

3=

Thus there is an Ty € I such that
n — n = n’

for all n € N. Hence {x+x,}52; is a sequence in z + I that converges relatively uniformly to 0. By
Lemma 1.22 on the preceding page z + I is ru-closed and hence 0 € x + I, so [z] = 0. We conclude
that E/I is Archimedean. O

Theorem 1.24. Let E be a partially ordered vector space. Then E is Archimedean if and only if
every relatively uniformly convergent sequence in E has a unique limit.

Proof. First assume that E = E/{0} is Archimedean. By Theorem 1.23, {0} is ru-closed. Let
{zn}n>0 be a sequence in E that converges relatively uniformly to « and y in E. By definition
there are sequences of positive real numbers {e,, },>1 and {d,,},,>1 and u,v € ET with &, | 0 and
6n | 0 and

—pu <z, —x <eyuand —ov < z)H —y < Iy,

for all n € N. Thus —d,v <y — x, < d,v, for all n € N. It follows that
—epu — 0 <y —x < gpu+ Opv,
for all n € N. We conclude that
—(en V) (u+v) <0—(z—y) < (e, VIp)(u+v),

for all n € N. Note that &, V 6, | 0 and that u +v > 0 and hence {0}, >¢ ru-converges to = — y.
Since {0} is ru-closed, we have that x — y = 0, that is © = y. We conclude that {z,}52, has a
unique limit.

On the other hand, suppose that F is not Archimedean. Then there are x,y € E such that nz <y,
for all n € Z, but = # 0. We have f%y <zx—-0< %y for all n € N. Thus the constant sequence
{x}22, converges to 0, but clearly it also converges to « # 0. So {z}>2; has at least two different
limits. O
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Theorem 1.25. Let E and F' be partially ordered vector spaces with F' Archimedean. Let ¢ : E —
F' be positive. Then ker ¢ is ru-closed.

Proof. Let E and F' be partially ordered vector spaces with F' Archimedean. Let ¢ : E — F be
positive. Let {z,}52; be a sequence in ker ¢ that is ru-convergent to z € E. So there exists a real
sequence {€,}5° ,e, | 0 and a u € E™, such that

—epu <y —x < Epu,

for all n € N. Thus
—end(u) < ¢(x) < end(u),

for all n € N. For every m € N, there is an n,, € N, such that ¢,,, < % Thus
—n(u) < ¢(x) < L o(u),

for all n € N. Furthermore ¢(u) > 0, so n¢(z) < ¢(u), for all n € Z. Since F' is Archimedean, we
have that ¢(z) = 0, that is € ker ¢. We conclude that ker ¢ is ru-closed. O

The relatively uniform topology

Clearly, if A is an index set and, for all A € A, A, is a ru-closed subset of a partially ordered vector
space I, then [, Ax is ru-closed too. Trivially, () and E are ru-closed subsets of E.

Lemma 1.26. Let E be a partially ordered vector space and A and B ru-closed subsets of E, then
AU B is ru-closed.

Proof. Let E be a partially ordered vector space and let A and B be ru-closed subsets of E. Let
{zn}52, be a sequence in AU B that ru-converges to « € E. Then there is a subsequence {z,, }32,
of {x,,}22; such that z,, € C, for all k € N, where C is either A or B. It follows directly from the
definition of a ru-convergent sequence that {z,, }32, ru-converges to x. Since C' is ru-closed, we
have that z € C C AU B. So AU B is ru-closed. O

Now, the following theorem follows immediately.

Theorem 1.27. Let E be a partially ordered vector space. The complements of ru-closed sets of
E form a topology; the relative uniform topology or ru-topology T,.,. A set O C E is open if and
only if E\O ‘s ru-closed.

1.5 Norms on partially ordered vector spaces

In this subsection we consider norms on partially ordered vector spaces that respect the order
structure.

Definition 1.28. Let E be a partially ordered vector space. A norm p on F is called a Fremlin
norm provided that for all z,y € E with —y < 2 <y we have that p(z) < p(y).

Definition 1.29. Let L be a Riesz space. A Riesz norm or lattice norm || - || on L is a norm on L
such that if || < |y| then ||z|| < ||y||, for all z,y € L. The pair (L, || - ||) is called a normed Riesz
space. If the induced metric by || - || on L is complete, then we call (L,|| - ||) a Banach lattice.

Proposition 1.30. Let L be a Riesz space and let p be a norm on L. Then p is a Riesz norm if
and only if p is a Fremlin norm and p(z) = p(|x|), for all x € L.

Proof. Let L be a Riesz space and p a norm on L. Suppose p is a Riesz norm on L. Suppose z,y € L
and —y < z < y. Then —|y| < —y < 2 < y < |y| thus |z| < |y|. Hence p(x) < p(y). So p is a
Fremlin norm. Clearly, p(x) = p(|z|), for all x € L. On the other hand suppose that p is a Fremlin
norm and p(z) = p(|z|), for all € L. Let z,y € L and suppose |z| < |y|. Then z < |z| < |y|, and
—x < |z| < |y|. Thus = > —|y|. Hence —|y| < = < |y|. Since p is a Fremlin norm, we have that
p(x) < p(Jy|). Note that p(|y|) = p(y) thus p(z) < p(y). We conclude that p is a Riesz norm. [
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It follows that every Riesz norm is a Fremlin norm. A Fremlin norm on a Riesz space is not
necessarily a Riesz norm as the following example shows. The example is from [0, Example 1.8(i)].
The condition that p(z) = p(|z|) for all € L is really necessary.

Example 1.31. Consider R? with the standard ordering. Then R? is a Riesz space. Define
p(z1,72) = |z1| + |22| + |71 + 22| Let z = (x1,22),y = (y1,y2) € R? and suppose that —y < z < y.
Then —y; <1 <yp and —y2 < w2 < yp and —y; —y2 < o1 + 22 <y +y2. Thus |z1] < 1], 22| <
ly2| and |x1 + 22| < |y1 + y2|- It follows that p(z) < p(y). Hence p is a Fremlin norm. Note that
[(1,1)] = (1,1) = |(1,-1)|, but p((1,1)) =4 # 2 = p((1,—1)). Thus by Proposition 1.30 on the
preceding page p is not a Riesz norm.

Proposition 1.32. Let E be a partially ordered vector space with Fremlin norm p. Then E is
Archimedean. If EY is closed under p, then E is integrally closed.

Proof. Let E be a partially ordered vector space with Fremlin norm p. Let x,y € E be such that
nz <y, for all n € Z. Thus —%y <z < %y, for all n € N. So p(x) < p (%y) = %p(y)7 for all n € N.
Hence p(z) = 0 and therefore x = 0. It follows that E is Archimedean.

Suppose further that £t is p-norm closed. Let z,y € E be such that nz < y, for all n € Ny. We
have 0 < —z + %y, for all n € N, which p-converges to —z, as n — oco. Since ET is p-closed, we
have that —z € ET, that is z < 0. We conclude that E is integrally closed. O

Definition 1.33. A Fremlin space is a partially ordered vector space E with Fremlin norm p such
that E7 is closed under p.

Remark 1.34. E need not be directed. An example is R with the trivial ordering and Fremlin
norm | - |.

Every Fremlin space can be considered as a subspace of a Banach lattice.

Theorem 1.35 (Van Gaans). ([0, Corollary 4.8]). The following statements are equivalent.

(i) F is a Fremlin space.
(i) There exists a Banach lattice F and an isometric bipositive linear map v : F — TF.

Remark 1.36. Example [0, Example 4.9] shows that the embedding of F in F is not necessarily
a Riesz homomorphism.

1.6 Order denseness

Order denseness is a very important notion in the theory about general partially ordered vector
spaces, in particular in the theory about Riesz and Dedekind completions. We give also a proof
that order denseness is transitive, because there is no proof in the literature, as far as we know.

Definition 1.37. Let E be a partially ordered vector space. A subspace D C FE is called order
dense in F if for all © € E we have that x = infg{d € D : 2 <d} and v =supg{d € D : d < z}.

The following example is illustrative.

Example 1.38. Let D C L'(R) be the space of all integrable simple functions. Then D is order
dense in L*(R).

The following characterization of order denseness is useful.

Proposition 1.39. Let E be a partially ordered vector space and let D C E be a subspace. Then
the following statements are equivalent.

1. D C E is order dense,

2. x=infg{d:x <d,de€ D}, forallz € E,
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3. x =supg{d:d<z,de€ D}, forallz € E.

Proof. Clearly, (1)=-(2) and (1)=-(3).

(2)=(1): Suppose that (2) holds. Let x € E and note that {d€ D:d <z} ={de D: —z <
—d}={-d: -z <d,de D} =—{d e D:—x <d}. Since (2) holds, we have supg{d € D : d <
z}=—infg{de D: -z <d} = —(—z) ==z.

(3)=-(1): Similar to the proof of (2)=(1). O

Proposition 1.40. Let G be a partially ordered vector space, let E C G be an order dense subspace
and let F C G be a subspace such that E C F C G. Then F C G is order dense.

Proof. Let E,F and G be as in the proposition. Let z € G. Note that z = infg{e € E : = < e}.
Trivially, s < {f € F:z < f}. Let 2’ €e G with o’ <{f € F:a2 < f}. Thena' <{e€ E:z <e},
since {fe€ E:x<e} C{feF:xz<f} Thus 2’ <z =infg{e € E : x < e}. It follows that
x=infe{f € F:z < f}. O

In my bachelor thesis [14, Lemmas 1.2.4-1.2.6 and Theorem 1.27], I proved that order denseness is
transitive. That is, if E C F' is order dense and F' C ( is order dense, then F C G is order dense.
To do this we need three lemmas.

Lemma 1.41. Let E be a partially ordered vector space and let D be an order dense subspace of
E. Suppose that S C D is a subset such that the infimum of S in the space D exists and is equal
to s. Then the infimum of S exists in the space E and is equal to s.

Proof. Let E be a partially ordered vector space and let D C E be an order dense subspace of E.
Let S C D be a set, such that the infimum s of S in D exists. Note that s < .S in E. Suppose that
t€ F and t < S. Suppose that d € D with d < S, then d < s =infp S. If d € D with d < t, then
d<Ss0d<s=infpS Thus {de€ D:d <t} C{de D:d<s}. Since D C FE is order dense,
we have that t = supg{d € D : d <t} <supg{d € D:d < s} = s. It follows that s is the infimum
of Sin F. O

Lemma 1.42. Let E be a partially ordered vector space and let D be an order dense subspace of
E. Suppose that x,x' € E are such that ' £ x. Then there is a d € D such that v < d and z’ £ d.

Proof. Let E be a partially ordered vector space and let D C E be an order dense subspace. Let
x,x’ € E besuch that 2’ £ x. We argue by contradiction. Suppose that thereisnod € D withx < d
and 2’/ £ d. Then for any d € D with z < donehasz’ <d.So{de D:xz<d}Cc{de D:2' <d}.
Therefore, since D C E is order dense, ¢ = infg{d € D : x < d} > infg{d € D : 2’ < d} = 2.
That contradicts our assumption that = # x'. O

Lemma 1.43. Let G be a partially ordered vector space and let E and F be subspaces of G such
that E C F C G,E C F is order dense and F' C G is order dense. Then for every z € G there
exist an x € E such that z < x.

Proof. Let E,F and G be as in the lemma. Let z € G. Since z = infg{y € F : z < y} we have
{lye F:2<y}#£0.Let yo € {y € F: 2z <y} Since yo = infrp{z € F : yo < z} we have
{reFE:yy<x}#0. Let zo € {x € E : yo < z}. Then zo > yg > 2. O

Theorem 1.44. Let G be a partially ordered vector space. Let E and F be subspaces of G such
that EC F C G,E C F is order dense and F C G is order dense. Then E C G is order dense.

Proof. Let E, F and G be as in the theorem. We argue by contradiction. So suppose that £ C G
is not order dense. Then there is a z € G such that z is not the infimum of S = {x € F: 2z <z}
in G. By Lemma 1.43 we have S # (). Note that z < S. Thus there is a 2’ € G with

2 <8 (1)
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and 2z’ £ z. Since F' C G is order dense, we have by Lemma 1.42 on the preceding page a y € F
such that

z<y (2)

and

7Ly (3)
Since E C F is order dense and F' C G is order dense we have by Lemma 1.41 on the previous page
that y = infp{x € E:y <z} =infe{x € E:y < z}. Let € E,x > y then x > z, by (2), thus
xz € S. From (1) follows that > 2’. Since 2/ < SD{r € F:y <z} andy=infg{r € E:y <z}
we have that 2’ < y. This contradicts (3). We are forced to conclude that E C G is order dense. [J

Theorem 1.44 on the preceding page implies that for every finite sequence of order dense subspaces
Dy > Dy >...D>D,,D, C D isorder dense. The following example shows that Theorem 1.44 on
the previous page does not hold in greater generality, when we have an infinite decreasing sequence
of order dense subsets.

Example 1.45. Let for all Dy C C[0,1] be the subspace of continuous functions f : [0,1] — R
with the property that f(0) = f (QLN) ,N € No,k=0,1,...,2Y. We will show that Dy, C Dy
is order dense for all N. Consider Dy := (3_; Dn. Then this is a subspace of Dy. Consider
f € Dy.Forall NeNgandall k€ {0,1,...,2Y} we have f(0) = f (2%) . Since f is continuous
and {2% : N € Ng, k€ {0,1,...,2NV}} C [0,1] is (topologically) dense, we have that f is constant
f(0). It is clear that Do, C Dy is not order dense.

Let N € Ny and let f € Dy. Since f is continuous and [0, 1] is compact M := sup,¢(o 1] f(z) < oc.
Define a sequence of functions (f,)5%; C Dy41 through

k 1 k
max{4n2N+1(f(2N+1 + W) - M)(z — W) +Maf($)}

ifWSCES%4‘%7]56{0,1,...,21\”'1_1}

fla) = f(z) ifQNik—&-l—'_ZlnT%\/H<5E<%—ﬁ’ke{()?lw”?QNJrl_l}
o {402 O (s~ a0+ v — ger)
St = ) )
if%—mlj\,ﬂéxﬁ%,,6{0717._.72N+1_1}

Then f,, € Dyy1, for all n € N, and f < f,,. Letting n — oo, we see that infp, {f, : n € Ng} = f.
Soinfpy{g:f<g,9 € Dn+1} = f. We conclude that Dy1 C Dy is order dense.

Instead of looking at a decreasing sequence, we can also view an increasing sequence D1 C Dy C ...,
such that D,, C D, 1 is order dense, for all n € N. Let X = U,enDy,, then Dy C X is order dense.

Theorem 1.46. Let {D,}>2, be a sequence of partially ordered vector spaces such that D,, C Dy 11
18 a order dense subspace, for all n € N. Define X := UZO=1 D,,. Then X is a partially ordered
vector space and D1 C X is an order dense subspace.

Proof. Let {D,}22; and X be as in the theorem. For z,y,z € X there is an n € N such that
x,y,z € D,. So all axioms of a vector space are satisfied. Define < on X by x <y, if and only if
there is an n € N such that z,y € D, and * < y in D,,. Note that this is well defined, since for
m € N with z,y € D,, we either have that D,, C D,, or D, D D,,, so that in both cases z < y
in D,,. Note that < satisfied all axioms of a partially ordered vector space. Thus (X, <) is a well
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defined partially ordered vector space.

Suppose x € X. Then there is an n € N such that z € D,,. Note that D; C D, is order dense;
apply Theorem 1.44 on page 16. So x = infp_{d € D; : # < d}. Note that © < {d € Dy : z < d}
in X. Suppose that 2’ € X and 2’ < {d € D; : < d}. There is an m > n such that 2’ € D,,.

Apply Lemma 1.41 on page 16, m —n times to get that = infp {d € D, :x < d} =infp,,  {d €
Dy:x2<d}=...=infp {d € Dy :x <d}. Thus 2’ <z and hence z = infx{d € Dy : « < d}.
Therefore D1 C X is order dense. O

Remark 1.47. Note that Theorem 1.44 on page 16 is a special case of Theorem 1.46 on the
previous page, let Dy = E, Dy = F and for n > 3 let D,, = G.

Theorem 1.48. Let A be a directed index set and let {Ey}aca be an increasing net of partially
ordered vector spaces, such that E, C Eg is order dense for all o, 3 € A with a < 3. Let

X:UEQ

acA

and define < on X through x < y if and only if there is an o € A such that x,y € E, and x <y
in By, for all x,y € X. Then X is a well defined vector space and < is a well defined vector space
ordering on X and E, C X is order dense, for all a € A.

Proof. Let A be a directed index set and let {F,}oca be an increasing net of partially ordered
vector spaces, such that E, C Eg is order dense, for all a, 3 € A with a < 3. Let

X:UEa

acA

and define < on X through z < y if and only if there is an a € A such that z,y € E, and 2 < y in
E,, for all ,y € X. Suppose z,y € E, and x <y in E, and z,y € Eg, then there is a v > {«, 8}.
Sox,y € B, D E,,s0x<yin E,. Since Eg C E,, we also have that z < y in Fg. Thus < on X
is well defined.

Let x,y,z € X. Since A is directed, there is an a € A such that x,y,z € E,. So all axioma’s of a
vector space are satisfied for X and < is a vector space ordering on X.

Let « € A. We will now prove that F, is an order dense subspace of X. Let z € X. Since A
is directed, there is a 8 > « such that x € E3. Since E, C Ejg is order dense, we have that
r=infp,{d € Ey:2 <d}. Let 2’ € X,2' <{d € E,:2 <d}. Thereis ay > 8 such that 2’ € E,.
Since Eg C E, is order dense, we have by Lemma 1.41 on page 16 that = infp {d € E, : v < d},
so ' < x. Thus, x = infx{d € E, : < d} and E, C X is order dense. O

Theorem 1.49. If F is a partially ordered vector space and E is an order dense subspace of F,
then E is integrally closed if and only if F' is integrally closed.

Proof. Let F be a partially ordered vector space and let E be an order dense subspace of F. Clearly,
if F' is integrally closed, then F is integrally closed. On the other hand, suppose E is integrally
closed. Let x,y € F and suppose that nx < y, for all n € Ny. Let o € E with zg < x and let
Yo € F with yg > y. Then nzy < yq, for all n € Ny. Since FE is integrally closed, we have that
29 < 0. Thus for all 29 € F with 2y < x, we have that ¢y < 0. Since = supp{zo € E : 2o < z},
we have that z < 0. We conclude that F' is integrally closed. O

Remark 1.50. Suppose FE is an order dense subspace of a partially ordered vector space F. An
interesting question is wether E is Archimedean if and only if F' is Archimedean. We could not
find a proof.

2 Free spaces

The free vector space over a set A are all linear combinations of elements of A. Thus A is the vector
space basis for the free vector space. Something similar can be done for Riesz spaces, normed Riesz
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spaces and Banach lattices. We define and study these objects here. We need the free spaces for
the construction of various tensor products.

Let B be a set and let A C B. We define r4 : R — R4 to be the restriction map, thus for f € RE
we define r4(f) = f|a. It is clear that r4 is a surjective Riesz homomorphism. Sometimes we write

€4 = ra(€) for € € RP. We define ja : R¥ — R by j4(£)(€) = [(€4) = [(ra(§)) = f(€la),
where f € RR" and ¢ € RP. Then j, is an injective Riesz homomorphism. From Proposition 1.15
on page 11 follows that j4 is bipositive.

2.1 Free vector spaces and free Riesz spaces

In this subsection we study the free vector space and the free Riesz space and we will show that
the free vector space is a subspace of the free Riesz space.

