134 (2009) MATHEMATICA BOHEMICA No. 4, 359–367

SOME RESULTS ON ORDER WEAKLY COMPACT OPERATORS

Belmesnaoui Aqzzouz, SalaEljadida, Jawad Hmichane, Kénitra

(Received June 26, 2008)

Abstract. We establish some properties of the class of order weakly compact operators on Banach lattices. As consequences, we obtain some characterizations of Banach lattices with order continuous norms or whose topological duals have order continuous norms.

Keywords: order weakly compact operator, order continuous norm, discrete vector lattice MSC 2000 : 46A40, 46B40, 46B42

1. Introduction and notation

Many authors gave necessary and sufficient conditions under which the norm of a Banach lattice or of its topological dual is order continuous. Recall that a norm ‖ · ‖ of a Banach lattice E is order continuous if for each generalized sequence (x_α) such that x_α ↓ 0 in E, the sequence (x_α) converges to 0 for the norm ‖ · ‖ where the notation x_α ↓ 0 means that the sequence (x_α) is decreasing, its infimum exists and inf(x_α) = 0. Also, the order continuity of norms were used to characterize some interesting classes of Banach lattices. For example, it was proved that a Banach lattice E is reflexive if and only if the norms of its topological dual E^′ and of its topological bidual E^{′′} are order continuous (Theorem 5.16 of Schaefer [7]).

We desire to give some new characterizations of the order continuity of the norm of a Banach lattice or of its topological dual by using the class of order weakly compact operators defined by Dodds [4]. Let us recall that an operator T from a vector lattice E into a Banach space F is said to be order weakly compact if for each x ∈ E^+, the subset T ([0, x]) is a relatively weakly compact subset of F where E^+ = {x ∈ E : 0 ⩽ x}. For terminology and results concerning order weakly compact operators we refer the reader to [6].

An interesting problem for order weakly compact operators on Banach lattices is to study the duality problem. In fact, there exist order weakly compact operators whose dual operators are not order weakly compact, and conversely, there exist operators which are not order weakly compact but their dual operators are order weakly compact. The objective of this paper is to give some sufficient and necessary conditions under which a norm of a Banach lattice is order continuous by using duality approach in the class of order weakly compact operators. More precisely, we will prove that for a Banach lattice E, the adjoint operator T^′ from E^′ into E^′ of any order weakly compact operator T from E into E is order weakly compact if and only if E^′ has an order continuous norm. And conversely, if E is a Dedekind σ-complete Banach lattice, we will establish that each operator T from E into E is order weakly compact whenever its dual operator T^′ from E^′ into E^′ is order weakly compact if and only if E has an order continuous norm.

To state our results, we need to fix some notation and recall some definitions. A vector lattice E is an ordered vector space in which sup(x, y) exists for every x, y ∈ E. A subspace F of a vector lattice E is said to be a sublattice if for every pair of elements a, b of F the supremum of a and b taken in E belongs to F . A subset B of a vector lattice E is said to be solid if it follows from |y| ⩽ |x| with x ∈ B and y ∈ E that y ∈ B where |x| = sup(−x, x). An order ideal of E is a solid subspace. Let E be a vector lattice, then for each x, y ∈ E with x ⩽ y, the set [x, y] = {z ∈ E : x ⩽ z ⩽ y} is called an order interval. A subset of E is said to be order bounded if it is included in some order interval. A Banach lattice is a Banach space (E, ‖·‖) such that E is a vector lattice and its norm has the following property: for each x, y ∈ E such that |x| ⩽ |y| we have ‖x‖ ⩽ ‖y‖. If E is a Banach lattice, then its topological dual E^′ endowed with the dual norm and the dual order is also a Banach lattice. A Banach lattice E is called an AM-space if for each x, y ∈ E such that inf(x, y) = 0, we have ‖x + y‖ = max{‖x‖, ‖y‖}. The Banach lattice E is an AL-space if its topological dual E^′ is an AM-space. For example, the Banach lattice l^1 is an AL-space and the Banach lattice l^∞ is an AM-space. For unexplained terminology on Banach lattice theory we refer the reader to Zaanen [9].

2. Main results

We will use the term an operator T : E −→ F between two Banach lattices to mean a bounded linear mapping. It is positive if T (x) ⩾ 0 in F whenever x ⩾ 0 in E. We denote by L(E, F ) the space of all operators from E into F . An operator T : E −→ F is regular if T = T_1 − T_2 where T_1, T_2 : E −→ F are positive operators. It is well known that each positive linear mapping on a Banach lattice is continuous.