Definition 2.1. A free vector space over a set A is a pair (V,¢) where t : A — V is a map and V
is a real vector space, such that for every real vector space W and for every map ¢ : A — W there
is a unique linear map ¢, : V — W such that ¢ = ¢, o ¢.

b

V——sW

1 A

A
Lemma 2.2. Let A be a set. Suppose (V1) and (W, j) are free vector spaces over A. Then there
is a unique bijective linear map ¢ : V. — W such that j = ¢ o .

Proof. Let A be a set. Suppose that (V,¢) and (W, j) are free vector spaces over A. By definition
there are unique linear maps ¢, : W — V and j, : V — W such that « = 1, 0j and j = j, o¢.
Thus ¢ = 4 0 j, ot. Note that also the identity map ¢dy on V is a linear map such that ¢« = idy o.
From the uniqueness statement it follows that idy = ¢, 0 j.. Similarly, we have that the identity
map idy on W is equal to j, o t,. Define ¢ = j, : V. — W. Then ¢ is the unique isomorphism
¥ :V — W such that j = o..

O

Definition 2.3. A free Riesz space over a set A is a pair (L,¢) where ¢ : A — L is a map and L
is a Riesz space such that for every Riesz space M and every map ¢ : A — M there is a unique
Riesz homomorphism ¢, : L — M such that ¢ = ¢, o ¢.

P

L—M
A
The next lemma can be found in [13, Proposition 3.3].

Lemma 2.4. A free Riesz space is unique if it exists, in the following sense: let (L,t) and (M, j) be
two free Riesz spaces over a set A, then there is a unique (surjective) Riesz isomorphism T : L — M
such that T o v = j. In particular T is an order isomorphism.
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Proof. Let A be a set and suppose that (L,¢) and (M, j) are two free Riesz spaces over A. There is
a unique Riesz homomorphism j, : L — M such that j = j. o¢ and a unique Riesz homomorphism
Ly : M — L such that + = 1, 0j. Note that t =1, 0) =1, 05,05 and 1,075, : L — L is a Riesz
homomorphism. Note that also that the identity map id; on L is a Riesz homomorphism such
that ¢ = idy, o . From the uniqueness statement follows that id;, = ¢4 o j.. Likewise is the identity
map tdys on M satisfies idy; = ji 0 ty. Define T' = j, : L — M, then T is an invertible Riesz
homomorphism and T~! = 1, is a Riesz homomorphism and T ot = j, ot = j. Moreover T is the
unique Riesz homomorphism with this properties. In particular T is an order isomorphism.

O

Theorem 2.5. ([19, Proposition 3.2]). If (L,t) is a free Riesz space over a set A, then L is
generated as Riesz space by 1(A).

Proof. Let (L,t) be a free Riesz space over a set A. Let M be the Riesz subspace of L generated
by ¢(A). Define the map ¢ : A — M by ¢(a) = t(a). By definition, there is a Riesz homomorphism
¢« : L — M such that ¢ = ¢, ot. Let j : M — L be the inclusion map. Then jo¢, : L — L
satisfies j o ¢, ot = ¢. By definition, the identity map on L, idy, is the unique Riesz homomorphism
¥ : L — L that satisfies © = ¥ o . Thus j o ¢, = idy. But that implies that j is surjective, so
M = L. We conclude that L is generated as Riesz space by ¢(A).

O

For every set the the free Riesz space exists, see [13, Proposition 3.7]. The case A =} is trivial.

Theorem 2.6. Let A be a set. If A =0, then (0,0) is the free Riesz space over A. If A # () then
(FRS(A),1) is the free Riesz space over A, where FRS(A) is the Riesz subspace of RE" generated

by elements &, € RR*, defined by &,(f) = f(a) fora € A and f € R4, and where 1 : A — FRS(A)
is defined by a — &,. Moreover v is injective and FRS(A) is Archimedean.

Lemma 2.7. Let A be a set. Let ¢ be as in Theorem 2.6. Then 1(A) is a linearly independent set.

Proof. The case A = () is trivial, so suppose that A # . Let ay,...,a, € A be finitely many
mutually different elements. Let Aq,..., A\, € R be such that 2?21 Ai€q; = 0. Then, for all f € RA

we have that i )
(Z Aiéai) (f) = Z)‘if(ai) =0.
i=1 i=1

Define fi, € R4 by f(ax) =1 and f(a) =0 for a € A\{ax}, where k € {1,...,n}. Then

(Z Ai&ai) (fi) = Z)\ifk(ai) =X, =0.

Thus A\ =0, for k € {1...,n}. It follows that &, ...,&, are linearly independent. O
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Theorem 2.8. Let A be a set. If A =10, then (0,0) is the free vector space over A. If A # 0, let
&a be as in Theorem 2.6 on the previous page, where a € A. Let FVS(A) = Span{, : a € A} C
FRS(A) C RE". Define v : A — FVS(A) by a — &,, where a € A. Then (FVS(A), 1) is the free
vector space over A.

Proof. Let A be a set. The statement is trivial if A = ). So suppose that A has at least one element.
Let FVS(A) and ¢ be as in the statement of the theorem. By Lemma 2.7 on the preceding page
{€. : a € A} is a linearly independent set. Let W be an arbitrary vector space and let ¢ : A — W
be a map. Define a linear map ¢, : FVS(A) — W on its basis elements &, by &, — ¢(a), where
a € A. Thus ¢ = ¢, or. For any other linear map ¢ : FVS(A) — W that satisfies ¢ = 1) o, we have
that ¥(&,) = ¢(a) = ¢.(&a). Since the &, generate FVS(A) as vector space, we have that ¢ = ¢,
thus ¢, is unique. We conclude that (FVS(A), ) is the free vector space over A. O

Remark 2.9. We view the free vector space as a subspace of the free Riesz space.

Theorem 2.10. Let B be a set and let A C B be a subset. Let (FRS(B),tp) be the free Riesz
space over B. Let FRS(A) be the Riesz subspace of FRS(B) generated by the elements tp(a), where
a€ A, andlet ta =1p|la. Then (FRS(A),ca) is the free Riesz space over A.

Proof. Let B be a set and let A C B be a subset. The map j4 : RR*  RR” is an injective Riesz
homomorphism, and hence j A|FRS( 2~ FRS(B) is an injective Riesz homomorphism. O

Proposition 2.11. Let A be a finite set. Let (FRS(A),t) be the free Riesz space over A. Then
Y acalt(@)] is a strong order unit for FRS(A).

Proof. Let A be a finite set with free Riesz space (FRS(A),¢). Then the statement is clear from
the fact that A is finite and that FRS(A) is generated by elements ¢(a). O

Proposition 2.12. Let A be a non-empty set and let F(A) denote the set of all finite subsets of
A. Then
FRS(A)= |J FRS(B),
BeF(A)
where we view FRS(B) as a Riesz subspace of FRS(A).

Proof. Let A be a non-empty set with free Riesz space (FRS(A), ). From Theorem 2.10 it is clear
that
J FRS(B) C FRS(A).
BeF(A)
On the other hand every element © € FRS(A) is generated by finitely many elements ¢, , ..., tq,,
so x € FRS({ay,...,a,}) and hence

FRS(4)= |J FRS(B).
BeF(A)

Proposition 2.13. Let A be a set.

1. If € € RA, then we : FRS(A) — R defined by we(f) = f(€), where f € FRS(A), is a Riesz
homomorphism.

2. Ifw: FRS(A) — R is a Riesz homomorphism, then there is a ¢ € R such that w = we.
Here, we view FRS(A) as a Riesz subspace of RE",

Proof. The first statement is trivial. Suppose w : FRS(A) — R is a Riesz homomorphism. Define
¢ € R? by £(a) = w(i(a)), for a € A. Then for a € A we have w(i(a)) = &(a) = t(a)(&) = we(i(a)).
Thus w and wg coincide on the set {¢(a) : a« € A} that generates FRS(A) as Riesz space hence
W= we. O
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2.2 Free normed Riesz space and free Banach lattice

Something similar to free Riesz space exists for Banach lattices. It is easy to generalize the results
of De Pagter and Wickstead for Banach lattices [13] to normed Riesz spaces. We give an overview
of the main results.

Definition 2.14. Let A be a non-empty set and let X be a normed space. A map ¢ : A — X
is (norm) bounded, if there exists an M > 0 such that ||¢(a)|| < M, for all a € A. We define the
norm of a (norm) bounded map ¢ : A — X to be ||¢|| = sup{||¢(a)|| : a« € A}.

Remark 2.15. Note that || - || is norm on the vector space of all norm bounded maps ¢ : A — X.

Definition 2.16. Let A be a non-empty set. The free normed Riesz space (free Banach lattice)
over A is a pair (L,:) where L is a normed Riesz space (Banach lattice) and ¢ : A — L is a
bounded map such that for any normed Riesz space (Banach lattice) M and for any bounded map
¢ : A — M there is a Riesz homomorphism ¢, : L — M with the property ||¢.|| = ||¢]|. Moreover
¢4 is the unique Riesz homomorphism v : L — M that satisifies ¢ = 1) o ¢.

L2

17

A

From the fact that ¢, = idy, follows that ||¢|| = ||t«|| = 1. But even more is true.

Lemma 2.17. ([13, Proposition 4.2].) Let A be a non-empty set, and suppose that (L, 1) is a free
Banach lattice or free normed Riesz space over A. Then ||c(a)|| =1, for every a € A.

Proof. Let A be a non-empty set, and suppose that (L,¢) is a free Banach lattice over A. Define
jiA—Rbyar Lae A Then [[i]| = [ljll = L. Further, 1 = [[j(a)l| = |lj-((a))]] <
[l7:1]e(@)]] = [|e(a)]], thus ||e(a)]| > 1, for all a € A. Since ||¢e|] = 1 we have ||c(a)|| < 1, for all
a € A. Therefore ||c(a)|| =1, for all a € A.

The case that (L,¢) is a free normed Riesz space over A is proven similarly.

j* Lx
— R

v

The free Banach lattice or normed Riesz space is unique if it exists, see [13, Proposition 4.3].

Lemma 2.18. Let A be a non-empty set, and suppose that (L, 1) and (M, j) are free Banach lattices
over A (free normed Riesz spaces over A.) Then there exists a unique isometric order isomorphism
¢: L — M, such that p ot =j.

Proof. Let A be a non-empty set, and suppose that (L, ) and (M, j) are free Banach lattices over
A. Let j, : L — M be the unique Riesz homomorphism such that j = j, o¢. Then by Lemma 2.17,
[l7:]l = Ilj|| = 1. Similarly, there is a unique Riesz homomorphism ¢, : M — L of norm 1, such
that ¢t =14, 075. So ty 0 j. : L — L is a Riesz homomorphism and ¢ = ¢y, 0 j = ¢4 0 j, 0o ¢t. From the
uniqueness statement in the theorem follows that ¢, o j. is the identity map on L. Similarly, j, o ¢.
is the identity map on M. So ¢, is an isometric order isomorphism.

The case that (L,¢) is a free normed Riesz space over A is proven similarly.

L= M

NoA

A
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O

For an ordered vector space E we denote by E~ the space of all order bounded linear functionals
on E. According to [, Theorem 1.18] E™ is equal to the space of regular linear functionals as soon
as E is an Archimedean Riesz space. De Pagter and Wickstead define in [13] a lattice norm || - ||r
on FRS(A), that turns FRS(A) into the free normed Riesz space over A and its norm completion
is the free Banach lattice over A. We will now review this construction.

Definition 2.19. ([13, Definition 4.4]) For a non-empty set A we define a map ||-||T : FRS(4)™—
[0, 0] by
161I" = sup{|¢|(lu(a)]) : a € A}.

Let
FRS(A)" = {¢ € FRS(A)™: ||¢]|T < o0}.

The following is clear from the definition.
Lemma 2.20. FRS(A)' is a vector lattice ideal in FRS(A)~

Lemma 2.21. Let A be a non-empty set. Let &€ € RA. Let we : FRS(A) — R be defined through
we(z) = x(§),x € FRS(A) (See Proposition 2.13 on page 21). Then ||we|| < oo if and only if £ is
bounded. Or, equivalently, we € FRS(A)T if and only if & is bounded.

Proof. Let ¢ € R™. Since [¢(a)| = |e(a) ()] = |we(t(a))| = we(le(a)]) = |wel(|(a)]), for all a € A, it
follows that ||we||T < oo if and only if ¢ is bounded. O

Lemma 2.22. If A is a non-empty set, then || - ||T is a Riesz norm on FRS(A)T.

Proof. Let A be a non-empty set. ||-||T is clearly a Riesz seminorm. Suppose that ||¢||T = 0.
Then [¢|(J¢e(a)]) = 0, for all a € A, thus ¢([e(a)]) = 0, for all a € A. Let z € FRS(A). By
Proposition 2.12 on page 21 there are finitely many a4, ..., a, € Asuch that z € FRS({a1,...,a,}).
By Proposition 2.11 on page 21 e = >_""_| |¢(a)| is a strong order unit for FRS({a1,...,a,}). Thus
there is an A € RT such that |z| < Xe. It follows that |¢(z)| < [¢|(|z]) < A ¢|(e) = 0 and hence
é(x) = 0. So ¢ = 0. We conclude that || - ||T is a Riesz norm. O

Definition 2.23. For a non-empty set A and for z € FRS(A) we define ||z||r = sup{¢(|z]) : ¢ €
(FRS(A)N)T, [ < 1}.

Theorem 2.24. If A is a non-empty set, then || - ||r is a lattice norm on FRS(A).

Proof. From the definition it is clear that for =,y € FRS(A) with |z| < |y| we have that ||z||r <
|ly||r and that || - || is positive homogenious and subadditive. First we will show that for all
z € FRS(A) we have that ||z||p < co. Let € FRS(A). By Proposition 2.12 on page 21 there
are finite aj,...,a, € A such that + € FRS({aq,...,a,}). By Proposition 2.11 on page 21 e =
S, |e(a;)] is a strong order unit of FRS({a1,...,a,}). So there is a A > 0 such that |z| < Xe.
So |||l < Alle||r. For ¢ € (FRS(A)N)*,||¢]|T < 1, we have ¢(e) = > i, ¢(|e(a;)|) < n. Thus
lle]lr < m and hence ||z]|p < An < oo.

It only remains to show that for all € FRS(A) we have that ||z||p = 0 implies that z = 0. Let
x € FRS(A) with ||z||r = 0. Clearly, for all ¢ € (FRS(A)")T we have ¢(z) = 0. In particular
we(w) = x(€) = 0, for every ¢ € R4, By Proposition 2.12 on page 21 there is a finite subset B of
A such that z € FRS(B). In particular for every ¢ € RB € R4 we have that (¢) = 0. But that
means that = 0, since 2 € FRS(B) c RE”. O

Theorem 2.25. Let A be a non-empty set. Then ((FRS(A),|| - ||F),¢) is the free normed Riesz
space over A.
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Proof. Let A be a non-empty set. Consider the free Riesz space over A, (FRS(A),¢). Let M be an
arbitrary normed Riesz space and let ¢ : A — M a bounded map that maps into M7, the closed
unit ball of M, and suppose that ||¢|| = 1. By the definition of the free Riesz space, there is a
unique Riesz homomorphism ¢, : FRS(A) — M such that ¢ = ¢, o¢. It only remains to prove that
Il = llol]-

By Lemma 2.17 on page 22 we have for all a € A,||¢(a)|| = 1. So ||¢«|| > ||p«(t(a))]] = ||p(a)ll,
thus ||@«|| > ||#]|- Suppose that ||¢.]| > ||¢|]- So for some z € FRS(A) with ||z|| =1 is ||¢«(2)|| =
[|6«(|z|)|| > ||¢||- By Hahn-Banach there exists a positive functional ¢ on M of norm at most one
and ¢(¢u|x]) > [|o]].

We have [[1)0 [T = sup{[ir o 6.(1(a)]) : a € A} = sup{[0 6, (u(a))| : a € A} = sup{[:(6(a) :
a € A} < 1. Thus ||z||F > ||¢(¢«(|z]))|| > ¢ = 1. This is a contradiction. Therefore ||¢.|| = ||@]]-
Suppose ¢ : FRS(A) — M is a bounded map and ||¢|| > 0. Then ¢ = ¢/||¢|| is of norm one and
maps into M. It is clear that ¢. = ¢./||9||, so ||¢«|| = ||¢||. Suppose ¢ : FRS(A) — M is zero.
Then ¢. =0, so ||¢.|| = ||¢||. This concludes our proof. O

Remark 2.26. We denote the free normed Riesz space over a non-empty set A by FNRS(A).

For the next theorem see [1, Theorems 4.1 and 4.2].

Theorem 2.27. Let E be a normed Riesz space and let E' denote its norm dual space. Then
E’ is a Banach lattice. Consider E as a subspace of its double dual E" = (E'). Then the norm
completion of E is a Banach lattice.

Theorem 2.28. Let A be a non-empty set. Let FBL(A) be the ||-||r-norm completion of FRS(A).
Then FBL(A) is a Banach lattice and (FBL(A), 1) is the free Banach lattice over A.

Proof. Let A be a non-empty set and let FBL(A) be the || - ||p-norm completion of FRS(A). By
Theorem 2.27, FBL(A) is a Banach lattice. Suppose M is Banach lattice and ¢ : A — M a bounded
map. By Theorem 2.25 on the previous page there is a Riesz homomorphism ¢, : FRS(4) — M
such that ¢ = ¢. o and ||¢«|| = ||¢||, moreover ¢, is the unique Riesz homomorphism ¢ that
satisfies ¢ = 1) o t. The Riesz homomorphism ¢, extends by continuity to a Riesz homomorphism
¢« : FBL(A) — M and we still have ¢ = ¢, o and ||¢«|| = ||¢]|- Suppose ¢ : FBL(A) — M is
also a Riesz homomorphism that satisfies ¢ = 1 o ¢. Then ¢ and ¢, coincide on FRS(A). Since
the continuous extension is unique, we have that ¢ = ¢.. So (FBL(A),¢) is the free Banach lattice
over A. O

3 Riesz completion

Riesz spaces have many nice properties and there is an abundance of theory about them. That
is the reason that one like, to embed partially ordered vector spaces in a nice way into Riesz
spaces. It turns out that every pre-Riesz space can be bipositively embedded into a Riesz space,
its Riesz completion, such that the embedding is order dense and the Riesz completion is generated
as a Riesz space by the pre-Riesz space. Of course we could make use of the so-called "Dedekind
completion’ but then we should require that the space is integrally closed. Moreover, the Dedekind
completion may be too large. We give a short overview of the construction and theory of the Riesz
completion. We follow the Ph.D. thesis of Van Haandel [9].

3.1 The Riesz completion of a directed partially ordered vector space

We start with a definition, taken from [9, Definition 3.1].

Definition 3.1. Let E be a directed partially ordered vector space. A pair (L, ¢), consisting of
a Riesz space L and a Riesz homomorphism ¢ : E — L, is called a Riesz completion of E if for



3 RIESZ COMPLETION 25

every Riesz space M and every Riesz homomorphism ¢ : E — M there exists a unique Riesz
homomorphism ), : L — M such that ¢ = 1, o ¢.

E—2-1 (4)

N

M

Lemma 3.2. (See [0, Remark 3.2.1]). The Riesz completion is unique if it exists, in the fol-
lowing sense suppose (L,$) and (M,v) are two Riesz completions of a partially ordered vector
space E, then there is a unique bijective linear map T : L — M such that T and T~' are Riesz
homomophisms and ¥ =T o ¢.

Proof. Suppose (L, ¢) and (M,1) are two Riesz completions of a partially ordered vector space
E. By definition, there is a unique Riesz homomorphism ., : L — M such that ¢ = 1, o ¢ and
a unique Riesz homomorphism ¢, : M — L such that ¢ = ¢, o 1. Note that the identity map
on L,idy, : L — L is a Riesz homomorphism and ¢ = idy, o ¢. Also note that ¢, o, : L — L
is a Riesz homomorphism and ¢ = ¢, oy = ¢, o Y, o ¢. From the uniqueness statement follows
that id;, = ¢, o 1,. Likewise we have that the identity map idy; on M is equal to ¥, o ¢,.
Define T = 1), : L — M. Then T is a Riesz homomorphism, T is bijective, T~! = ¢, is a Riesz
homomorphism, ¢ =T o ¢ and T is the unique Riesz homomorphism with these properties.

P idr,

O

Remark 3.3. Lemma 3.2 justifies to speak about 'the’ Riesz completion of a partially ordered
vector space if it exists.

Fortunately, every directed partially ordered vector space has a Riesz completion (see [9, Theorem
3.5]).

Theorem 3.4 (Van Haandel). Every directed partially ordered vector space E has a Riesz com-
pletion. To be precise, let (E) be the set of all pairs (L,¢) where L is a Riesz space and L is a
subset of the power set P(E) of E and ¢ : E — L is a Riesz homomorphism. Let I be an index set
such that ®(E) = {(Li,¢;) : i € I}. Let

iel
Define ¢ : E — M through
¥(x) = {pi(2) }ier,x € E.

Then v is a Riesz homomorphism. Let E" be the Riesz subspace of M generated by ¥(E). Let vg
be the restriction of 1 to E". Then (E",tg) is the Riesz completion of E.

It turns out that pre-Riesz spaces are exactly the spaces that can be bipositively embedded into
there Riesz completion. To be precise, we have the following (see [9, Theorem 4.13]).

Theorem 3.5. Let E be a directed partially ordered vector space with Riesz completion (L, ).
Then ¢ : E — L is bipositive if and only if E is a pre-Riesz space.
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3.2 The Riesz completion of a pre-Riesz space

In this subsection we give M.B.J.G. van Haandel’s construction of the Riesz completion of a pre-
Riesz space (see [9, Chapter 4]). It coincides with the Riesz completion of a general directed
partially ordered vector space.

In the rest of this subsection, let E be a pre-Riesz space. Define the conditional completion

E’ of Eb
’ Y E° = {{0}}, if E=0,
{E5:{ACE:A“1:A}\{V),E} if E+#0.

For all A, B € E? and all A € R we define the following operations and relations on E°.
(i) A® B=(A+ B)“,

(i) OA = —(AY),

if A > 0 define Ax A := \A,

(ii

if A < 0 define Ax A = \(AY),!

V1

(
(v
(vi) define a ordering on E° by A < B if A C B,

)
)
)
iv) if A = 0 define 0 x A = —E™, which we denote by 0.
)
)
(vii)

define a map g : E — E° by p(z) = {z}" ={y € E:y <z}, for x € E.

Then (E?, <) is a lattice with AV B = (AUB)", AANB = (AN B)“ = AN B.

Define the set E" = {A“@oB" : A, B € Fin(E)\{0}}. Then E" is a subset of E° and @ restricted
to E” x E" maps into E”, © restricted to £ maps into E” and % restricted to R x E” maps into
E". 1t is clear from the definition that ¢ maps into E”. Moreover, we have the following. (See [9,
Corollaries 4.9 and 4.11].)

Theorem 3.6 (Van Haandel). The addition map & : E” x E" — E", the multiplication with —1
map © : E" — E" and the scalar multiplication map x : R x E™ — E" are well defined and turn
E" into a real vector space. The ordering < on E° restricted to E” is a vector space ordering and
turns E7 into a Riesz space. The map pp : E — E" is a bipositive linear map and a complete
Riesz homomorphism and pg|E)] is order dense in E™ and generates E” as a Riesz space. Moreover
(E™,¢R) is the Riesz completion of E. For aq,...,a, € E we have,

{ai,... ,an}“l = \/ vgr(a;).
i=1
For the next proof, see [9, the proof of Theorem 4.8].

Proposition 3.7. Let E be a pre-Riesz space. For A, B,C, D € Fin(E)\{0} we have the following.

(A“l &) eB“l) Vv (C“l - eD“l) = (A+D)"vB+C)"@o(B+ D) (5)
(A+D)u(B+0)“®e(B+ D) (6)

We have the following nice characterization of pre-Riesz spaces.

Theorem 3.8. Let E be a directed partially ordered vector space. Then E is pre-Riesz if and only
if there exist a Riesz space L and a bipositive linear map ¢ : E — L, such that ¢(E) is order dense
in L and generates L as a Riesz space. In that case (L, @) is the Riesz completion of E.

IThere is a typo in [9, Chapter 4].
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Proof. Let E be a directed partially ordered vector space. If E is pre-Riesz, then it follows from
[9, Theorem 4.8] that there exist a Riesz space L and a bipositive linear map ¢ : F — L such that
@¢(F) is order dense in L and generates L as a Riesz space. On the other hand, if L is a Riesz space
and ¢ : F — L is a bipositive linear map such that ¢(FE) is order dense in L and generates L as a
Riesz space then it follows from [9, Corollary 4.10] that FE is pre-Riesz. The last statement follows
from [9, Theorem 3.7]. O

The following characterization of a pre-Riesz space is useful.

Corollary 3.9. Let L be a Riesz space and E C L a subspace. If E C L is order dense, then E is
pre-Riesz.

Proof. Let L be a Riesz space and let E C L be an order dense subspace. Let M be the Riesz
subspace of L generated by E. Clearly, F C M is order dense. Thus by Theorem 3.8 on the
previous page E is a pre-Riesz space. L]

The following corollary is straightforward.

Corollary 3.10. Let E be a directed partially ordered vector space. Then E is a pre-Riesz space
if and only if there is a Riesz space L and a bipositive linear map ¢ : E — L such that ¢(E) is
order dense in L.

Note that not every subspace of a Riesz space is pre-Riesz, for instance if it is not directed.
Theorem 1.49 on page 18 and Theorem 3.8 on the previous page have the following corollary.

Corollary 3.11. If E is a pre-Riesz space with Riesz completion (E”,¢g), then E is integrally
closed if and only if E" is an Archimedean Riesz space.

3.3 Morphisms

We give a short summary of results about morphisms that we need in the next section about
bimorphisms.

Proposition 3.12. (See [9, Theorem 5.8(i)]). Let E and F be directed partially ordered vector
spaces, with F pre-Riesz and let ¢ : E — F be linear. Then ¢ is a Riesz homomorphism if and
only if phi(X*)! = ¢(X)¥, for all X € Fin(E)\{0}.

Proposition 3.13. (See [0, Corollary 5.4]). Let E and F be directed partially ordered vector
spaces. Let ¢ : E — F be linear. Then the following statements are equivalent.

(i) ¢ is a Riesz* homomorphism,

(ii) ¢({a,b}*")* = ¢({a,b})", for all a,b € E,
(iii) 0 € {a,b}"! implies 0 € ¢({a,b})™, for all a,b € E,
(iv) (X)) C ¢(X)™, for all X € Fin(E)\{0},

(v) H(X)* = ¢(X)¥, for all for all X € Fin(E)\{0},
(vi) if 0 € X% then 0 € ¢(X)™, for all X € Fin(E)\{0}.

With Proposition 3.13 we are able to prove that Riesz* homomorphisms between pre-Riesz spaces
are exactly the linear maps that can be extended to Riesz homomorphisms between the Riesz com-
pletions. Or, to say it differently, Riesz* homomorphisms are restrictions of Riesz homomorphism
to the underlaying pre-Riesz spaces.
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Theorem 3.14. Let E and F be pre-Riesz spaces, with Riesz completions (E”,¢g) and (F",¢F)
respectively. Let ¢ : E — F be a linear map. Then ¢ is a Riesz* homomorphism if and only if
there is a Riesz homomorphism ¢" : E™ — F" such that o o ¢ = ¢" o .

Proof. We will only give the proof of one implication, because we use the ideas of this proof in the
proof of Theorem 4.17 on page 32. The proof is taken from [9, Theorem 5.6]. Let ¢ : E — F be a
Riesz* homomorphism. Define ¢" : E" — F" as follows

" (A% @ B = p(A) " @ sp(B)™, A, B € Fin(E)\{0}.
Claim 3.15. ¢" is well defined.

Proof of Claim 3.15. Let A, B,C, D € Fin(E)\{0} be such that A% @ oB* = C* ¢ ©D". Then
(A+ D)" = (B + C)*. Thus we have

(6(A) + 6(D))" = (by lineasity of §)
#(A+ D) = (by Proposition 3.13 on the previous page(v))
(p((A+ D))" = (by assumption)
(p((B +C)“))“ = (by Proposition 3.13 on the preceding page(v))
p(B+C)" = (by linearity of ¢)
(6(B) +o(C)".
So ¢(A)“ © ©¢(B)* = ¢(C)* ® ©¢(D)*. Thus ¢" is well defined. O

Claim 3.16. ¢" is linear.

Proof of Claim 3.16. Let A, B,C, D € Fin(E)\{0}. Then

pr(A'ooBUeCcpoDY) = ¢"((A+C)' @ c(B+ D))
= ¢(A+CO)" @ o¢(B+ D)
= (¢(A) +¢(C)" @ o(¢(B) + ¢(D))"
= (A" & ¢(C)" @ o¢(B)" & c¢(D)
= (A" @ o¢(B)" @ ¢(C)" & cp(D)"
_ ¢7"<Aul D eBul) o (br(cul @ @Dul)

ul

Thus ¢" is additive.

Let A > 0, then A\ x (A“ @ @Bul) = M) @ c(AB)™. So ¢" (A % (AY @ ©B™)) = ¢(A\A)" @
OP(AB) ™ = Ax(d(A) L @og(B)") = Ax¢" (A" @O B). Note that ¢7(0) = ¢(0)* = —FT = 0. For
A < 0 we have Ax (AU @oBY) = - \x0(A“aeBY) = -\ (BU@oA™) = (-AB)“@o (- A)%).
Thus ¢"(Ax (A" @ ©B")) = ¢(=AB)" © 0(-AA)" = A * (¢(A)" @ ©¢(B)") = X x p(A" @
©B). O

Claim 3.17. ¢" is a Riesz homomorphism.
Proof. We have by Proposition 3.7 on page 26

(Aul @ @Bul> vV (Cul o @Dul) _ ((A+D) U (B + C))ul D @(B+D)ul. (7)
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It follows that

(A+B)U(B+ ()" @ o¢(B + D)*
¢(A+ B)"' v ¢(B+C)" @ ©¢(B + D)
(s & c0(B)") v ((C) & co(D)")
¢’I”(Aul D @Bul) v d)r(cul @ @Dul).

¢r((Aul fa @Bul) vV (Cul o 6l)ul))

¢

We conclude that ¢ is a Riesz homomorphism. O
For the proof of the converse statement we refer to [9, the proof of Theorem 5.6]. O

Complete Riesz* homomorphisms between pre-Riesz spaces can be extended to complete Riesz
homomorphisms between the Riesz completions. Even more is true, every complete Riesz* homo-
morphism is also a complete Riesz homomorphism (see [9, Theorem 5.12]).

Theorem 3.18. Let E and F be pre-Riesz spaces and let ¢ : E — F be linear. Let (E",ppg)
and (F",pr) be the Riesz completions of E and F' respectively. Then the following statements are
equivalent.

1. ¢ is a complete Riesz™ homomorphism,
2. ¢ is a complete Riesz homomorphism,

3. there exists an order continuous Riesz homomorphism ¢" : ET — F" such that ¢" o pp =
PF o

ELF
<FE\£\ j@p
T r
E 7>F

4 Riesz* bimorphisms

In the previous section we have seen that Riesz* homomorphisms between pre-Riesz spaces are
exactly the restrictions of Riesz homomorphisms between the Riesz completions. One would expect
that something similar will hold for bimorphisms. Unfortunately it is not that simple. Only in
a few cases we can prove that a Riesz* bimorphism between pre-Riesz spaces extends to a Riesz
bimorphism between the Riesz completions.

Definition 4.1. Let FE, F and G be directed partially ordered vector spaces. Let b: E x FF — G
be a bilinear map. We say that b is a

(i) (complete) Riesz* bimorphism, if b(x,-) is a (complete) Riesz* homomorphism, for every
x € BT, and b(-,y) is a (complete) Riesz* homomorphism, for every y € F*.

(ii) (complete) Riesz bimorphism, if b(x,-) is a (complete) Riesz homomorphism, for every x €
E*, and b(-,y) is a (complete) Riesz homomorphism, for every y € F*. (See [3, Definition
3.1].)

The following lemma is useful. (See [12, Lemma 3.1].)

Lemma 4.2. Let L, M and N be Riesz spaces and let ¢ : L x M — N be a bilinear map. Then ¢
is a Riesz bimorphism if and only if |¢p(x,y)| = ¢(|z|, |y|), for all z € L and y € M.



4 RIESZ* BIMORPHISMS 30

Lemma 4.3. Let L, M and N be Riesz spaces and let ¢ : L x M — N be a Riesz bimorphism.
If a,b € L are orthogonal, then ¢(a,c) L ¢(b,c), for all ¢ € M. Likewise, for all a € L and all
orthogonal elements b,c € M we have ¢(a,b) L ¢(a,c).

Proof. If a,b € L are orthogonal, then |a| A |b| = 0 thus 0 = ¢(|a| Ab], |c]) = ¢(|al, |c]) Ap(|b], |c])
|p(a, )| A |p(b, c)|. Therefore ¢(a,c) L ¢(b,c). The other statement is proven similarly.

oo

In order to try to extend a Riesz* bimorphism between pre-Riesz spaces to a Riesz bimorphism
between the Riesz completions we need some definitions.

Definition 4.4. A pre-Riesz space F with Riesz completion (E", ) has the finite Van Haandel
property if for every y € (E”)" there are finitely many z1,...,z, € E* such that

Y= \/ o(x;).

Remark 4.5. All Riesz spaces have the finite Van Haandel property.

Definition 4.6. A pre-Riesz space E with Riesz completion (E”, ) has the countable Van Haandel
property, if for all y € (E™)T there exist a finite or countable set A C E™ such that y = sup{p(z) :
x € A}

Example 4.7. The space C1[0, 1] of all continuously differentiable fuctions on R has the countable
Van Haandel property.

Proof. The Riesz completion of C1[0,1] is the space R of all continuous piecewise differentiable
functions on [0,1]. Let f € R™. Let z1,...,%, € [0,1] be the points where f is not differ-
entiable. For every n € N there is a g, € C'[0,1] such that g, < f and f(z) = gu(z) for
z € [0,1]\ (U (z; — 1,2, 4+ 1)) . Hence sup,,cy gn = f- O

n

Definition 4.8. A pre-Riesz space E with Riesz completion (E", ) has the (usual) Van Haandel
property if for every y € (E")" we have that y = sup{¢(z) : x € E*, p(z) < y}.

Example 4.9. Counsider the space of affine functions aff [0, 1] on [0, 1], with the pointwise ordering.
Its Riesz completion is the space R of all continuous piecewise linear functions f on [0, 1]. Then,
aff [0, 1] does not have the Van Haandel property. Take for example f € R defined by f(z) = 12z
for x € [0,0.5) and f(z) = —14 2z for x € [0.5,1]. Then for every g € aff[0,1] with g < f we have
that g=0o0r g 2 0.

The benefit of pre-Riesz spaces with the finite, countable or usual Van Haandel property respec-
tively is that every positive element in the Riesz completion is the supremum of a finite, countable
or maybe uncountable set of positive elements from the pre-Riesz space, respectively.

Lemma 4.10. Let E be a pre-Riesz space with the countable Van Haandel property, with Riesz
completion (E,¢). Let A" @ ©B" > 0. Let C C ET be a countable set such that A" & ©BY =
sup{p(z) : z € C}. Then A% @ oBY = Cv.

Proof. Let E, A" @ ©B™ and C be as in the Lemma. By definition
AgoB" = sup{{z}":zcC}

(uer)
zeC

(U{yEE:ySw}>

zeC

= ¢
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Lemma 4.11. Let E a pre-Riesz space with the Van Haandel property, with Riesz completion
(E",¢R). Let A"®oBY > 0 be a positive element of the Riesz completion of E. Then AY®oB™ =
{r e Bt : {z}" < A" @ oBY}. That is, for every positive element A" & ©B% € (E™)*t there
is a bounded set C C Et such that AY @ B = .

Proof. Let F be a pre-Riesz space with the Van Haandel property and Riesz completion (E”, ¢g).
Let A @ oB" € (E")*. By definition we have

A @ oBY = sup{{x}”l cx € ET, {x}ul < A" g eB“l}
e e o < e’
(U{{y €E:y<z}:zecEY {z}' <A @Bul})“l

ul
{:C e BT {r} <A g eB“l} .

O

Remark 4.12. Clearly, a pre-Riesz space with the finite Van Haandel property has the countable
Van Haandel property and a pre-Riesz space with the countable Van Haandel property has the
Van Haandel property. The space of all differentiable functions on [0,1] has the countable Van
Haandel property, but not the finite Van Haandel property. We do not know whether there is a
pre-Riesz space with the Van Haandel property, but not with the countable Van Haandel property.
We do also not know whether there is a pre-Riesz space E that is not a Riesz space with the finite
Van Haandel property.

In the theory about pre-Riesz spaces there is also a notion of a 'pervasive’ pre-Riesz space. It turns
out that for integrally closed pre-Riesz spaces having the Van Haandel property is equivalent to
being pervasive.

Definition 4.13. A pre-Riesz space E with Riesz completion (E”, ¢g) is pervasive if for all y € E"
with y > 0 there is an « € E such that 0 < pp(z) <y.

Remark 4.14. It is immediately clear that every pre-Riesz space with the finite, countable or
usual Van Haandel property is pervasive.

Theorem 4.15. Let E be an integrally closed pre-Riesz space. If E is pervasive, then E has the
Van Haandel property.

Proof. Let E be an integrally closed pervasive pre-Riesz space. Assume that F is a subspace of its
Riesz completion E". We argue by contradiction. Suppose F has not the Van Haandel property.
Then there is a y € (E”)" such that y is not the supremum of S = {z € ET : < y}. Note that
y > 0. Since F is pervasive we have that S is not empty. Thus there is a z € E" such that S < z
and y £ z. Let w =y Az € E". Clearly we have that S < w and w < y thus 0 < y — w. Since F is
pervasive there is a u € F such that 0 < u <y —w. Thus w+u < y. Therefore S+u < w+u < y.
Thus S +u C S. Inductively, it follows that S +nu C S, for all n € Ny. Let « € S, then  +nu < y,
for all n € Ny. Thus nu < y — «, for all n € Ny. Since E" is integrally closed we have that u < 0.
Thus u > 0 and u < 0 and that is a contradiction. We conclude that y is the supremum of S. [

Remark 4.14 and Theorem 4.15 have the following corollary.

Corollary 4.16. Let E be an integrally closed pre-Riesz space. Then E has the Van Haandel
property if and only if E is pervasive.

Corollary 4.16 is very useful in determining whether an integrally closed pre-Riesz space has the
Van Haandel property. It is enough to show that for every y € E” with y > 0 there is an z € E with
0 < z < y. In general that is much easier than to show that y is the supremum of {z € E* : z < y}
for every y € (E")*.