Let us recall that if an operator T : E −→ F between two Banach lattices is positive, then its adjoint T^′ : F^′ −→ E^′ is likewise positive, where T^′ is defined by

T^′(f)(x) = f(T (x)) for each f ∈ F^′ and for each x ∈ E. For terminology concerning positive operators, we refer the reader to [9].

Note that each weakly compact operator is order weakly compact, but an order weakly compact operator is not necessarily weakly compact. However, contrary to weakly compact operators [2], [8], the class of order weakly compact operators satisfies the domination problem as we prove in the following proposition:

Proposition 2.1. (i) The subspace of order weakly compact operators is a two sided ideal in the space of all order bounded operators on Banach lattices.

(ii) Let E and F be two Banach lattices and let S and T be operators from E to F such that 0 ⩽ S ⩽ T . If T is order weakly compact, then S is order weakly compact. In particular, if the modulus of T exists and is order weakly compact, then T is order weakly compact.

P r o o f. (i) a. If T is a regular operator and S is an order weakly compact operator, the composed operator S ∘ T : E −→ F is order weakly compact. In fact, for each x ∈ E^+, the subset T [0, x] is order bounded. Then S ∘ T [0, x] is weakly relatively compact in G. And hence S ∘ T is order weakly compact.

(i) b. If T : E −→ F is an order weakly compact operator and S : G −→ E is an order bounded operator then the product T ∘ S : G −→ F is order weakly compact. In fact, as S[0, x] is order bounded for each x ∈ G^+, the subset T ∘ S[0, x] is weakly relatively compact in F , and hence T ∘ S is order weakly compact.

(ii) Let x ∈ E^+. Since T is order weakly compact, T ([0, x]) is relatively compact in the topology σ(F, F^′). It follows from [3], Theorem 1.2 that for each disjoint sequence (x_n) of [0, x] we have ‖T (x_n)‖ −→ 0. Since S(x_n) ⩽ T (x_n) for each n, then ‖S(x_n)‖ ⩽ ‖T (x_n)‖ for each n, and hence ‖S(x_n)‖ −→ 0. This proves that S is order weakly compact.

In particular, since −|T | ⩽ T ⩽ |T | we have 0 ⩽ T + |T | ⩽ 2|T |. As |T | is order weakly compact, it follows that T + |T | is order weakly compact, and hence T is order weakly compact.

R e m a r k s. (1) There exist Banach lattices E and F and an operator T : E −→ F which is order weakly compact such that its modulus |T | does not exist. In fact, let T : L^1[0, 1] −→ c_0 be the operator defined by

T (f) =

( ∫_1 0 f(t)r_n(t) dt

)_∞ n=1 for each f ∈ L^1[0, 1]

where {r_n, n ∈ N} is the sequence of Rademacher functions on [0, 1]. It is clear that T is order weakly compact, but it fails to be regular (Exercise 2.8.E 2 of Meyer-Neiberg [6], p. 147) and hence the modulus of T does not exist.

(2) There exist Banach lattices E and F and a regular operator T : E −→ F which is order weakly compact such that its modulus |T | exists but it is not necessarily order weakly compact. In fact, we may take E_n = (l^∞, ‖ · ‖_n) that we supply with the norm

‖(λ_1, λ_2, . . .)|_n = ‖(λ_1, λ_2, . . .)‖_∞ + n · lim sup |λ_k| for each (λ_n) ∈ l^∞.

Next, we consider the operator T from [5], Example 3.4 defined by

T : C[0, 1] −→ E, f −→ T (f) = ( 1 n T_n(f) ) n⩾1 where E = {(x_n): x_n ∈ E_n for each n and the sequence (‖x_n‖_n) is bounded} that we equip with the norm ‖(x_n)‖ = sup{‖x_n‖_n : n ∈ N}, the operator T_n : C[0, 1] −→ E_n is defined by (T_n(f))(p) = 2^n ∫ B_n f(t) · sin(2πpt) dt (p ∈ N; f ∈ C[0, 1]) and Bn =

[2^{−n}, 2^{−n+1}] ⊂ [0, 1] for each n ∈ N.

Since ‖T_n(f)‖_n = ‖T_n(f)‖_∞ for all f ∈ C[0, 1], each operator T_n is order weakly compact and regular and its modulus |T_n| exists and is given by

(|T_n|(f))(p) = 2^n ∫ B_n

f(t) · |sin(2πpt)| dt (p ∈ N; f ∈ C[0, 1]).

Also, as E is a Dedekind complete AM-space, the operator T is order weakly compact and its modulus |T | exists and is given by |T |(f) = (^1_n |T_n|(f))_{n⩾1} (for f ∈ C[0, 1]). But |T | is not order weakly compact. Indeed, if |T | were order weakly compact, since C[0, 1] is an AM-space with unit, |T | would be weakly compact but this is false by [5], Example 3.4.

Recall from Meyer-Neiberg ([6], p. 47) that a Banach lattice E is said to have the property (P) if there exists a positive contractive projection P : E^{′′} −→ E where E is identified with a sublattice of its topological bidual E^{′′}.

A linear mapping T : E −→ F between two vector lattices is called disjointness preserving if |T (x)| ∧ |T (y)| = 0 for all x, y ∈ E satisfying |x| ∧ |y| = 0.

Now, we give some sufficient conditions under which each order weakly compact operator has a modulus which is order weakly compact.

Theorem 2.2. Let E, F be Banach lattices and let T : E −→ F be an order weakly compact operator. Then the modulus of T is order weakly compact if one of the following assertions is valid:

(i) E is an AL-space and F has the property (P). (ii) T is an order bounded disjointness preserving operator.

P r o o f. (i) If the Banach lattice E is an AL-space and the Banach lattice F has the property (P), then ([7], Theorem 1.5, Chapter IV) implies that L^r(E, F ) = L(E, F ). On the other hand, since the norm of E is order continuous, the modulus |T |: E −→ F is order weakly compact.

(ii) If T : E −→ F is an order bounded disjointness preserving operator, then a theorem of Meyer-Neiberg ([6], Theorem 3.1.4) implies that |T | exists and that |T |(x) = |T (x)| for all x ∈ E^+. Now, let (x_n) be an order bounded sequence of E such that x_n −→ 0 in the weak topology σ(E, E^′). Since T is order weakly compact, it follows from [6], Corollary 3.4.9 that ‖T (x_n)‖ −→ 0 as n −→ ∞. Finally, the equality |T |(x) = |T (x)| for each x ∈ E implies that ‖|T |(x_n)‖ = ‖|T (x_n)|‖ = ‖T (x_n)‖ −→ 0 as n −→ ∞. Hence, it results from [6], Corollary 3.4.9 that |T | is order weakly compact.

Now, we give a necessary and sufficient condition under which each operator is order weakly compact.

Theorem 2.3. Let E be a Banach lattice, then the following assertions are equivalent:

(i) each bounded linear operator T : E −→ E is order weakly compact; (ii) the identity operator of E is order weakly compact; (iii) the norm of E is order continuous.

P r o o f. (i) =⇒ (ii) is evident.

(ii) =⇒ (iii) Let x ∈ E^+. Since the identity operator Id_E : E −→ E is order weakly compact, Id_E ([0, x]) = [0, x] is relatively compact in the topology σ(E, E^′). But the order interval [0, x] is weakly closed, thus [0, x] is compact in the topology σ(E, E^′). Finally, [1], Theorem 22.1 implies that the norm of E is order continuous.

(iii) =⇒ (i) Assume that the norm of E is order continuous. It follows from [1], Theorem 22.1 that for each x ∈ E^+, the subset [0, x] is weakly relatively compact. Hence T [0, x] is weakly relatively compact.

R e m a r k s 2.4. (1) It follows from Theorem 2.3 that the norm of the topological dual E^′ is order continuous if and only if its identity operator is order weakly compact.

(2) Let E and F be two Banach lattices. If each regular operator T from E into F is order weakly compact, then:

(i) The topological dual E^′ is not necessarily discrete. In fact, for E = l^∞ and F = c_0, each operator from l^∞ to c_0 is order weakly compact but E^′ = (l^∞)^′ is not discrete.

(ii) The Banach lattice F is not necessarily discrete. In fact, for E = F = L^1[0, 1], each operator from L^1[0, 1] to L^1[0, 1] is order weakly compact but E^′ = L^∞[0, 1] is not discrete.

(iii) The norm of E^′ is not necessarily order continuous. In fact, for E = l^1, each operator from l^1 to F is order weakly compact but the norm of E^′ = l^∞ is not order continuous.