We try to extend a Riesz* bimorphism between pre-Riesz space to a Riesz homomorphism between
the Riesz completions. Under some conditions we can prove that. The theorems and proofs are an
analogue to Theorem 3.14 on page 28.
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Theorem 4.17. Let E, F and G be pre-Riesz spaces with Riesz completions (E”, vg), (F",¢r) and
(G", ) respectively. Letb: EXF — G be a Riesz* bimorphism. Then the map b" : E" X F" — G"
defined by

br(Aul @ @Bul,XM D @Yul) _ b(A,X)“l D @b(A,Y)ul @ @b(B,X)ul @ b(B’}/)ul7

where A, B are non-empty finite subsets of EY and X,Y are non-empty finite subsets of F'*, is
well defined and satisfies b" o (pg, pr) = @G o b. Moreover, if either

(i) E and F have have the finite Van Haandel property, or

(i1) E and F are integrally closed, and have the countable Van Haandel property, and E” and F"
have the sequentially order continuous property, or

(iii) E and F are integrally closed, and have the Van Haandel property, and E™ and F" have the
order continuous property, or

(i) E and F are integrally closed, and have the Van Haandel property, and b is a complete Riesz*

homomorphism,

then b" is a Riesz bimorphism. In cases (iii) and (iv) b" is an order continuous Riesz homomor-
phism.

EXFL>G (8)

PEXPF \£\ &DG

ETXFTT>GT

Proof. Let E, F and G be pre-Riesz spaces with Riesz completion (E", vg), (F", ¢r) and (G", pg)
respectively. Let b : E x F — G be a Riesz* bimorphism. For sets A in F and X in F we let
b(A, X)={b(z,y):xz € A,y e X}.

We will see that

V(A" o oBY, X" o oY™) = b(A, X)" @ cb(A,Y)" @ ob(B, X)" ©b(B,Y)",

with A, B € Fin(E1)\{0} and X,Y € Fin(F*)\{0}, is a well defined bilinear map E" x F" — G"
such that diagram (8) commutes. To do this we prove a sequence of claims. Define, for all x € ET
and for all X,Y € Fin(F)\{0},

b(XU e ey =b({z}, X)" @ ab({z},Y)".

Since, for every * € ETV b(z,-) is a Riesz* homomorphism, by Theorem 3.14 on page 28
bl : F" — G" is a Riesz homomorphism.

Let A= {ai,...,a,} C ET be a finite set of positive elements of E. Define b"y : F" — G" by

b (XU = \n/ oo (X", X € Fin(F)\{0}
=1

and
V(X" @ oY™) = by (X @ obl (Y™),X,Y € Fin(F)\{0}.
Then .
b (X" = \/ blas, X)" = b(A, X)™
=1
and
D (X = [b(A, X)"" = (A4, X), 9)

where the last equality holds by Proposition 1.4 on page 7.
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Claim 4.18. b7, is well defined.

Proof. Let W, X,Y,Z € Fin(F)\{0} such that W" @ oX™“ = Y“ @ cZ%. Then (W + 2Z)" =
(X +Y)“. So

(b(A, W) +b(A, Z))" = (by bilinearity of b)
b(A,W + Z)* = (by equation ( 9 on the previous page))
V(W + Z2)*H“ = (by assumption)
V(X + YY) = (by equation ( 9 on the preceding page))
b(A, X +Y)" = (by bilinearity of b)

(b(A, X) +b(A, V)"

So
bZ(WUZ @ @Xul) _ bg(yul D QZUI)-

Claim 4.19. b7 is linear.

Proof. Let W, XY, Z € Fin(F)\{0}. Then we have

brA(Wul e @Xul e Yul D @Z“l —
VA(W+Y)" & e(X + 2)")
V(W +Y)") @ bl (X + Z2)*
(A, W +Y)" @ ob(A, X + 2)*
b(A, W) @ b(A,Y)" @ ob(A, X)" @ cb(A, Z2)" =
DL (W) @ by (XY @by (Y @ oby(2Y) =
W e ex) e b, (YW e oz).

So b, is additive.
Let A > 0, then Ax (W¥ @ oX¥) = AW)“ @ o(AX)™. So bTA(/\*(W“l SoXu)) =b(A, W)U g

Ob(ANX)" = A% (b(A, W)l @ Sb(A, X)ul) = Ax b (W @ oXM).

Note that b4 (0) = b(A,0)* = {0}* = 0.
Let A < 0. Then Ax (W @ 6X") = (—A) % (X" & &W™). So by (A (W & ©X)) = b7, ((—\) *

(X @ oW™)) = (=X) = (B, (X™) @ OB, (W) ) = Ax (B, (W) @ OB, (X)) = A= b (W @
oxu). O
Claim 4.20. b" is a Riesz homomorphism.
Proof. We have by Proposition 3.7 on page 26

W ooXx")yvyYUeoz")y=(W+2)UX+Y)4oo(X + 2).
So

m(WweeoXx v (YUoozw) =
b(A, (W +Z)U(X +Y)" @ ob(A, X + Z)“
(AW + 2)" v b(A, X + ))& Sb(A, X + 2)
(b(A, W) & b(A, X)ul) v (b(A, V)" & ob(A, Z)“l)
AW @ X vy (Y e oz
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Let A, B € Fin(E)\{0}. Since A and B are finite and F is directed there is an h € ET such

that h > —z, for all z € AUB. Thus h+ 2 > 0, for all x € AU B. Note that Al @ gBul =

Ao oBu e (bt e o{ht = A ¢ (B} & o(BY @ {h}") = (A+ k)" & ©(B + h)*. Define
b (A @ ©B™, ) = by p () = by (-

Claim 4.21. b" (A" @ ©BY,.) is independent of the choice of h € ET.

Proof. Let h,h' € Et be such that h 4+ z,h' +2 € ET, for all z € AU B. Since F is directed,
there is an g € E* such that h < g and k' < g. Note that bayg(X") — by(X*) = bayp(X*) +
bg_h(Xul) — bg(XUZ) = bA_;,_h(XM) — b}L(Xul), for X € Fln(F)\{@} Likewise bA+h/ — by (Xul) =
bA+g(XUZ) — bg()(m)7 for X € FIH(F)\{Q]} Thus bA+h(') - bB+h(') = bA—',—h’(') — bh/(~). O

Claim 4.22. b" (A" @ ©BY, ") is well defined.

Proof. Let A, B,C, D € Fin(E)\{0} be such that A% @ ©6B% = C*% ¢ ©D" and let W, X,Y, Z €
Fin(F)\{0} be such that W* @ o X = Y @ ©Z*. From our previous claim we may assume
that A, B,C, D € Fin(E+)\{0} and W, X, Y, Z € Fin(F*)\{0}. So
(A" @ B, W @ oXM)
(A g oBYU W) @ ab" (A% @ oBY, X)) = ( by Claim 4.18 on the preceding page)
v (C* e oD, W @eb’ (C* @ oD, X)) =
b (C @ oD, Wi @ oxu)
pr(cv wH o oX ) e ob” (DY, W @ o XM
vi(cvh vy oz o obm(DU Y @ ozv
v (C" e oD, Y & oZ").

= (by Claim 4.18 on the previous page)

So b is well defined. O

It is clear from the definition that b" satisfies b” o (g, o) = @G o b and that proves the first part
of the theorem. Moreover, if F and F' have the finite Van Haandel property, then " is a Riesz
bimorphism.

Now assume further that F, F' and G are integrally closed, and that either

(ii) F and F have the countable Van Haandel property and the Riesz completions E” and F"
have the countable order continuous property, or

(iii) E and F have the Van Haandel property and the Riesz completions E” and F" have the
order continuous property, or

(iv) E and F have the Van Haandel property and b is a complete Riesz* homomorphism.

Let (E°,¢g), (F° ¢r) and (G% 1g) be the Dedekind completions of E,F and G respectively.
Then H” C H® and ¢ is the restriction of 1y to H”, for H = E, F or G.

Let A C Et be a non-empty bounded set, such that A% € E". Define bi‘ :F" — G° by

Wy (X = \/ br(X"), X € Fin(E)\{0}

T€EA
and
V(X @ oy =5 (X @ ebdy (Y), X,Y € Fin(F)\{0}.

Then

B (X™) = \/ bz, X)" = b(A, X)"

r€A

and

by (X" = [b(A, X)"]" = b(A, X)", (10)

where the last equality holds by Proposition 1.4 on page 7.
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Claim 4.23. b% is well defined.

Proof. Let W, X,Y,Z € Fin(F)\{0} such that W" @ oX™“ = Y“ @ cZ%. Then (W + 2Z)" =
(X +Y)“. So

(b(A, W) +b(A, Z)) = (by bilinearity of b)
b(A, W + 2Z)" = (by equation ( 10 on the previous page))
V(W + Z)*Hy“ = (by assumption)
V(X +Y)"H“ = (by equation ( 10 on the preceding page))
b(A, X +Y)“ = (by bilinearity of b)

(b(A, X) +b(A,Y))“

Thus

Claim 4.24. b‘sA is linear.

Proof. Let W, XY, Z € Fin(F)\{0}. Then we have

bfq(wul @ @Xul @ Yul P @Zul —
V(W +Y)" @ o(X +2)4)
By (W +Y)") @ ab’y (X + 2)™
AW +Y) @ ob(A, X + Z)“
WA, W) @ b(A, V)" @ ob(A, X)) @ ob(A, Z2)" =
VW) @ ey (XY e by (Y @ oty (Z2Y) =
(W e oXx) e by (Y ecz").

Thus bil is additive.

Let A > 0, then Ax (W @ oXu) = AW)“ @ o(AX)™“. So b (A« (W™ @oX™)) = b(A,\W)“ @
Ob(ANX)" = A% (b(A, W)l @ Sb(A, X)ul) = A* B (W @ oXxH).

Note that ba(0) = b(A,0)% = {0} = 0.

Let A < 0. Then A+ (W4 @ 6Xu) = (—=\)* (X" & oW™). So b4, (A+ (W @ 0X ")) = b’ ((—\)*
(X @ oW™)) = (=X) = (B (X™) @ OB (W) ) = A (B (W™) @ OB (X)) = A= bW ©
oxu). O

Claim 4.25. bi is a Riesz homomorphism.
Proof. We have by Proposition 3.7 on page 26

W ooXx")yvyYUeoz")y=(W+2)UX+Y)4oo(X + 2).
Thus

V(W e oXx)yv(yUpozu) =
b(A, (W +Z)U(X +Y)" @ ob(A, X + Z)“
(AW + 2)" v b(A, X + ))& Sb(A, X + 2)
(b(A, W) & b(A, X)ul) v (b(A, V)" & ob(A, Z)“l)
y(W @ oX) vy e oz
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Now we consider the several cases.

(ii) Now assume that E and F' have the countable Van Haandel property, and that E” and F"
have the countable continuous property. Let A, B € Fin(E)\{0} be such that A“&cB" >
0. Since E has the countable Van Haandel property, by Lemma 4.10 on page 30 there is a
countable bounded set C C E* such that A" @ oB% = C*.
Let X € Fin(F*)\{0}. Then b"(-, X*!) is a Riesz homomorphism. Since E" has the o-
order continuous property, b"(-, X% is g-order continuous. Thus b" (A% & cB%, X¥) =
O (Vecl{z} ™, X)) =V, co 0" ({2}, X)) = b(C, X)". Hence b" (A" & ©B™,-) = b (-). It
follows that b" (A“@oBY, -) is a Riesz homomorphism. Likewise, for all X,Y € Fin(£+)\{0}
with X @ oY ™ > 0 we have that b"(-, X" @ ©Y™) is a Riesz homomorphism. We conclude
that b" is a Riesz bimorphism.

(iii) and (iv) Suppose that E and F have the Van Haandel property and that E” and F" have the order

continuous property or b is a complete Riesz* bimorphism. Let A, B € Fin(E1)\{0} be such
that A @ ©B* > 0. Since E has the Van Haandel property, by Lemma 4.11 on page 31
there exists a bounded set C C E* such that A% @ oB% = C*.
Let X € Fin(F*)\{0}. Then b"(-, X*) is a Riesz homomorphism. If E” has the order
continuous property, then b"(-, X “l) is order continuous. If b is a complete Riesz* bimor-
phism, then by [9, Theorem 5.12] b"(-, X*!) is order continuous. So b" (A" @ ©BY, X4 =
b (Vec{z} ™, X)) =V, eo b"({x}*, XU = b(C, X)".. Thus b"(A“ & 6B™,.) = b (). Tt
follows that b" (A% @ ©BY,.) is a Riesz homomorphism. Similarly, for X,Y € Fin(F+)\{0}
with X“@oY™ > 0, we have that " (-, X" @Y ™) is a Riesz homomorphism. We conclude
that b" is a Riesz bimorphism. If fact " is an order continuous Riesz homomorphism.

O

We need restrictive assumptions on E and F to prove that a Riesz* bimorphism b: E x F — G
extends to a Riesz bimorphism between the Riesz completions. The converse is true in general,
even if the spaces are not integrally closed.

Theorem 4.26. Let E,F and G be pre-Riesz spaces with Riesz completions (E™, ¢g), (F",¢r)
and (G™, o) respectively. Letb: ExF — G be a bilinear map and b" : E" X F™ — G" a (complete)
Riesz bimorphism such that oG ob=10" o (pg,pr). Then b is a (complete) Riesz* bimorphism.

ExF-——sg

PEXPFR j jLPG

ET X FT' ? GT‘

Proof. Let E, F and G be pre-Riesz spaces with Riesz completions (E”, ¢g), (F", ¢r) and (G", p¢)
respectively. Let b: E X F — G be a bilinear map and let b : E" x F" — G" be a (complete)
Riesz bimorphism such that ogob="b"o (pg, pr).

Let x € E*. Then ¢g(b(z,-)) = b (pr(x),or(-)). Since b"(pp(z),) : F© — G" is a (complete)
Riesz homomorphism, by Theorem 3.14 on page 28 (Theorem 3.18 on page 29) b(z,-) : F — G is
a (complete) Riesz* homomorphism. Likewise, for every y € F* : b(-,y) : E — G is a (complete)
Riesz* homomorphism. So b is a (complete) Riesz* bimorphism. O

A combination of Theorem 4.17 on page 32 and Theorem 4.26 gives the following theorem.

Theorem 4.27. Let E,F and G be pre-Riesz spaces with Riesz completions (E™, ¢g), (F",¢F)
and (G, pq) respectively. Let b: E x F'— G be bilinear. Suppose that either

(i) E and F have have the finite Van Haandel property, or

(i1) E and F are integrally closed, and have the countable Van Haandel property, and E” and F"
have the sequentially order continuous property, or
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(iii) E and F are integrally closed, and have the Van Haandel property, and E™ and F" have the
order continuous property,

then b is a Riesz* bimorphism if and only if there exists a Riesz bimorphism b" : E" x F™ — G"
such that pg ob = b" o (pg,pr). Moreover, if E and F are integrally closed and have the Van
Haandel property, then b is a complete Riesz*™ bimorphism if and only if b" is a complete Riesz
bimorphism.

ExF-—2 sqg

PEXPF \[ J@G

E" X F" > G"

5 The Archimedean completion

The main idea of Riesz completions is to make a Riesz space of a directed partially ordered vector
space, since we understand the first better. Something similar can be done with non-Archimedean
partially ordered vector spaces to make them Archimedean.

5.1 The Archimedean completion of a partially ordered vector space

Definition 5.1. Let F be a partially ordered vector space. The Archimedean completion of F is
a pair (F,:) where F is an Archimedean partially ordered vector space and ¢« : E — F is a positive
linear map such that for all Archimedean partially ordered vector spaces G and for any positive
linear map ¢ : F — G there exists a unique positive linear map ¢, : ' — G with ¢ = ¢, o ¢.

E—>F (11)

Nk

G

Proposition 5.2. Let E be a partially ordered vector space and suppose (F,1) and (G,j) are
Archimedean completions of E. Then there exists a unique order isomorphism ¢ : F' — G with

j=gou
Proof. The proof is similar to the proof of Lemma 3.2 on page 25. O

Remark 5.3. If F is an Archimedean partially ordered vector space and idg is the identity map
on E, then (FE,idg) is the Archimedean completion of E.

For every partially ordered vector space F, the Archimedean completion exists.

Theorem 5.4. Let E be a partially ordered vector space. Let I be the intersection of all relatively
uniformly closed order ideals that contain {0}. Let E* = E/I and let + = q : E — E® be the
quotient map. Then (E*, 1) is the Archimedean completion of E.

Proof. Let E be a partially ordered vector space. Let I be the intersection of all ru-closed order
ideals that contain {0}. Let E* = E/I and let « = ¢ : E — E* be the quotient map. Note that ¢
is positive. By Theorem 1.23 on page 13 E® is Archimedean. Let G be an arbitrary Archimedean
partially ordered vector space and let ¢ : E — G be positive. By Proposition 1.16 on page 11
ker ¢ is an order ideal and by Proposition 1.25 on page 14 ker ¢ is relatively uniformly closed.
Clearly 0 € ker¢, so I C ker ¢. Define ¢, : E* — G by ¢.(q(x)) = ¢(z). Suppose for z,y € FE
we have q(z) = q(y), then x —y € I C ker ¢, so ¢(z) = ¢(y). So ¢. is well defined and clearly a
positive linear map, moreover ¢ = ¢, o t. Let ¢ : E* — G be any positive linear map such that
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¢ =1 o Thus ¢¥(q(x)) = ¢(x) = ¢.(q(x)), for z € E. It follows that 1) = ¢.. Hence (E?, ) is the
Archimedean completion of F.

E=E/I -2~

£
1=q

E
O

Example 5.5. Consider R? with the following vector space ordering, x = (z1,22) <y = (y1,¥y2) if
and only if z; < y; or z = y. Thus K = {(21,22) € R? : 1 > 0}U{0} is the positive cone. We have
for all n € Z that n(0,1) = (0,n) < (1,0), but (0,1) # 0 thus E = (R?, K) is not Archimedean. Let
us calculate the Archimedean completion of E. Since E is not Archimedean {0} is not relatively
uniformly closed. Clearly, R? is a relatively uniformly closed ideal. Let (z1,z2) € K\{0} and
consider ¢ = Span{(x1,x3)}. Note that (221,2z5 4+ 1) is in the order interval [(x1,z2), (3z1, 322)]
and that (z1,22), (3x1,3x2) € £, but (221,222 + 1) € ¢, and hence £ is not an order ideal. Note
that any two mutually different elements of ¢ = Span{(0,1)} are not comparable, and hence it is
trivial, that ¢’ is an order ideal. Let {(0,z,)}22, be any sequence in ¢’ that relatively uniformly
converges to some y = (y1,y2) € E. So there is a u = (uy,u2) € K and a sequence {e,}2°, C R
such that g, | 0 and —e,u < (0,2,) — (y1,¥2) = (—y1,Tn — ¥2) < enu, for all n € N. Thus for
any n € N we either have that —e,u; < —y1 < epuyg or te,u = (—y1, 2, — y2). It follows that
—equ; < —y1 < gquq, for all n € N. We conclude that y; = 0, thus y € ¢/, and hence ¢’ is a
relatively uniformly closed order ideal. Moreover let ¢ : E — R be defined through (z1,z2) — ;.
From Theorem 5.4 on the preceding page follows that (R, ¢) is the Archimedean completion of E.

Remark 5.6. An Archimedean partially ordered vector space need not be integrally closed. An
interesting question is whether there is something like an "integrally closed completion’ of a partially
ordered vector space.

5.2 The Archimedean completion of a Riesz space

In this section we consider the Archimedean completion of a Riesz space.

Definition 5.7. Let L be a Riesz space. The Archimedean completion of L is a pair (M, ¢) where
M is an Archimedean Riesz space and ¢ : L — M is a Riesz homomorphism such that for every
Archimedean Riesz space N and for every Riesz homomorphism ¢ : L — N there is a unique Riesz
homomorphism ¢, : M — N with ¢ = ¢, o¢.

L—>M

AN

N

Proposition 5.8. Let L be a Riesz space and suppose that (M,1) and (N,j) are Archimedean
completions of L. Then there is a unique surjective Riesz isomorphism ¢ : M — N with j = ¢ o L.