(iv) The norm of E is not necessarily order continuous. In fact, for E = l^∞ and F finite-dimensional, each operator T : E −→ F is compact and hence order weakly compact but the norm of l^∞ is not order continuous.

Recall that a vector lattice E is Dedekind σ-complete if every majorized countable nonempty subset of E has a supremum. In the sequel we give a sufficient condition under which the norm of a topological dual is order continuous.

As we established by examples, the order weakly compactness property of an operator is not inherited by its dual operator and conversely.

Our first result concerning the duality problem gives also a characterization of order continuity of the dual norm. In fact:

Theorem 2.5. Let E be a Banach lattice. The following assertions are equivalent: (1) the adjoint operator T^′ from E^′ into E^′ of an order weakly compact operator T from E into E is order weakly compact;

(2) each operator T from l^1 into E has an adjoint operator T^′ from E^′ into l^∞ which is order weakly compact;

(3) E^′ has an order continuous norm.

P r o o f. (1) =⇒ (3) Assume that the norm of E^′ is not order continuous. It follows from [6], Theorem 2.4.14 and Proposition 2.3.11 that E contains a sublattice isomorphic to l^1 and there exists a positive projection P : E −→ l^1.

We consider the operator product

i ∘ P : E −→ l^1 −→ E,

where i: l^1 −→ E is the canonical injection. Since the identity operator Id_l1 : l^1 −→ l^1 is order weakly compact, Proposition 2.1 implies that the operator

i ∘ P = i ∘ Id_l1 ∘ P : E −→ l^1 −→ l^1 −→ E

is also order weakly compact. However, its adjoint operator

P^′ ∘ i^′ : E^′ −→ l^∞ −→ E^′

is not order weakly compact. Indeed, if P^′ ∘ i^′ is order weakly compact, then the operator P^′ ∘ i^′ ∘ P^′ : l^∞ −→ E^′ −→ l^∞ −→ E^′ is also order weakly compact. And since the Banach lattice l^∞ is an AM-space with unit, the operator P^′ ∘ i^′ ∘ P^′ : l^∞ −→ E^′ is weakly compact. Now, an application of Gantmacher Theorem proves that the operator product P ∘ i ∘ P : E −→ l^1 is weakly compact. And hence its restriction to the Banach lattice l^1, which is the identity operator Id_l1 , is weakly compact. This presents a contradiction, and hence the norm of E^′ is order continuous.

(2) =⇒ (3) If the norm of E^′ is not order continuous, it follows from [6], Theorem 2.4.14 and Proposition 2.3.11 that E contains a sublattice which is isomorphic to l^1 and there exists a positive projection P : E −→ l^1. Let us denote by i: l^1 −→ E the canonical injection of l^1 into E. This operator i is order weakly compact but its adjoint operator i^′ : E^′ −→ l^∞ is not order weakly compact. Indeed, if i^′ : E^′ −→ l^∞ is order weakly compact, then the operator product i^′ ∘P^′ : l^∞ −→ F^′ −→ l^∞, which is the identity operator of l^∞, is order weakly compact. And hence it follows from Theorem 2.3 that l^∞ has an order continuous norm. This gives a contradiction, and hence the norm of E^′ is order continuous.

(3) =⇒ (1) If E^′ has an order continuous norm, then by Theorem 2.3 each operator from E^′ into E^′ is order weakly compact, and hence the result follows.

(3) =⇒ (2) If E^′ has an order continuous norm, then by the same Theorem 2.3 the identity operator of E^′ is order weakly compact, and since T^′ = Id_E′ ∘ T^′, the result follows from Proposition 2.1.

R e m a r k 2.6. At the beginning of this paper we said that the class of order weakly compact operators has not the duality property. In fact, since the norm of l^1 is order continuous, it follows from Theorem 2.3 that the identity operator of the Banach lattice l^1 is order weakly compact. However, the identity operator of the Banach lattice l^∞ is not order weakly compact. If it were, the norm of l^∞ would be order continuous, and this is false. Also, as the norm of the topological dual (l^∞)^′ is order continuous, the identity operator of the Banach lattice (l^∞)^′ is order weakly compact, however, the identity operator of the Banach lattice l^∞ is not order weakly compact.

Our second result concerning duality gives also a characterization of the order continuity of the norm. In fact:

Theorem 2.7. Let E be a Dedekind σ-complete Banach lattice. The following assertions are equivalent:

(1) Each operator T from E into E is order weakly compact whenever its dual operator T^′ from E^′ into E^′ is order weakly compact.