Proof. The proof is similar to the proof of Lemma 3.2 on page 25. O

Remark 5.9. Let L be an Archimedean Riesz space and let idy, be the identity map on L. Then,
(L,idy) is the Archimedean completion of L.

Theorem 5.10. Let L be a Riesz space. Let I be the intersection of all relatively uniformly
closed Riesz ideals that contain {0}. Let L® = L/I and let v = q be the surjective quotient Riesz
homomorphism. Then (L%, 1) is the Archimedean completion of L.

Proof. Let L be a Riesz space. Let I be the intersection of all relatively uniformly closed Riesz
ideals that contain {0}. Then I is a relatively uniformly closed Riesz ideal. Let L* = L/I and
let © = ¢ be the quotient Riesz homomorphism. Let N be an Archimedean Riesz space and let
¢ : L — N be a Riesz homomorphism. Define ¢, : L* — N by ¢.(¢q(x)) = ¢(z).
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Claim 5.11. ¢, is well defined.

Proof of claim 5.11. Suppose that ¢(z) = q(y), for z,y € L. Then x —y € I. Since N is
Archimedean and ¢ is a Riesz homomorphism, we have by Propositions 1.25 on page 14 and 1.16
on page 11 that ker ¢ is a relatively uniformly closed ideal. Since 0 € ker ¢ we have I C ker ¢. Thus

¢z —y) =0, 50 ¢(x) = ¢(y) and ¢.(q(z)) = ¢«(q(y))- &

Tt is clear from the definition that ¢, is linear. We have ¢.(|q(z)|) = ¢« (¢(|z])) = ¢(|z]) = |p(x)| =
|o.(q(z))], for all x € L. Thus ¢, is a well defined Riesz homomorphism that satisfies ¢ = ¢, o ¢.
It remains to prove is that ¢, is the unique Riesz homomorphism 1 that satisfies ¢ = 1) o ¢. Let
¢ : L* — N be such a Riesz homomorphism. Then ¥ (q(z)) = ¢(z) = ¢.(q(z)), for all x € L. Thus
b = ¢.. We conclude that (L%, ) is the Archimedean completion of L.

=L/~ N

I
1=q

L
O

Corollary 5.12. Let L be a Riesz space. Then the Archimedean completion as partially ordered
vector space and the Archimedean completion as Riesz space coincide.

6 The Archimedean Riesz tensor product

The usual vector space tensor product can be constructed as a quotient of a free space. In this
thesis we study the tensor product of Banach lattices and integrally closed pre-Riesz spaces as a
quotient of a free space. The tensor product of Riesz spaces as a quotient space of a free space
is constructed by B. de Pagter [12]. We give the main ideas and prove some properties of the
Archimedean Riesz tensor product that will be usefull later on.

The following definition is taken from [12].

Definition 6.1. Let L and M be (Archimedean) Riesz spaces. The (Archimedean) Riesz tensor
product of L and M is a pair (T,b) where T is an (Archimedean) Riesz space and b: Lx M — T a
Riesz bimorphism, such that for every (Archimedean) Riesz space N and every Riesz bimorphism
¢ : L x M — N there is a unique Riesz homomorphism ¢, : T'— N such that ¢ = ¢, o b.

LxM-"2—sT

Xm

N

The next theorem can be found in [12]

Theorem 6.2. The (Archimedean) Riesz tensor product is unique if it exists, in the following
sense: let L and M be (Archimedean) Riesz spaces and suppose that (S,b) and (T,¢) are two
(Archimedean) Riesz tensor products of L and M, then there is a unique bijective linear map
¢ : S — T such that ¢ and ¢~' are Riesz homomorphisms and ¢ ob = c. In particular, ¢ is an
order isomorphism.

Proof. Let L and M be (Archimedean) Riesz spaces and suppose that (S,b) and (7T, ¢) are two
(Archimedean) Riesz tensor products of L and M. By definition there is unique Riesz homomor-
phism ¢, : S — T such that ¢ = ¢, o b and a unique Riesz homomorphism b, : T"— S such that
b=bsoc.Sob=b,oc=b,oc,ob. Note that b,oc, : S — S is a Riesz homomorphism and that also
the identity map idg on S is a Riesz homomorphism such that b = idg o b. From the uniqueness
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statement it follows that b, o ¢, = idg. Likewise we have that c, o b, is the identity map on T.
Define ¢ = ¢, : S — T. Then ¢ is bijective, ¢ and ¢~! = b, : T — S are Riesz homomorphisms,
c = ¢ob and ¢ is the unique Riesz homomorphism with these properties. In particular ¢ is an
order isomorphism.

LxM-L g

R

T
O

Theorem 6.3. Let L and M be (Archimedean) Riesz spaces. If (T,b) is the (Archimedean) Riesz
tensor product of L and M, then T is generated as Riesz space by elements b(x,y),x € L,y € M.

Proof. Let L, M and (T,b) be as in the theorem. Let S be the Riesz subspace of T generated
by the elements b(z,y),z € L,y € M. Let N be an arbitrary (Archimedean) Riesz space and
¢ : L x M — N a Riesz bimorphism. Let ¢! : T — N be the unique Riesz homomorphism with
¢ = ¢!, ob. Note that b maps into S. Let ¢, : S — N be the restriction of ¢, to S. Then ¢, is a
Riesz homomorphism and ¢ = ¢, ob. Let ¢ : S — N be any Riesz homomorphism with ¢ = 1 o b.
For all x € L and y € M we have that ¢, (b(z,y)) = ¥ (b(x,y)). Since S is generated as Riesz space
by elements b(z,y),x € L,y € M, we have that ¢, = 1. Thus (S,b) is also the (Archimedean)
Riesz tensor product of L and M. From Theorem 6.2 on the preceding page follows that S = T.
This concludes our proof. O

With thanks to B. de Pagter [12] we have the following nice representation of the (Archimedean)
Riesz tensor product.

Theorem 6.4. Let L and M be (Archimedean) Riesz spaces. Let J be the ideal in FRS(L x M)
generated by the elements

vax+ Py, z) — a(z, z) — Puly,z), x,y€ L,z€ M,a, €R,
vz, ay + B2) — au(z,y) — Bul(x,2), € L,y,z€MaBeR,
‘L(xay)|7L(|x|’|y|)a ‘TELayGM-

Let Jy = J, and in the Archimedean case, let J; be the uniform closure of J in FRS(L x M). Let
T := FRS(L x M)/Jy and let q : FRS(L x M) — T be the quotient map. Letb: L x M — T be
defined by b(xz,y) = q(¢(x,y)). Then b is a Riesz bimorphism and (T, b) is the (Archimedean) Riesz
tensor product of L and M.

Proof. Let L and M be (Archimedean) Riesz spaces and let J, J1,T, ¢ and b be as in the theorem.

Claim 6.5. b is a Riesz bimorphism.

Proof of Claim 6.5. Note that for all z,y € L and z € M and for all a, 5 € R, we have that

blaz +By,z) = q(az+ By, 2))
= q(OéL(Z‘,Z) +ﬁ[/(ya Z))
= aq(u(z, 2)) + Bq(u(y, 2))
= ab(z,z)+ Pbly, 2).
Likewise, for all z € L and y,z € M and for all a, 8 € R we have that b(x, ay + 8z) = ab(x,y) +

0Bb(y, z). Thus b is bilinear.
Note that for all z € L and y € M we have

b(|, [yl)

o2l [y1))
ez, y)])
(e(z,9))|
(

X
z,y)]

q(
q(
lq
|b
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By Lemma 4.2 on page 29 we have that b is a Riesz bimorphism. O

Let N be an arbitrary (Archimedean) Riesz space. Let ¢ : L x M — N be a Riesz bimorphism.
By definition, there is a unique Riesz homomorphism 1 : FRS(L x M) — N such that ¢ = ¢ o..

Claim 6.6. J; C ker.

Proof of Claim 6.6. Since ¢ is a Riesz homomorphism, we have that ¢(ax + By, z) — ap(z,z) —
Bé(y,z) =0for all z,y € L,z € M and «, 5 € R. Thus

0 = ¢(a$+ﬂy72) - Oéd)(lﬂZ) _6¢(y,z)
= Y(ax + By, 2)) — ap(uz, 2)) — BY(u(y, 2))
= w(L(ax_'_ﬁva) —Oé[,(.’lf,z) —ﬁb(y,Z))
So t(ax + By, z) — ai(x, z) — Bi(y, z) € ker . Likewise, for all z € L and for all y,z € M and for

all a, 8 € R we have that «(z, ay + 8z) — ae(z,y) — Bi(z, z) € ker 4. Since ¢ is a Riesz bimorphism,
by Proposition 4.2 on page 29 we have

0 = lo(z,y)l — ozl y)
= |z, 9)] = (2], [y]))
= (e, y)]) = (el ly])
|

(
= Y
for all z € L and y € M. Thus |c(z,y)| — ¢(|z],|y|) € ker . By Proposition 1.16 on page 11 ker
is an ideal and it contains the set that generates J = Ji, so J; C kert, and in the Archimedean
case by Proposition 1.25 on page 14, we have that ker is relatively uniformly closed too, thus
Jy C ker . O

uz,y)| = (|2l [y))),

Define ¢, : T — N by ¢.(q(x)) = ¢(x),x € FRS(L x M). Suppose that q(z) = q(y), for z,y €
FRS(L x M), then  —y € J; C ker ), so ¢(x) = 1(q). Thus ¢, is well defined and clearly a Riesz
homomorphism.

Suppose x : T — N is a Riesz homomorphism that satisfies ¢ = x o b. Then, for all x € L,y € M,
we have x(b(z,9)) = x(a(t(z,9)) = B(z,y) = du(g(t(z,y)) = ¥(t(z,y)). By Theorem 2.5 on
page 20, FRS(L x M) is generated as Riesz space, by {c(z,y) : x € L,y € M} and yoq is a
Riesz homomorphism. Thus we have that y o ¢ = 1. Thus x = ¢.. It follows that (T,b) is the
(Archimedean) Riesz tensor product of L and M.

LxM

FRS(L x M) ——=T = FRS(L x M)/.J,

O

Remark 6.7. 1. If L and M are Archimedean Riesz spaces, then both the Riesz tensor product
and the Archimedean Riesz tensor product exists, but are in general not isomorphic, see [12].

2. For (Archimedean) Riesz spaces L and M we denote the Riesz tensor product by L&M and
the Archimedean Riesz tensor product by L& M. The constructed Riesz bimorphism b in the
previous theorem is denoted by ®. For z € L and y € M we define z ® y = b(z,y).

3. From the construction follows that L&M is Riesz isomorphic to M®L and that LM is
Riesz isomorphic to M®L.

Theorem 6.8. Suppose L and M are Riesz spaces, L' is a Riesz subspace of L and M' is a Riesz
subspace of M. Let (T,b) be the (Archimedean) Riesz tensor product of L and M. Let S be the
Riesz subspace of T generated by elements b(x,y),x € L',y € M'. Let ¢ = b|p/wpv- Then (S,¢) is
the (Archimedean) Riesz tensor product of L' and M’.
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Proof. Let L and M be (Archimedean) Riesz spaces. Let L’ a Riesz subspace of L and M’ a Riesz
subspace of M. Let (T7,b') the (Archimedean) Riesz tensor product of L’ and M’ and let (7', b) be
the (Archimedean) Riesz tensor product of L and M. Note that ¢ = b|p/xp : L' x M) — T is a
Riesz bimorphism. By definition there is a Riesz homomorphism ¢, : T’ — T such that c, o b’ = c.
Thus b(x,y) = (V' (z,y)), for all x € L',y € M'. Thus ¢, : T' — T is injective. It follows that we
can view T’ via ¢, as a Riesz subspace of T' generated by elements b(z,y),z € L',y € M'.

><M’4>T’

|

L><M4>T
O

In the rest of this section let £ and F' denote integrally closed pre-Riesz spaces. Let
(E",1g) and (F",.r) be the Riesz completions of E and F respectively.

In the following we will prove some results that we need for the construction of the inte-
grally closed Riesz* tensor product in the next section.

The free Riesz space over the set E” x F" exists and is given by the pair (FRS(E" x F"),¢) where
FRS(E" x F7) is the Riesz subspace of RR < generated by elements ¢(z,y) defined through
Wz, ) (f) = f((2,9), (z,y) € E" x F", f € RE™F" and ¢ : E" x F" — FRS(E" x F") is given
by (x,y) — t(x,y). Then ¢ is injective. The Archimedean Riesz tensor product T" of E" and F”"
exists. Let J be the order ideal in the free Riesz space FRS(E™ x F") generated by the elements

vax + By, z) — au(z, 2) — Buly,z), =,y€E",2€ Fa,BeR,
L(x,ay +ﬁz) - aL(x,y) - /BL(CL',Z)7 HS ET,y,Z S Frvaaﬁ € Ra (12)
le(z, y)| — (2], ly]), reE" yeF".

Define J; to be the uniform closure of J in FRS(E" x F")). Let T" = FRS(E" x F")/J;.
Let ¢ : FRS(E" x F") — T" be the quotient map. Then ¢ is a Riesz homomorphism. Let
b" : E" x F" — T" be defined as follows " (x,y) = q(¢(z,y)). Then b" is a Riesz bimorphism
and (T7,b") is the Archimedean Riesz tensor product of E” and F". Let for an element
x € FRS(E" x F"),[z] := q(z) denotes the equivalence class of z. For a,b € T" a < b if and only
if there are ,y € FRS(E" x F") such that <y and a = [z] and b = [y].

Let T be the linear span of elements b (tp(z),tr(y)) € 17,2 € E,y € F. Note that

b (ve(r),ir(y)) = q(lee(@), tr(y))) = (e (), tr(y))]-

Later we will prove that T is the positive tensor product of E and F, and we need it for
the construction of the Riesz* tensor product. We will see that T is the Riesz completion of T.

Remark 6.9. Note that T is directed. Since T is a subspace of an integrally closed partially ordered
vector space, T is integrally closed. Thus by Proposition 1.7(iv) on page 8 T is an integrally closed
pre-Riesz space.

Let G = ¢~ 1[T).

Theorem 6.10. G is an integrally closed directed partially ordered vector space and [G] =T. In
particular G is pre-Riesz.

Proof. G is a subspace of an integrally closed partially ordered vector space and hence integrally
closed. It is clear that [G] = T. Let =,y € G. Since T is directed, there is an Z € T such that
[] < Z and [y] < Z. So there are z1,29 € G such that [z1] = [22] = Z and © < 2z; and y < 2.
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Since Z > 0 there are hy,hy € J; such that z; + h; > 0 and 29 + hy > 0. Since J; is directed
there is an h € J; such that h > hy and h > ho. Thus z; + h > 0 and 29 + A > 0. It follows that
r<z1<z1+zt+h andy <z, <z +20+hand z1 + 20+ h € G. So G is directed. So G is a
directed integrally closed partially ordered vector space and by Proposition 1.7(iv) on page 8 G is
a pre-Riesz space. L]

Theorem 6.11. The inclusion map ¢ : T — T",x +— x is a Riesz homomorphism.

Proof. Let X, Y € T. Let xz,y € G such that X = [z] and Y = [y]. Then A :={Z € T : X <
Z2)Y < Z}y=A{[z] :z€GaVvy<z}.SoB:={ZeT": Z< Xforal X € A} ={X eT":
X <[z Vyl]}. Since T" is Riesz are all lower bounds of the upper bounds of {X,Y} in T" equal to
C:={ZeT":Z<XVY =[zVy]}. So B=C. So ¢ is a Riesz homomorphism. O

Theorem 6.12 (Van Haandel). Let L be a Riesz space and H be a directed partially ordered vector
space. Let ¢ : H — L be a Riesz homomorphism, then o(H) is order dense in the Riesz subspace
M of L generated by o(H). Moreover o(H) is pre-Riesz. Let v : o(H) — M be the inclusion map,
then is (M, 1) the Riesz completion of ¢(H).

Proof. Let L be a Riesz space and H be a directed partially ordered vector space. Let ¢ : H — L
be a Riesz homomorphism. Let M be the Riesz subspace of L generated by ¢(H). Since ¢ is a
Riesz homomorphism, is by [9, Theorem 2.12] ¢(H) order dense in M. By [9, Corollary 2.13] is
¢(H) pre-Riesz. The last statement follows from [9, Theorem 3.7]. O

Theorem 6.13. T is dense in T" and generates T as a Riesz space and (T",.) is the Riesz
completion of T.

Proof. 1g(E) generates E” as a Riesz space, tp(F) generates F" as a Riesz space and T7 is
generated as a Riesz space by elements 0" (z,y), (z,y) € E" x F". So T" is generated by T as a
Riesz space. Since ¢ is a Riesz homomorphism, is by Theorem 6.12 T" order dense in 77" and (17, ¢)
is the Riesz completion of 7. O

7 The integrally closed Riesz* tensor product

Kalauch and Van Gaans give in [7] the construction of the tensor product of arbitrary integrally
closed pre-Riesz spaces E and F. They use positive linear maps as universal mappings. It seems
that Riesz* homomorphisms are more natural, since Riesz* homomorphisms extends to Riesz
homomorphisms between the Riesz completions and one would like that the Riesz completion
of the tensor product, is the Archimedean Riesz space tensor product of the Riesz completions.
Naively one can think that a Riesz* bimorphism ¢ : E x F — G extends to a Riesz bimorphism
¢" : E" x F" — G" and that the restriction ¢, : F X F — G of ¢} is the universal map that
satisfies ¢ = ¢, o b, where b : E x F — T is a Riesz®™ bimorphism, T is an integrally closed pre-
Riesz space and (T,b) is the so-called 'Riesz* tensor product’ of E and F such that b extends to a
Riesz bimorphism b" : E” x F" — T" in such a way that (77, b") is the Archimedean Riesz tensor
product of E” and F".

E" x FT"

NS
SN
\G{
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The reality is not so easy; only under some conditions on the spaces E and F we can prove that
the Riesz* tensor product of E and F' exists. But what is more important, in Section 8, we will
prove that the tensor product (7',b) of Van Gaans and Kalauch is the one we are interested in.
That is, b is the restriction of a Riesz bimorphism b" and (7", b") is the Archimedean Riesz tensor
product of E” and F", where T" is the Riesz completion of T.

Definition 7.1. Let E and F be (integrally closed) pre-Riesz spaces. An (integrally closed) Riesz*
tensor product of F and F is a pair (T,b), where T is an (integrally closed) pre-Riesz space and
b: Ex F — T is a Riesz* bimorphism, such that for every (integrally closed) pre-Riesz space G
and every Riesz* bimorphism ¢ : F X F — G there is a unique Riesz* homomorphism ¢, : T — G
with ¢ = ¢, o b.

ExF-t s

RN

G

If an (integrally closed) Riesz* tensor product exists, then it is unique. In the following sense.

Theorem 7.2. Let E and F be (integrally closed) pre-Riesz spaces and suppose that (S,b) and
(T, c) are (integrally closed) Riesz* tensor products of E and F. Then there is a unique bijective
linear map ¢ : S — T such that ¢ and ¢~ are Riesz* homomorphisms and ¢ ob = c. Moreover, ¢
18 an order isomorphism.

Proof. The proof is similar to the proof of Theorem 6.2 on page 39. O

Theorem 7.3. Let E and F' be integrally closed pre-Riesz spaces with either

(i) E and F have the finite Van Haandel property, or

(i) E and F have the countable Van Haandel property and the Riesz completions of E and F
have the o-order continuous property, or

(iii) E and F have the Van Haandel property and the Riesz completions of E and F have the
order continuous property.

Let (E",vg) and (F",up) be the Riesz completions of E and F respectively. Let (T",b") be the
Archimedean Riesz tensor product of E™ and F". Define T := Span{b" (tg(x),tr(y)) :x € E,y € F'}
and define b : E X F — T by b(z,y) = b"(tg(x),tr(y)). Let vp : T — T be the inclusion map.
Then, b is a Riesz* bimorphism, (T",ur) is the Riesz completion of T, and (T,b) is the integrally
closed Riesz* tensor product of E and F.

Proof. Let E and F be as in the theorem. Thus we can apply Theorem 4.17 on page 32. Let (E",tp)
and (F",tp) be the Riesz completions of E and F respectively. Let (T",0") be the Archimedean
Riesz tensor product of E” and F". Define T := Span{b" (tg(x),tr(y)) : * € E,y € F'} and define
b: EXF —Thbybz,y) =b"(trg(x),tr(y)). Let tp : T — T" be the inclusion map.

Claim 7.4. (T",.7) is the Riesz completion of T, and b is a Riesz* bimorphism.

Proof of Claim 7.4. Note that b is well defined and bilinear. By Theorem 6.13 on the preceding
page is (T",tr), the Riesz completion of T. Note that " is a Riesz bimorphism and tp o b =
b" o (vg,tr). Thus by Theorem 4.26 on page 36 b is a Riesz*-bimorphism. O

Let G be an arbitrary integrally closed pre-Riesz space. Let (G",tc) be the Riesz completion of
G. Let ¢ : E x F — G be a Riesz*-bimorphism. By Theorem 4.17 on page 32 there exist a Riesz
bimorphism ¢" : E” x F" — G" such that ¢" o (tg,tr) = tg 0 ¢. By Theorem 6.4 on page 40 there
exist a (unique) Riesz homomorphism ¢% : T" — G such that ¢7 o " = ¢".
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Claim 7.5. ¢%|p : T — G" maps into 1.q(G).
Proof of Claim 7.5. Let t € T. Then there are z1,...,2, € E,y1,...,y, € F and aq,...,0, € R
such that
t_zaz LX(xz 2% yz Zaz Jf'uyz
i=1

Thus

) = Z%(b* (ex (i), 1y (y:))
= ZOZ@T(LX(%)MY(%))

= Zazta (x4, i) € 1a(G).
O

So ¢, : T — G defined by ¢.(t) = 15" (¢7(¢)) is well defined and linear. Moreover, 1o ¢, = ¢ oLr.
Hence, by Theorem 3.14 on page 28 ¢, is a Riesz* homomorphism.

Claim 7.6. ¢, is the unique linear map v such that ¢ o b = ¢.

Proof of Claim 7.6. Let b : T'— G be a bilinear map such that ) o b = ¢. Let ¢ € T. Then there
are r1,...,2n € E,y1,...,yn € F and o, ..., € R such that ¢ = 31" | a;b(z4,y:). So

() = cip(b(xi i) = > cvidlwi, yi)
i=1 i=1

and N N
=Y @i (b, i) = Y (@i, ys)-
i=1 i=1
Tt follows that (t) = ¢ (t) for all t € T. Thus ¢ = ¢.. O

We conclude that (7', b) is the integrally closed Riesz* tensor product of E and F.

B x P Y T

N
UNA
N

Corollary 7.7. If L and M are Archimedean Riesz spaces, then the integrally closed Riesz* tensor
product of L and M exists.

o

O

Proof. If L and M are Riesz, then L and M have the finite Van Haandel property, so we can apply
Theorem 7.3 on the previous page. O
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8 The positive tensor product

There exists also another notion of tensor products of integrally closed pre-Riesz spaces, it consid-
ers positive linear maps and positive bimorphisms, instead of Riesz* homomorphisms and bimor-
phisms. To distinguish the two notions of tensor products, we call the notion with positive linear
maps and positive bimorphisms the 'positive tensor product’. In this section we define the positive
tensor product, prove some elementary properties and give three constructions of the positive ten-
sor product. One construction is due to Van Gaans and Kalauch and the other two constructions
are new.

Positive bimorphisms are just what one thinks they are.

Definition 8.1. Let E, F and G be partially ordered vector spaces and let b : E x F — G be
bilinear. Then we call b a positive bimorphism or positive bilinear map, if b(z,-) is positive, for
all z € ET, and b(-,y) is positive, for all y € F*. This is equivalent to b(z,y) > 0 for all z € ET
and y € FT.

Definition 8.2. Let E and F be integrally closed pre-Riesz spaces. A pair (T,b), where T is
an integrally closed pre-Riesz space and b : F x F' — T is a positive bimorphism, is a positive
tensor product of F and F' if for all integrally closed pre-Riesz spaces G and positive bimorphisms
¢ : E X F — G there is a unique positive linear map ¢, : T'— G such that ¢ = ¢, o b.

ExF-—T (13)

oM
X

G

The positive tensor product is unique, if it exists. In the following sense.

Theorem 8.3. Let E and F be integrally closed pre-Riesz spaces and suppose that (S,b) and (T, c)
are positive tensor products of E and F. Then there is a unique order isomorphism ¢ : S — T such
that po b = c.

Proof. The proof is similar to the proof of Theorem 6.2 on page 39. O

Theorem 8.4. Let E and F be integrally closed pre-Riesz spaces. If (T,b) is the positive tensor
product of E and F, then T is generated as vector space by elements b(x,y),x € E,y € F.

Proof. Let E,F and (T,b) as in the theorem. Let S be the subspace of T generated by the
elements b(z,y),z € E,y € F. Clearly, S is integrally closed and generated by positive elements
b(z,y),x € ET,y € F* and hence directed. Thus S is an integrally closed pre-Riesz space. Let
G be an arbitrary integrally closed pre-Riesz space and ¢ : E X F — G a positive bimorphism.
Let ¢! : T — G be the unique positive linear map with ¢ = ¢’ o b. Note that b maps into S. Let
¢« : S — G be the restriction of ¢, to S. Then ¢, is a positive linear map and ¢ = ¢, o b. Let
¥ : S — G be any positive linear map with ¢ = @ ob. For all x € F and y € F we have that
. (b(x,y)) = ¥(b(z,y)). Since S is generated as vector space by elements b(z,y),z € E,y € F, we
have that ¢, = . Thus (5,b) is also the positive tensor product of L and M. From Theorem 8.3
follows that S = T. This concludes our proof. O

Example 8.5. Let E be an integrally closed pre-Riesz space. We calculate the positive tensor
product of R and E. Define b : R x E — FE through b(r,z) = rx. Let F be an arbitrary integrally
closed pre-Riesz space and let ¢ : RxE' — F be a positive bimorphism. Note that ¢(r, z) = ¢(1, rz),
for all r € R and = € E. Define ¢, : E — F through ¢.(x) = ¢(1,z). Then ¢, is a positive linear
map and for all » € R and 2 € E we have ¢(r,z) = ¢(1,rz) = ¢ (ra) = ¢.(b(r,x)). Thus ¢ = ¢, 0b.
Let ¢ : E — F be any positive linear map with ¢ = v ob, then ¢(z) = ¥(b(1,z)) = ¢(1,z) = ¢. (),
for all z € E. Thus ¢, = ¢. It follows that (E,b) is the positive tensor product of R and E.
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8.1 Tensor cones

In this section, we give a short overview of the results of Van Gaans and Kalauch [7]. We skip
most of the proofs.

Definition 8.6. Let E and F be partially ordered vector spaces and let £ ® F' be the usual vector
space tensor product of E and F. We define the projective tensor cone K to be

Kr = {ZAixiQ@yi:neNand N €RT,z, € ET y; € FT, forie{l,...,n}}.

i=1

It is just the wedge generated by positive elements = ® y. But it is in fact a cone and generates
E ® F according to the following lemma.

Lemma 8.7. (See [7, Theorem 2.5].) Let E and F be partially ordered vector spaces, then the
projective cone Kt is a cone and (E ® F, Kr) is directed.

Definition 8.8. (See [7, Definition 4.1].) Let E and F be integrally closed pre-Riesz spaces. A
cone Ky in F ® F is called an integrally closed tensor cone if the projective cone Kr is contained
in K;,(E® F,Kj) is an integrally closed pre-Riesz space and the following universal mapping
is satisfied. For every integrally closed pre-Riesz space G and for every positive bilinear map
¢ : E x F — G the unique linear map ¢, : (E® F, K) — G, with ¢ = ¢, o ®, is positive.

Remark 8.9. Van Gaans and Kalauch call the integrally closed tensor cone the Archimedean
tensor cone.

Theorem 8.10. Let E and F be integrally closed pre-Riesz spaces. Suppose Ky and Ko are
integrally closed tensor cones of E @ F, then K1 = Ko.

Proof. Let E and F be integrally closed pre-Riesz spaces. Suppose K7 and K5 are integrally closed
tensor cones of E ® F. Note that ¢ : E X F — E® F defined by ¢(z,y) = © ® y is positive with
cones K7 and Ks, since both contain K.

By definition there is a unique positive linear map ¢; : (E ® F,K;) — (F ® F, K3) such that
D1(z®y) = ¢(z,y) = 2y, forall z € E,y € F, and a unique positive linear map ¢2 : (EQF, K3) —
(E ® F,K;) such that ¢2(z ® y) = ¢(x,y) = 2y, for all x € E,y € F. Thus ¢1 = ¢o is the
identity map on F ® F', and the identity map is bipositive hence K; = Ks. O

Definition 8.11. Let FE and F be integrally closed pre-Riesz spaces. Let (E",tg) and (F",tp) be
the Riesz completions of £ and F' respectively. Consider the Archimedean Riesz tensor product
E"®F" of E™ and F". We can view the usual vector space tensor product E” @ F" as a subspace of
E"®F" with the induced ordering. Define p: Ex F' — E"® F" by p(z,y) = (®o0 (tg,tr))(z,y) =
tg(z) ® tp(y). Then p is positive bilinear and induces a unique linear map p, : EQ F — E" ® F"
with p(z,y) = p«(x ® y) for all x € E and y € F. By [7, Lemma 2.4] p, is injective. We define the
Fremlin tensor cone to be
Kpr={x€ E®F : p.(x) > 0}.

LEXLE

ExFrE pyp—2 s poF

SF

E"@F"

E"QFT

Proposition 8.12. (See [7, Lemmas 4.2 and 4.3].) The Fremlin tensor cone is a generating
integrally closed cone. Moreover Kp C Kp and K is relatively uniformly closed in (E ® F, Kr).
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Theorem 8.13. (See [7, Theorem 4.4].) Let E and F be integrally closed pre-Riesz spaces. For a
cone K in E® F the following four statements are equivalent.

(i) K is the integrally closed tensor cone.

(ii) For all integrally closed pre-Riesz spaces (S, Kg) and for any linear map ¢ : E® F — S with
¢(x) € Kg for all x € Kr, we also have that ¢(z) € Kg for all x € K.

(i) K 1is the intersection of all integrally closed cones in E ® F that contain K.
(iv) K is the relatively uniformly closure of Ky in (E ® F, Kr).

Proposition 8.12 on the preceding page and Theorem 8.13 yield the following.

Theorem 8.14. For any pair of integrally closed pre-Riesz spaces E and F, the relatively uniformly
closure K; of Kr in (E ® F,Kr) is a cone. That is, K is the integrally closed tensor cone in
E®F and (E ® F, K1) is the positive tensor product of E and F.

Proof. Let E and F be integrally closed pre-Riesz spaces and let K be the relatively uniformly
closure of K7 in (FE ® F, Kr). By Proposition 8.12 on the preceding page we have that K C Kg
and that Kz is a relatively uniformly closed cone in (E®QF, Kr). Since K7 is the relatively uniformly
closure of Kt in (E ® F, Kr), it follows that K; C Kp. Thus Ky is a cone. From Theorem 8.13
follows that K7 is the integrally closed tensor cone in F ® F thus (E® F, K7) is the positive tensor
product of E and F. O

From Theorem 8.13(iv) and Proposition 8.12 on the previous page it follows that K; C Kp. An
open question until now is whether K; = K (see [7, page 16]). Corollary 8.23 on page 50 gives a
positive answer to this question; the cones are in fact equal.

From the construction follows clearly the following two theorems.

Theorem 8.15. Let E', E, F' and F be integrally closed pre-Riesz spaces, such that E' C E, F' C
F then there exists a bipositive linear map ¢ : E' @ F/ — E® F with p(x @ y) =z R y.

Theorem 8.16. Let E and F' be integrally closed pre-Riesz spaces. Then there is an order iso-
morphism ¢ . EQF - FQE, ¢(zQy)=yQuz,x € B,y € F.

8.2 Construction of the positive tensor product via a free Riesz space

Now we give another construction of the positive tensor product of two arbitrary integrally closed
pre-Riesz spaces. This construction does not make use of the results of Fremlin.

Let E and F be two arbitrary integrally closed pre-Riesz spaces. We construct the positive tensor
product (7', b) of E and F out the free Riesz space (FRS(E X F'), ) over E x F, by choosing a suitable
ideal J in FRS(F x F') and by choosing a vector subspace T of T = FRS(E x F)/J generated
by elements ¢(t(z,y)),x € E,y € F, where ¢ is the quotient map. The positive bimorphism b is
chosen to be q o ¢ restricted to T.

Theorem 8.17. Let E and F be integrally closed pre-Riesz spaces. Consider the free Riesz space
over E x F (seen as a set), (FRS(E x F),.). Let J be the intersection of all relatively uniformly
closed order ideals that contain the following set.

L(ozx+ﬂy,z) - aL(va) 7/8L(yaz)7 T,y € E,Z € F70476 S ]Ra
vz, ay + Bz) — au(x,y) — Bu(z,z), x€ E,y,z€ F,a,B €R, (14)
uz,y) = [z, )| re Bt ye Ft.

Let T" = FRS(E x F)/J and let ¢ : FRS(E x F) — T’ be the quotient Riesz homomorphism.
Definet/ : EXF — T by V' (z,y) = q(t(z,y)) = (got)(x,y). Let T = Span{b/(z,y):x € E,y € F}
and let b: E x F — T be the restriction of . Then T is an integrally closed pre-Riesz space, b is
a positive bilinear map and (T, b) is the positive tensor product of E and F.
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Proof. Let E,F,J,T',T,t,b and ¢ be as in the theorem. Since FRS(E x F') is a Riesz space, J is a
relatively uniformly closed ideal, by Theorem 1.23 on page 13 we have that T’ is an Archimedean
Riesz space.

Claim 8.18. b’ is a positive bimorphism.

Proof of Claim 8.18. Let x,y € E and z € F. Let o, 8 € R. Then 0 = q(¢(ax + By, 2) — au(x, 2) —
Buly,2)) = q(ulax + By, z)) — aq(u(z, 2)) — Bq(uly, 2)) = V'(ax + Py, z) — ab/(x,2) — BV (y, 2).
Therefore b (ax + By, z) = ab'(z,2) + b/ (y, z). Likewise, we have for all z € E,y,z € F and
a,f € R :V(z,ay + Bz) = ol (z,y) + B/ (z,2z). Thus V' is bilinear. Let x € EFt,y € FT.
Then V' (z,y) = q(u(z,y)) = q(Je(z,y)]) = |q(e(z,y))] = |b'(z,y)| > 0. Hence b’ is a positive
bimorphism. 0

Note that T is generated as subspace of T by positive elements b (z,y),x € E*,y € FT, thus T is
a directed integrally closed partially ordered vector space and hence an integrally closed pre-Riesz
space. Since b'(E x F') C T, we have that b is well defined and clearly a positive bilinear map. Let
G be an arbitrary integrally closed pre-Riesz space and let ¢ : E X F' — G be an arbitrary positive
bimorphism. Let G" be the Riesz completion of G and we may assume that G C G". We view
¢ as a positive bimorphism from F x F to G". Let ¢ : FRS(E x F) — G" be the unique Riesz
bimorphism that satisfies ¢ = o .

FRS(E x F) "~ gr (15)

1

E x F

Note that ker(v) is a relatively uniformly closed ideal of FRS(L x M). We will show that J C ker ().
To do that, it is sufficient to show that the set that generates J is contained in ker(s)). Note
that for all o, € R and z,y € E and z € F we have ¢¥(v(az + By, z) — au(x, z) — By, 2)) =
w(L(al‘—’—ﬁyvz)) - OW(L(%Z)) - ﬁw(L(yvz)) = ¢(aw + 6:’-/,2:) - a(b(x,z) - ﬁd)(yaz) = 0. So
oz + By, z) — aw(z, z) — Bi(y, z) € ker(v). Likewise t(x, ay + Bz) — aw(z,y) — Bi(x, z) € ker(y),
for all x € E,y,2 € F and o,8 € R. Let x € ET,y € F'. Since ¢(x,y) > 0, we have that
ez, y) = |z, y)l) = Pz, y) — [z, y)| = oz, y) — |o(z, y)| = 0. Thus i(z,y) — [u(z,y)| €
ker(¢) for all z € Et,y € F*. We conclude that J C ker(¢). Now define ¢, : T — G" by
@' (q(x)) = ¥(x). Suppose q(x) = q(y) for z,y € FRS(E x F). Then y —x € J C ker(¢). Thus
0. (q(x)) =v(x) =v(x+y—x) = U(y) = d«(q(y)). Tt follows that ¢’ is well defined. Clearly, ¢/, is
linear. Let = € FRS(E x F). Then ¢/(|q(x)]) = ¢, (a(|])) = ¥(Jz]) = [¢:@)| = |6, (a(x))], since
is a Riesz homomorphism. Hence ¢’ is a Riesz homomorphism and in particular a positive linear
map and ¢ (b'(2,y)) = ¢ (q((z,y)) = P(u(z,y)) = o(z,y).

It is clear that ¢ = ¢, o b and that b is positive. It remains to show that ¢, is the unique
positive linear map with this property. Let x : T — G be a positive linear map that satisfies
¢ = xob. Let t € T. Then there are z1,...,2, € E,y1,...,yn, € F such that t = > | b(z;,y;).
S0 x(1) = S0y X(b(@s, 1)) = S0y G 5i) = Sy 6u (b1, ) = B4 (1). In fact, we proved that
¢, is the unique linear map x with the property that ¢ = x ob. Hence (T',b) is the positive tensor
product of E and F. O

We have shown something stronger. Remark that we only use the fact that E and F' are partially
ordered vector spaces, that G is pre-Riesz, but not that it is integrally closed. Note that T is
directed if E and F are directed. Therefore we have the following.

Theorem 8.19. Let E and F be partially ordered vector spaces. Then there exists a pair (T,b)
where T is an integrally closed partially ordered vector space and b : E x F' — T is a positive
bimorphism, such that for any pre-Riesz space G (either integrally closed or not integrally closed)
and for any positive bimorphism ¢ : E X F — G there exist a unique linear map ¢, : T — G, such
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that ¢ = ¢, o b. Moreover ¢, is positive. If E and F are directed, then T is an integrally closed
pre-Riesz space.

ExF-Lt—sT (16)

oM
X

G

8.3 Construction of the positive tensor product via the Archimedean
Riesz tensor product

Suppose E’ is a directed subspace of an integrally closed pre-Riesz space E and F” is a directed
subspace of an integrally closed pre-Riesz space F. Then E’ and F’ are directed integrally closed
partially ordered vector spaces, and hence integrally closed pre-Riesz spaces. We have seen that
E’ ® F' can be viewed as a subspace of £ ® F, Theorem 8.15 on page 48.

As said before (Remark 6.7 on page 41), we denote the Archimedean Riesz tensor product of two
Archimedean Riesz spaces L and M by LM.

Theorem 8.20. We can view the ordinary, vector space tensor product of L and M,L @ M as a
subspace of LM generated by the elements t Q@ y,x € L,y € M.