(2) Each operator from E into l^∞ is order weakly compact. (3) E has an order continuous norm.

P r o o f. (1) =⇒ (3) Assume that the norm of E is not order continuous. Since E is Dedekind σ-complete, it follows from [6], Corollary 2.4.3 that E contains a sublattice isomorphic to l^∞ and there exists a positive projection P : E −→ l^∞. We denote by i: l^∞ −→ E the canonical injection of l^∞ into E.

Consider the operator

T = i ∘ P : E −→ l^∞ −→ E.

Since the identity operator Id_{(l}∞_)′ is order weakly compact, it follows from Proposition 2.1 (i) that the adjoint operator

T^′ = P^′ ∘ i^′ = P^′ ∘ Id_{(l}∞_)′ ∘ i^′ : E^′ −→ (l^∞)^′ −→ (l^∞)^′ −→ E^′

is order weakly compact. However, the operator

T = i ∘ P : E −→ l^∞ −→ E

is not order weakly compact. Indeed, i.e. if i ∘ P is order weakly compact, then the operator product P ∘ i ∘ P : E −→ l^∞ −→ E −→ l^∞

is order weakly compact. Hence its restriction to l^∞, which is the identity operator of l^∞, is also order weakly compact. But this is false. This shows that the norm of E is order continuous.

(2) =⇒ (3) Assume that the norm of E is not order continuous. Since E is Dedekind σ-complete, it follows from [[6], Corollary 2.4.3] that E contains a sublattice isomorphic to l^∞ and there exists a positive projection P : E −→ l^∞.

The operator P : E −→ l^∞ is not order weakly compact. If it were, its restriction to l^∞, which is the identity operator Id_l∞ of l^∞, would be order weakly compact. But this is false.

(3) =⇒ (1) If E has an order continuous norm, then by Theorem 2.3 each operator from E into E is order weakly compact, and hence the result follows.

(3) =⇒ (2) If E has an order continuous norm, then by the same Theorem 2.3 the identity operator of E is order weakly compact, and since T = Id_E ∘ T , the result follows from Proposition 2.1 (i).

Finally, we have

Theorem 2.8. Let F be a Banach lattice. Then the following assertions are equivalent:

(1) Each order bounded operator from E into F is order weakly compact for each Banach lattice E.

(2) F has an order continuous norm.

P r o o f. (2) =⇒ (1) It is just a consequence of Proposition 2.1 (i) and Theorem 2.3.

(1) =⇒ (2) If each order bounded operator from E into F is order weakly compact for each Banach lattice E, then the identity operator of the Banach lattice F is order weakly compact. Finally, it follows from Theorem 2.3 that F has an order continuous norm.

References

[1] Aliprantis, C. D., Burkinshaw, O.: Locally Solid Riesz Spaces. Academic Press, 1978. [2] Aliprantis, C. D., Burkinshaw, O.: On weakly compact operators on Banach lattices.

Proc. Amer. Math. Soc. 83 (1981), 573–578.

[3] Aliprantis, C. D., Burkinshaw, O.: Dunford-Pettis operators on Banach lattices. Trans.

Amer. Math. Soc. 274 (1982), 227–238.

[4] Dodds, P. G.: o-weakly compact mappings of Riesz spaces. Trans. Amer. Math. Soc. 214 (1975), 389–402.

[5] Groenewegen, G., van Rooij, A.: The modulus of a weakly compact operator. Math. Z.

195 (1987), 473–480.

[6] Meyer-Nieberg, P.: Banach Lattices. Universitext. Springer, Berlin, 1991. [7] Schaefer, H. H.: Banach Lattices and Positive Operators. Springer, Berlin, 1974. [8] Wickstead, A. W.: Extremal structure of cones of operators. Quart. J. Math. Oxford 32 (1981), 239–253.

[9] Zaanen, A. C.: Riesz Spaces II. North Holland Publishing Company, 1983.

Author’s address: Belmesnaoui Aqzzouz, Université Mohammed V-Souissi, Faculté des Sciences Economiques, Juridiques et Sociales, Département d’Economie, B.P. 5295, SalaEljadida, Morocco, e-mail: baqzzouz@hotmail.com; Jawad Hmichane, Université Ibn Tofail, Faculté des Sciences, Département de Mathématiques, B.P. 133, Kénitra, Morocco.