According to Fremlin [3, Proposition 5.1] we have the next result.

Theorem 8.21. Let L, M and N be Archimedean Riesz spaces. Let ¢ : L x M — N be positive.
Then the unique linear map ¢, : L ® M — N with ¢ = ¢, o ® is positive.

Theorem 8.22. Let E and F be integrally closed pre-Riesz spaces. Let (E", o) and (F", pr) be
the Riesz completions of E and F respectively. From Theorem 8.21 follows that E™ @ F" with the
induced ordering of E"®F" is the positive tensor product of E" and F". Let T = Span{¢ogr(z) ®
or(y) :x € B,y € F}, and let b' = ®|,,(5)xpp(r)- By Theorem 8.15 on page 48 (T,b') is the
positive tensor product of pp(E) and ¢p(F). Let b : E x F — T be defined trough b(z,y) =
V(pp(z), or(y)). Since tx : X — ox(X),X = E, F, is an order isomorphism, we have that (T,b)
is the positive tensor product of E and F. Let vp : T — T" be the inclusion map. By Theorem 6.13
on page 43T is dense in T" and generates T" as a Riesz space and (T",vr) is the Riesz completion
of T. By Theorem 4.26 on page 36 b is a Riesz* bimorphism.

It follows that every positive tensor product is in a nice way a subspace of the Archimedean
Riesz tensor product of the Riesz completions and the choice for positive linear maps as universal
mappings was a good choice. But most interesting is the following corollary.

Corollary 8.23. Let E and F be integrally closed pre-Riesz spaces. Let Ky be the integrally closed
tensor cone of E ® F and let Kr be the Fremlin tensor cone of E @ F. Then K = Kp and for a
cone K C EQ® F the following five statements are equivalent.

(i) K is the integrally closed tensor cone.
(ii) K is the Fremlin tensor cone.

(iii) For all integrally closed pre-Riesz spaces (S, Kg) and for any linear map ¢ : E® F — S with
¢(x) € Kg for all x € Kr, we also have that ¢(z) € Kg for all x € K.

(iv) K is the intersection of all integrally closed cones in E ® F' that contain Kp.
(v) K is the relatively uniformly closure of Kt in (E® F, Kr).

Moreover, if K satisfies one of the five properties, we have that (EQF, K) is positive tensor product
of E and F.
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In conclusion, this sections shows that the positive tensor products E' ® F' of integrally closed
pre-Riesz spaces E and F' is very beautiful. It has the following nice properties.

1.  : Ex F — EQ®F is a Riesz* bimorphism.

2. ®: EXF — E® F extends to the Riesz bimorphism ® : E" x F" — E"®F". Or to say it
differently, ® is the restriction of the Riesz bimorphism ® : E” x F" — E"®F".

3. The Riesz completion of £ ® F' is the Archimedean Riesz tensor product E"®F".

9 Examples

In this section we compute the positive tensor product of two examples. The examples illustrate
how the theory can be used in calculations.

9.1 Tensor product of R” and R"

The most basic example is the tensor product of R™ and R™.

Theorem 9.1. Let m,n € N. Define ¢ : R™ x R® — R™" through ¢(a,b) = ab’, where we view
R™™ as the space of real m X n-matrices with coordinate-wise ordering and the vectors in R™
and R™ as column vectors. Then ¢ is a Riesz bimorphism and (R™",¢) is the usual linear space,
positive and Archimedean Riesz tensor product of R™ and R™.

Proof. Let m,n € N. Denote the standard basis of R™ by (e}, ..., el ) and the standard basis of R™
by (e?,...,€2). Define ¢ : R™ x R — R™" through ¢(a,b) = ab’. First we will show that (R™", ¢)
is the usual vector space tensor product of R™ and R™. Note that ¢ is a bilinear map. Let V be
an arbitrary real vector space. Let ¥ : R™ x R™ — V be a bilinear map. Define ¢, : R™" — V
by ¥.((aij)ij) = >ty 2 aij(e;,e3), then ¢, is clearly a linear map with ¢ = ¢. o 1. Let
T : R™ — V be a linear map with ¢ = T o¢. Let i € {1,...,m} and j € {1,...,n}, then
eie}’ = (e}, 3), therefore T(e}e}') = (T o $)(c},¢}) = ¥(el,}) = (e 0 9)(el,3) = thulele’).
Since {e}e?t ci=1,...,m,j = 1,...,n} generates R™" as a vector space, we have that T = ..
Thus 9, : R™ — V is the unique linear map T : R™® — V with ¢ = T o ¢. Thus (R™", ¢) is
the vector space tensor product of R™ and R™. Note that the projective tensor cone Kp = {x =
(xij)ij € R™ :xy; >0, foralli = 1,...,m,j = 1,...,n} (this cone generates the point-wise
ordering). Note that (R™", Kr) is an Archimedean Riesz space, thus by Theorem 8.13 on page 48
((R™, Kr), ) is the positive tensor product of R™ and R™. Since (R™", Kr) is an Archimedean
Riesz space, by Theorem 8.22 on the preceding page ((R™", Kr),¢) is the Archimedean Riesz
space tensor product of R™ and R™.

\ |

v

Corollary 9.2. (R™", ) is also the integrally closed Riesz* tensor product of R™ and R™.

Proof. Since R™" is generated as vector space by elements (b(e},e?) and R™ and R™ are Riesz

spaces, the conclusion follows by Corollary 7.7 on page 45 and Theorem 7.3 on page 44. O
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9.2 Tensor product of polyhedral cones

In this section we study the positive tensor product of partially ordered vector spaces with a
polyhedral cone. Van Gaans, Kalauch and Lemmens gave a nice representation of the Riesz
completion of such spaces.

Definition 9.3. ([8, Page 12]) Let kK > n > 1 be natural numbers. Let u € R™. Let f1,..., fx :
R™ — R be k mutually different linear functionals, with f;(u) =1,i=1,...,k. Let

K={zeR": fi(x) >0, fori=1,...,k}.
Then we call K a k-sided polyhedral cone in R™ generated by fi,..., f.

Remark 9.4. If the cone has non-empty interior, then (R”, K) is an integrally closed pre-Riesz
space and w is an order unit for (R", K).

Theorem 9.5 (Van Gaans-Kalauch-Lemmens). (/8, Proposition 13].) Let K be a polyhedral cone
in R™ with k > n facets generated by functionals f1,...,fr : R™ — R and let u € K be such that
fitu) =1, for all i =1,... k. Define ® : (R", K) — R* through

fi(z)
®(x) = :

fr(z)

Then ® is bipositive and ®(u) = (1,...,1)%. If K has non-empty interior, then ®(R"™) is order
dense in R* (with the standard ordering) and (R¥, ®) is the Riesz completion of (R", K).

With this nice representation of the Riesz completion of a polyhedral cone, we can calculate the
positive tensor product of two polyhedral cones.

Let K be a polyhedral cone of R™ with & > m facials generated by functionals fy,..., fr : R™ — R
and let u € K be such that (f1(u),..., fn(u)) = (1,...,1) and let L be a polyhedral cone of R”
with | > n facials generated by linear functionals g1,...,9; : R — R and let v € L be such that
(g1(v),...,gn(v)) = (1,...,1) and assume that K and L have non-empty interior. Let (R* @) be
the Riesz completion of (R™, K) and let (R!, ®3) be the Riesz completion of (R™, L) with ®; and
®, as in Theorem 9.5. Let ¢ : RF x R — R¥ be defined through ¢(a,b) = ab’. By Theorem 9.1
on the preceding page (R*, ¢) is the Archimedean Riesz tensor product of R¥ and R’.

Let
T = Span{¢(Pi(x), P2(y)):z € R™ y e R"}

= Span{¢((f1(a:),. : '?fk(x))ta (gl(y)v' .- 7gl(y))t) rx €R™y € Rn}

= Span{(fi(x)g;(¥))i=1,...kj=1...1 : © €R™, y € R"}
with the ordering induced from R™” (so the pointwise ordering). Define b : (R™, K) x (R, L) — T
by b(z,y) = ®1(z)P2(y)t. Clearly b(u,v) = (1)i=1,...m,j=1,...n. By Theorem 8.22 on page 50 we
have that (7,b) is the positive tensor product of (R¥, K) and (R!,L), T is order dense in R¥ T
generates R* as a Riesz space, and if ¢ : T — RF! is the inclusion map, then (R*! ) is the Riesz
completion of 7.

Rk X Rl Rkl

‘PlX‘PQT LJ
b

(R™, K) x (R", L) T

10 Tensor product of partially ordered vector spaces with
Fremlin norm and closed cone

If two partially ordered vector spaces have topologies, it would be natural if its tensor product has
a compatible topological structure too. That is possible with partially ordered vector spaces with
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Fremlin norm and norm closed positive cone, the so-called Fremlin spaces (see Definition 1.33 on
page 15). Recall that a norm p on a partially ordered vector space E is called a Fremlin norm
provided that if —y < z < y then p(x) < p(y), for all z,y € E (Definition 1.28 on page 14). The
Fremlin spaces are exactly the subspaces of Banach lattices (Theorem 1.35 on page 15) hence they
are integrally closed. This fact is very useful in the construction of a tensor product of Fremlin
spaces.

10.1 Definition and properties

Definition 10.1. A Fremlin space tensor product of Fremlin spaces F and F'is a pair (7', b) where
T is a Fremlin space and b : E x F — T is a continuous positive bimorphism with ||b|| < 1, such
that for every Fremlin space G and for every continuous positive bimorphism ¢ : £ X F' — G there
is a continuous positive linear map ¢, : T'— G such that ¢ = ¢, o b and ||d.|| < ||¢||. Moreover,
¢« is the unique positive linear map x : T'— G such that ¢ = x o b.

ExF-t s

N

G

Theorem 10.2. Let E and F be Fremlin spaces and suppose that (S,b) and (T,c) are Fremlin
space tensor products of E and F. Then there exists a unique order isomorphism ¢ : S — T such
that ¢ = ¢ o b. Moreover ¢ is an isometric isomorphism.

Proof. By definition there are unique continuous positive linear maps ¢, : S — T such that ¢ = ¢, 0b
and b, : T — S such that b = b, oc. Thus b = b,oc,oband b,oc, : S — S are positive linear maps.
Note that the identity map on S, idg is also a positive linear map with b = idgob. By the uniqueness
statement in the definition it follows that b, o ¢, = idg. Likewise c, o b, is the identity map on 7.
Define ¢ = ¢, : S — T. Then ¢ is the unique continuous order isomorphism such that ¢ = ¢ o b.
Note that ||c.|| < |le|]| <1 and ||b.|] < ||b]| < 1. Hence ||¢(z)|| < ||z]||, for all € S. Suppose that

for some z € § we have ||¢p(z)|| = [|c. ()| < [|z|], then [|z|| = [[b.(cx(x))[] < [|ba]| [[ex(@)]] < |||
and that is a contradiction. Thus ||¢(z)|| = ||z||, for all z € S. Hence ¢ is an isometric isomorphism
too.
ExF-"—>g
[ Y
\l b

N

T
O

10.2 Construction of Fremlin space tensor product

Theorem 10.3. For all Fremlin spaces Ey and E5 the Fremlin space tensor product exists. If
E, =0, or E5 =0, then (0,0) is the Fremlin space tensor product of E1 and Es. If E1 and Ey are
both nonzero let S; = {x € E; : ||z|| = 1}, let J be the || - ||p-norm closed ideal of FBL(S1 x Sa)
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generated by the elements

2+ wll 2lle (72 ) = Nl 2lle (s ) = Ml lle (i o)
x,y € F1\{0},z € Ex\{0}, and x +y # 0,

ol lyle (722 12 ) = ellell lwlle (w27 )
z € B:\{0},y € Bx\{0}, a € R\{0},

”MHW+A“(WWH$;0 [l Tle ﬁLﬂ%)—HﬂHVW(—ﬂH;J,
z € El\{o}vywz € EQ\{O} and Y+ z 7é

|WWW““QMPM%) MMMWW(JTﬁﬁ»
x € E)\{0},y € E2\{0},a € R\{0},
HMHMh(MWHw) et el |« (2 )
z € BEf\{0},y € E; \{0}.

Let T' = FBL(S1 x S2)/J, then T' is a Banach lattice. Let q : FBL(S1 X S3) — T’ be the quotient
homomorphism. Define b’ : E1 x E5 — T" through

9

ifx=0, ory=0,

0
v(z,y) :{ (||x||||y\|L(|i ﬁ)) otherwise.

Let T = Span{V/ (z,y) : © € E1,y € Es}, and let b: Ey X E5 — T be the restriction of b’ to T, then
b and hence b are well defined continuous positive bilinear maps, T is a Fremlin space and (T,b)
is the Fremlin space tensor product of E1 and Es. Moreover ||b|| = 1.

Proof. The case that E;, or Ey are zero is trivial, so suppose that F; and E, are non-zero. Let
E1,E5,51,55,J,7,q,b',T and b be as in the theorem.

Claim 10.4. b’ is a positive bimorphism.

Proof of Claim 10.4. Let x € E1,y € E5 and let o € R.
Suppose a = 0, then V' (az,y) =0 (0,y) = 0 = ab(z,y). Suppose o # 0. Clearly, if z =0 or y =0
or both, then ¥/ (axz,y) = 0= ab'(z,y). If x # 0,y # 0 and « # 0, then

Voz) = a(llalllille (7227 7))
a (adlall lstle (2. 727))
aq (\IJSH [lylle (% %))

= ab/(z,y).
Thus b (ax,y) = ab (x,y), for all x € Ey,y € Ey. Let &,y € Ey,z € Es. If z=0then ¥/ (z+y,2) =
0="V'(x,2)+b(y,z). Suppose z # 0. If x = 0 or y = 0 or both are 0, then b'(x +y,2) =V (z,2) +
V(y,z). f x #20and y # 0, but z + y = 0, then x = —y. Thus V/(z,2) =V (—y,2) = =b'(y,2). It
follows that o'(x +y,2) =0=1¥(x,2) + V' (y, 2). Finely, if z # 0,y # 0 and = 4+ y # 0, then

(e -+ ol el (2t )
= a(ellizle (g, ) + ot elle (i )
_ q@ﬂHbW(ﬁﬁWQO) OMMVW(EL|@O)

b (z+y,z2)
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We conclude that (-, z) is linear, for all z € E,. Likewise b'(x,-) is linear, for all # € Ey. Thus ¥/
is bilinear.
Let x € L7\{0} and y € L$\{0}. Then

vy = a(llelllvll ()
a (1l e (7 )
(L

|
o (let otk (7. )

V' (2, y)| > 0.
Hence ¥ is a positive bilinear map. O

)
|

By Proposition 1.18 on page 12 T” is a Banach lattice with the quotientnorm and -ordering. By
Theorem 1.35 on page 15 it follows that T is a Fremlin space. Clearly, b is a positive bimorphism.
Let F' be an arbitrary Fremlin space and let ¢ : Ey X F5 — F be a continuous positive bimorphism.
According to Theorem 1.35 on page 15 we may assume that F' is a subspace of a Banach lattice
F. View ¢ as a continuous positive bilinear map into F.

Let ¢1 : S1x S3 — F be the restriction of ¢ to Sy x Sa. Thus ¢ is a bounded map. Let ¢ : FBL(S; x
S3) — F be the unique Riesz homomorphism that satisfies ¢1 = ¥ o and |||| = ||p1]| = ||¢]|.- We
will prove that J C ker(¢). Since ker(¢) is a || - || p-norm closed order ideal, we only need to prove
that the set that generates J is contained in ker(¢). Let « € R\{0},z € E1\{0},y € E2\{0}. Then

o (ol llglle (227, 1) — ezl wlle (27 ) )
= o/l (« (722 1)) = allzllvlte (e (2 i)
= sl llylio (a2 pir) = allall lsllon (i )
= QS(O(.’E,y) - agb(amy)
= 0.
Thus [laz | |lylle (7257, ) = ellell lylle (127 ) € ker(w). Likewise |lell llaylle (27, 22 ) -

allz|] |yl (Hi—w W) € ker(v), for all x € E1\{0},y € E2\{0} and a € R\{0}.
For all z,y € E1\{0} and z € E;\{0} with z + y # 0 we have

o (e + il ol (22, m2) = Dl e (s ) = Vol 2l (s o))
(]

e+l lelles (v (722, 7)) = Nl 1 ))«—HyHﬂd (+ ()

IM+MWM%(§EW(0—WMWM%( )—wmmm@( ~)
= bz +y.2) — élx.2) — 6(y.2)

H/ N 8|

i

’*Z /_\ g.g

0.
Thus [l + il l12lle (72227, 12 = Hall 2l (2 ) = ol izlle (s ) € ker(). Likewise
2y + 2lle (77, iy - mmmu@—ﬂ%)—mmmu@mHm)eMWMﬁnwxe

E\{0} and y, z € Ex\{0} with y + z # 0.
For all z € E{"\{0} and y € E;"\{0} we have

v (2l (2 747) (v
= Mellligll (e (2 i) = Nl Iyl [0

= el ligllon (2 i) = Nl ol on (21

¢(x,y) — oz, y)|
0,

@

il
(% )|
)]

‘@

5‘3/ \%%
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since ¢ is positive, and x and y are positive. It follows that

el lyle (s ) = el e (s )| € kerw).

Thus J C ker(v).
Define ¢!, : T/ — F through ¢.(q(z )) = (z),z € FBL(S1 x S2). Then ¢, is a well defined Riesz
homomorphism, since ¢.(|q(z)]) = ¢«(q([z[)) = ¥(|z]) = [ ()] = [¢«(q(x))]. Note that for all

x € E1\{0} and y € E>\{0} we have
oo (a (el ol (v 7))

b« (b(z,y)) Iy
el o (¢ (. )

2l lyllér (2 1)
= qb(x,y)

If x € B,y € F> and x = 0 or y = 0 or both, then ¢’ (b(z,y)) = ¢.(q(0)) = ¥(0) = 0 = ¢(x,y).
Thus ¢ = ¢, ob.

In particular ¢! maps T into F. Let ¢, : T — F be the restriction of ¢} to T.

It is clear that ¢ = ¢, o b and that ¢, is positive. We have to show that ¢, is the unique
positive linear map with these properties. Let x : T'— F be a positive linear map that satisfies
¢ = xob. Let t € T. Then there are x1,...,2, € E1,y1,...,Yn € Ey with ¢ = >0 | b(z;,y;).
Thus x(£) = Sy X0 51) = Xy i 5i) = Sy 62 (b(zis 1)) = 64 (2). In fact, we proved
that ¢, is the unique linear map x : T — F with the property that ¢ = x o b. Note that
[l6«]] < ||#Ll], and for every € FBL(S; x S3) of norm one, we have ||¢)(¢(x))|| = ||v(2)|]-
Therefore || ]| = ||¥|| = ||o1]] = ||#]]- Thus [|@«|] < ||#||. Note that for all z € Sy,y € Sy we have
[1b(z, )| = |lg(e(z,y))|| < ||e(z,y)|| = 1 thus ||b|] < 1. We conclude that (T, b) is the Fremlin space
tensor product of E; and Es. Note that b is non-trivial. Thus [|b]| > 0. We have already seen that
[1]] < 1. Suppose ||b]] =1 —¢ < 1 for some 0 < & < 1. Then for all z € S1,y € S2 we have that
o(z, y)I] = 16 (b(z, y))|| < (B[ [[b(z, y)I| < (1 —€)|[ba]| < (1 —€)[b]| thus [[b]| < (1 —¢)[b]| and
that is a contradiction with the fact that ||b|| > 0. We conclude that ||b|| = 1. This concludes the
proof of the theorem.

FBL(S; X S3) —> T <——T

(RN

51XSQ

O

Remark 10.5. From the construction follows that T is generated as vector space by elements
b(x,y),x € E1,y € Ey and that the Fremlin space tensor product of F; and Es is order isomorphic
to the Fremlin space tensor product of F5 and Ej.

Theorem 10.6. Let E',F’', E and F be Fremlin spaces such that E' is a subspace of E and F' is
a subspace of F. Let (T,b') be the Fremlin space tensor product of E' and F' and (T, b) the Fremlin
space tensor product of E and F. Then there is a continuous bipositive linear map ¢ : T' — T, such
that for allz € E' andy € F' : (V' (x,y)) = b(z,y).

Proof. The proof is similar to the proof of Theorem 6.8 on page 41. Note that ||¢|| < |[b]| < 1.
Hence ¢ is continuous. O

11 The normed Riesz space tensor product and Banach lat-

tice tensor product

If Riesz spaces L and M have a Riesz norm, then it will be natural if the Archimedean Riesz
tensor product also has a Riesz norm, likewise the tensor product of Banach lattices should be
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a Banach lattice. In this section we define and study the Banach lattice tensor product. We
give a construction of the Banach lattice tensor product as a quotient of a free Banach lattice.
Finally we consider the relation between the Fremlin space tensor product and the Banach lattice
tensor product. We will prove that the Fremlin space tensor product is also the positive tensor
product. Recall that a norm || - || on a Riesz space L is called a Riesz norm when |z| < |y| implies
that [|z|| < ||y||, for all z,y € L (Definition 1.29 on page 14) and that a normed Riesz space is
Archimedean (Proposition 1.32 on page 15).

11.1 Definitions and properties

Definition 11.1. Let L and M be normed Riesz spaces (Banach lattices). The normed Riesz
space (Banach lattice) tensor product of L and M is a pair (T,b), where T is a normed Riesz
space (Banach lattice) and b : L x M — T is a continuous Riesz bimorphism with |[b|] < 1 and
the property that for every normed Riesz space (Banach lattice) N and for every continuous Riesz
bimorphism ¢ : L x M — N there is a continuous Riesz homomorphism ¢, : T — N such that
¢ = ¢. 0b and ||p«|| < ||#]|. Moreover, we require that ¢, is the unique Riesz homomorphism x
with the property that ¢ = y o b.

LxM-2—sT

R

N

Remark 11.2. Later on we will see that ||¢.|| = ||¢|| and when the spaces are non-trivial, that
[Io[] = 1.

If the normed Riesz space (Banach lattice) tensor product exists, then it is unique as Riesz space
and as normed space.

Theorem 11.3. Let L and M be normed Riesz spaces (Banach lattices). Suppose (S,b) and (T, c)
are normed Riesz space (Banach lattice) tensor products of L and M. Then there is a unique Riesz
homomorphism ¢ : S — T such that ¢ o b = c. Moreover ¢ is invertible, p~' : T — S is a Riesz
homomorphism and ¢ is isometric. In particular, ¢ is an order isomorphism.

Proof. The proof is similar to the proof of Theorem 10.2 on page 53. O

Theorem 11.4. Let L and M be normed Riesz spaces (Banach lattices). If (T, b) is the normed
Riesz space (Banach lattice) tensor product of L and M, then T is generated as Riesz space (Banach
lattice) by elements b(x,y).

Proof. Let L and M be normed Riesz spaces (Banach lattices). Suppose (T, b) is the normed Riesz
space (Banach lattice) tensor product of L and M. Let S be the Riesz subspace (Banach sublattice)
of T generated by elements b(x,y). Note that b maps into S. Let N be an arbitrary normed Riesz
space (Banach lattice) and let ¢ : L x M — N be a continuous Riesz homomorphism. Let ¢, : T —
N be the unique continuous Riesz homomorphism with ¢ = ¢/, o b. Note that ||¢.|| < ||@L]] < [|#]]-
Let ¢, : S — N be the restriction of ¢/, to S. Then ¢, is a Riesz homomorphism and ¢ = ¢, o b.
Let ¢ : S — N be any Riesz homomorphism such that ¢ = ¢ o b. Then ¢.(b(z,y)) = ¥ (b(z,y)),
for all x € L and y € M. Thus ¢, and ¢ coincide on S. Hence ¢, = . We conclude that (S, b)
is also the normed Riesz space (Banach lattice) tensor product of L and M. From Theorem 11.3
follows that S = T. This concludes our proof. O

Theorem 11.5. Let L and M be Banach lattices. Suppose (T',b) is the normed Riesz space tensor
product of L and M. Let T be the norm completion of T'. Then (T,b) is the Banach lattice tensor
product of L and M.
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Proof. Let L and M be Banach lattices. Suppose (1", b) is the normed Riesz space tensor product
of L and M. Let T be the norm completion of 7. Then by Theorem 2.27 on page 24 T' is a Banach
lattice. Note that b: L x M — T is a continuous Riesz bimorphism. Let N be any Banach lattice
and ¢ : L Xx M — N a continuous Riesz bimorphism. Then there exist a unique continuous Riesz
homomorphism ¢ : T/ — N such that ¢ = 1pob. Let ¢, be the continuous extension of 1) to T. Then
¢4 is a Riesz homomorphism and ¢ = ¢, 0b. Let x : T'— N be an arbitrary Riesz homomorphism
such that ¢ = x o b. Since b maps into T, we have that ¢ = x|rv o b. From the uniqueness of 1
follows that x|~ = 1. The continuous extensions of x|7» and ¢ coincide thus y = 1. Note that
[l6«]| = 19| < |l¢l| and ||b]| < 1. We conclude that (7, b) is the Banach lattice tensor product of
L and M. [

11.2 Construction of the normed Riesz space and Banach lattice tensor
product via a free normed Riesz space.

Theorem 11.6. Let Ly and Lo be normed Riesz spaces (Banach lattices). If Ly = 0 or Ly = 0,
then (0,0) is the normed Riesz space (Banach lattice) tensor product of Ly and Lo. Suppose L;
and Lo are non-zero, let S; = {x € L; : ||z|| = 1}, for i € {1,2}. Consider the free normed Riesz
space (FNRS(S1 x S2),t) (free Banach lattice FBL(Sy x S3)) with Riesz norm || - ||r. Let J be the
intersection of all || - || p-norm closed order ideals that contain

lz -+ gl zlle (22, r2n) = Nl 2l (2w ) = il izlle (s v )
x,y € L1\{0},z € Lu\{0}, and x +y # 0,

o ol (27 ) — el odle (- )
x € L1\{0},y € L2\{0},a € R\{0},

ety + =l (s i) = lal lole (i i) = Nl 1=tle (o v ) an
$€L1\{0},y7Z€L2\{0} andy-|—z7£0

el lawle (127, n2ty) = ellall lglle (w27, i)
x € L1\{0},y € L2\{0}, a € R\{0},

el sl Je (o 2 )| = Vel e (2, ),

x € Li\{0},y € Ly\{0}.

Let T = FNRS(S1 x S3)/J, and let g : FNRS(S1 x S2) — T be the quotient homomorphism, define
b: Ly X Ly — T through

b 0 ift =0, ory=0,
YY) = z . 18
(=:9) (HxH Iyl (ﬁ ﬁ)) otherwise. (18)

Then b is a continuous Riesz bimorphism and (T,b) is the normed Riesz space (Banach lattice)
tensor product of L1 and Lo. Moreover for any normed Riesz space (Banach lattice) M and any
continuous Riesz bimorphism ¢ : L1 x Ly — M, the induced continuous Riesz homomorphism
¢« : T — M that satisfies § = ¢. o b also satisfies ||p«|| = ||@||. Furthermore if Ly and Lo are
non-trivial then ||b|| = 1.

Proof. Since the proof of the Banach lattice case is similar to the proof of the normed Riesz space
case, we only do the latter. Let L; and Ly, be normed Riesz spaces. The case that L or Lo is
0 is trivial, so suppose that both L; and Lo are non-trivial. Let S1,Ss,J,T,q and b be as in the
theorem. We will show that b is a Riesz bimorphism and that (7', b) is the normed Riesz space
tensor product of L; and Lo.

Claim 11.7. b is a continuous Riesz bimorphism.



11 BANACH LATTICE TENSOR PRODUCT 99

Proof of Claim 11.7 on the previous page. Note that b(z,y) =0,if x =0or y =0. Let « € R. If
a = 0, then b(azx,y) = b(0,y) = 0 = ab(x,y). Suppose a # 0. Clearly, if x = 0 or y = 0 or both,
then b(azx,y) = ab(z,y). f  # 0,y # 0 and a # 0, then
L
1 Ty ))

= ag (Il Iyl (72 ))

= ab(z,y).
Let x,y € L1,z € Lo. If 2 =0, then b(z +y,2) =0=0(z,2) + b(y,2). ff z#£0,and x =0 or y =0
or both are 0, then, clearly, b(z + vy, z) = b(z,2) +b(y,2). f z# 0,2 #0 and y # 0 but  +y =0,

then « = —y. Thus b(z, z) = b(—y, z) = —b(y, 2). Hence b(z +y,z) = 0 = b(z, z) + b(y, z). Finally,
ifx#0,y#0,z# 0 and x + y # 0, then

ba+v,2) = a(lle -+l (2 5)

= g (Ilell =l (7. ) + ol 1=l (s )
= (el 1elle () ) + 2 (st =l (2 o)

Hence b(-, z) is linear, for all z € L. Likewise b(x, -) is linear, for all € L;. Thus b is bilinear.
Let x € L1,y € La. Suppose = 0 or y = 0 or both, then |b(x,y)| = 0 = b(|z|, |y|). Suppose x # 0

and y # 0. Then
a (lett ot (2 727))
= (7 )|
a (1l e (2, 124))

bz, [y])-

By Theorem 4.2 on page 29 it follows that b is a Riesz bimorphism. Clearly b is continuous. O

H

baw,y) = a(llaallllylle (72

a (allel Iyle (17 4

8

‘d @“ﬁ

[b(z, y)|

|
)

Let N be an arbitrary normed Riesz space and let ¢ : Ly x Ly — N be a continuous Riesz
bimorphism. Let ¢1 : S1 X So — N be the restriction of ¢ to S; x Ss. Note that ¢; is a bounded
map. Let ¢ : FBL(S; x S2) — N be the unique Riesz homomorphism that satisfies ¢1 = 1) o with
the property ||¢|| = ||¢1]| = ||¢]|. We will prove that J C ker(t)). Since ker(y) is a || - || p-norm
closed order ideal, we only have to prove that the set that generates J is contained in ker(v)).
Let o € R\{0},z € L1\{0},y € L2\{0}. Then

)

il

o (lloalllylle (22, ) — ell=l e (1%
()

o gl (v (2257 1)) = ellei gl (o (2
)

_\& — a\

= ol llgllén (7227, 1) - ellell llsllén (12
= ¢(Oél', y) - a(b( )
= 0.
Thus (o] [yl (1257, 1) = ellell lylle (75, i) € ker(w), for all @ € Li\{0},y € L2\{0}

3
and a € R\{0}. Likewise ||z||||ayl|c (f ) — o[ lylle (l— ﬁ) € ker(y), for all @ €

L \{0},y € L2\{0} and o € R\{0}.
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For all z,y € L1\{0} and z € Ly\{0} with z + y # 0 we have

o (e + il ol (22, m2) = Dl e (s ) = Vol e (s o))

e+ ol 121 (o (222, 2 )) = Nl =l ( ) = izl (o (v )

||x+y||||z||¢1( m ) = lellllzlion (12 ) = ezl (v )
= e +y.2) — 6(x.2) — 6(y.2)
= 0.

Thus [lo+ yll 121Je (=2 ) = a2l (2 ) = D=l (b ) € ker(w). Likewise,
for all x € L1\{0} and y,z € Ly\{0} with y + 2z # 0, we have that ||z|| ||y + ZHL( etz )

M2l Tly+=[1
2l lylle (s ) = el 1=l (7 ) € er(w).
For all z € L1\{0} and y € L2\{0} we have

o (121l [ (v )| = Vol (42 )
el yl) [ (e (rs ) | = Nl s (,i‘ )

el ol [ (i) | = Nl o (ks 2k )
[6(z, )] — o(|]. Iy]

0.
Thus ||z||||y|| ‘ (Ill’l\ IIyH)‘ [lz]] [|y]]e ( ﬁ) € ker(¢). It follows that J C ker(v)).

x|
T2l
Define ¢, : T — N through ¢.(q(x)) = ¥(x), for z € FBL(S1 x S2). Then ¢, is a well defined
Riesz homomorphism. We have

2[l

H/\H

I
a/-\se

ou(be,w)) = ou (a (el lolle (7 72))
= Nl gl (« (2 727))
= el lyllon (v zn)
= o(z,y),

for all x € L;\{0} and y € Ly\{0}. If z € L1,y € Ly and © = 0 or y = 0 or both, then
6. (b(z,)) = 6+(4(0)) = ¥(0) = 0 = }(z, ). S0 6 = b, 0b.

Suppose x : T — N is a Riesz homomorphism that satisfies ¢ = x o b. In particular ¢; = y o g o .
From the uniqueness statement in the definition of a free normed Riesz space follows that x o ¢ :
FNRS(S; x S3) — N is equal to ¥. Thus x(q(x)) = ¥(x) = ¢«(q(x)), for all z € FBL(S; x Ss).
Hence x = ¢..

Note that ||b(z, v)|| = |lg(c(z, 9)|] < ||e(z,9)|| =1 = ||z||||y|], for all z € S1,y € Sa. Thus ||b|| < 1.
For all x € FBL(S1 x S2) of norm one, we have ||¢.(q(z))|| = [|¢(x)]| thus ||¢.|| = ||¥]] = ||¢1]] =
[|#]|. This concludes our proof that (T, b) is the normed Riesz space tensor product of Ly and Lo.
Note that b is non-trivial. Thus |[b]| > 0. We have already seen that ||b|| < 1. Suppose ||b]| =
1—e <1 for some 0 < € < 1. Then for all z € S,y € Sz we have that ||b(x, y)|| = [|b«(b(z,y))|] <
[1b:£]]110(z, »)|] < (1 —&)|]b«]] = (1 —€)||b]], and that is a contradiction. We conclude that ||b]| = 1.
This concludes the proof of the theorem.

FNRS(S7 x S2) 4>T
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Remark 11.8. D.H. Fremlin proved also the following fact for Banach lattices [4, Theorem 1E(iii)]:
let L, M and N be Banach lattices and let (T',b) be the Banach lattice tensor product of L and
M. Then there is a one-to-one norm preserving correspondence between the continuous positive
bimorphisms ¢ : L x M — N and the continuous positive linear maps ¢, : T — N such that
¢ = ¢, o b. Moreover ¢ is a continuous Riesz bimorphism if and only if ¢, is a continuous Riesz
homomorphism. We could not find a proof for this fact with the new construction.

Theorem 11.9. Let L', L, M’ and M be normed Riesz spaces (Banach lattices) with L' C L and
M’ C M. Let (T',b") be the normed Riesz space (Banach lattice) tensor product of L' and M’ and
let (T,b) be the normed Riesz space (Banach lattice) tensor product of L and M. Then there is an
injective continuous Riesz homomorphism ¢ : T — T such that o(b/ (x,y)) = b(x,y), for all x € L'
and y € M’'. In particular v is bipositive.

Proof. The proof is similar to the proof of Theorem 6.8 on page 41. Note that |[¢|| < |[b|| < 1.
Hence ¢ is continuous. O

Remark 11.10. 1. For Banach lattices L and M we denote the Banach lattice tensor product
T by L&M and the bimorphism b by ®.

2. From the construction follows clearly that L&M is isomorphic as Banach lattice to M®L.

11.3 Fremlin space tensor product and Banach lattice tensor product

In this subsection we study the relation between the Fremlin space tensor product and the Banach
lattice tensor product. We will see that the Fremlin space tensor product is in a nice way a subspace
of the Banach lattice tensor product. We need the representation due to D.H. Fremlin.
According to D.H. Fremlin we have the following.

Theorem 11.11 (D.H. Fremlin). Let L and M be Banach lattices and L&M the Banach lattice
tensor product of L and M. For any Banach lattice N and for any continuous positive linear
bimorphism ¢ : L x M — N there is a unique continuous positive linear map ¢, : LM — N
such that ¢ = ¢, o @ and ||p.|| = ||¢|| [/, Theorem 1E(iii)]. The Riesz subspace LM C LM
generated by tensors x @y, x € L,y € M is the Riesz space tensor product of L and M [/, Theorem
1E(vi)]. The linear subspace L ® M C L&M spanned by tensors x @ y,x € L,y € M is the usual
vector space tensor product [3, Theorem 4.2(ii)] and also the positive tensor product with induced
ordering [, Proposition 5.1].

This has the following nice corollary.

Theorem 11.12. Let L and M be Banach lattices, then L @ M with induced ordering and norm
of L&M is the Fremlin space tensor product of L and M.

Proof. Let F be an arbitrary Fremlin space and ¢ : L x M — F be a continuous positive bimor-
phism. By Theorem 1.35 on page 15 we can view F' as a subspace of a Banach lattice F. Thus
we view ¢ as a map into F. By Theorem 11.11 there is a unique continuous positive linear map
@ - L&M — F such that ¢ = ¢, o ®@. Note that ¢, maps L ® M into F. Let ¢, : L® M — F be

the restriction of ¢.. Thus ¢ = ¢, o ® and ||¢.|| < ||L]] = ||#]|- Since L ® M is also the positive
tensor product of L and M, we have that ¢, is the unique positive linear map ¥ with ¢ = 1) o ®.
We conclude that L ® M is the Fremlin space tensor product of L and M. O

Theorem 11.13. Let F and G be subspaces of Banach lattices F and G respectively. If T =
Span{z @y € FRG : x € F,y € G}, then (T,®) with induced ordering and norm of FRG is the
Fremlin space tensor product of F' and G.

Proof. Follows from Theorems 10.6 on page 56 and 11.12. O

Corollary 11.14. The Fremlin space tensor product is also the positive tensor product.
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Open problems

We finish our thesis with some open problems.

1.

If F is an arbitrary partially ordered vector space and I an order ideal of F, does there exist a
topology T on E, such that F/I is integrally closed if and only if I is 7-closed? We know that
with the ru-topology on E, E/I is Archimedean if and only if I is ru-closed (Theorem 1.23
on page 13). If so, we can probably solve open question 4 and give a fourth construction of
the positive tensor product as the integrally closed completion of (E ® F, Kr), where Kp is
the projective cone in £ ® F.

. Does every Riesz* bimorphism b : £ x F' — G extend to a Riesz bimorphism between the

Riesz completions, for arbitrary pre-Riesz spaces F, F and G7 If so, then the integrally closed
Riesz* tensor product exists for every pair of integrally closed pre-Riesz spaces E and F.

Let E and F be arbitrary pre-Riesz spaces with Riesz completions (E”, ¢g) and (F", ¢r)
respectively. Let (T7,b') be the Riesz tensor product of E™ and F", and T the vector subspace
of T spanned by elements V' (vg(x), or(y)),z € E,y € F. Let vy : T — T’ be the inclusion
map. Is (T7,t7) the Riesz completion of T? In the integrally closed case this is valid
(Theorem 6.13 on page 43).

Does the ’integrally closed completion’ of a partially ordered vector space exists?

Is for all integrally closed pre-Riesz spaces E,F and G and for every Riesz* bimorphism
¢ : E x F — G the induced (positive) linear map ¢, : E ® F — G a Riesz* homomorphism?
In that case the positive and integrally closed Riesz* tensor product coincide.

Does the (integrally closed) Riesz* tensor product exists for all pairs of (integrally closed)
pre-Riesz spaces E and F'?7
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