Theory and Applications of Categories, Vol. 27, No. 11, 2012, pp. 222–241.

THE ∗-AUTONOMOUS CATEGORY OF UNIFORM SUP SEMI-LATTICES

Dedicated to the memory of Heinrich Kleisli, 1930–2011.

MICHAEL BARR, JOHN F. KENNISON, AND R. RAPHAEL

Abstract. In [Barr & Kleisli 2001] we described ⋆-autonomous structures on two full subcategories of topological abelian groups. In this paper we do the same for sup semilattices except that uniform structures play the role that topology did in the earlier paper.

1. Introduction

Sup semi-lattices. The main purpose of this paper is to show that certain categories that are based on sup semi-lattices with a uniform structure are ∗-autonomous. The main tool used for this is the chu construction. We begin by describing briefly what these terms mean.

Closed symmetric monoidal categories. It is well-known that if A and B are abelian groups then Hom(A, B) can, in a natural way, be given the structure of an abelian group. In fact, it can be shown that this structure is unique if we require that for any A^′ � A and B � B^′, the induced map Hom(A, B) � Hom(A^′, B^′) be a homomorphism of abelian groups. It is common to denote this abelian group by hom(A, B) to distinguish the abelian group from its underlying set. Moreover, there is a tensor product A ⊗ B of abelian groups which is also an abelian group and is characterized by natural isomorphisms

Hom(A ⊗ B, C) ∼= Hom(A, hom(B, C))

(Actually, it is also true that hom(A ⊗ B, C) ∼= hom(A, hom(B, C)).)

There are a great many categories that have this structure, including modules over a commutative ring, certain well-behaved categories of topological spaces ([Barr 1978]) and, what is relevant for this paper, the category of sup semi-lattices. By a sup semilattice (SSL) we mean a partially ordered set in which every finite subset has a least upper bound or sup. This includes the empty set, so that an SSL has a bottom element, which we usually call 0. A morphism of SSLs is a function that preserves all finite sups (including 0). The tensor products can be shown to exist by the general adjoint functor

Received by the editors 2012-03-12 and, in revised form, 2012-12-10. Published on 2012-12-13 in the volume of articles from CT2011. 2010 Mathematics Subject Classification: 18D15,16G30.

Key words and phrases: Uniform sup semi-lattices, *-autonomous categories, chu categories. © Michael Barr, John F. Kennison, and R. Raphael, 2012. Permission to copy for private use granted. 222

THE ∗-AUTONOMOUS CATEGORY OF UNIFORM SUP SEMI-LATTICES 223

theorem, but we can give a more or less explicit description in the case of SSLs. Given A and B form the free SSL generated by the product of the underlying sets and then factor out the least congruence E for which (0, b)E0, (a, 0)E0, (a ∨ a^′, b)E((a, b) ∨ (a^′, b)), and (a, b ∨ b^′)E((a, b) ∨ (a, b^′)) for all a, a^′ ∈ A and b, b^′ ∈ B. Note that A ⊗ B ∼= B ⊗ A. It can be shown that (A ⊗ B) ⊗ C ∼= A ⊗ (B ⊗ C) and that A ⊗ I ∼= A, where the tensor unit I is the two-element Boolean algebra. These isomorphisms are subject to a number of coherence conditions which are tabulated in many places, for example, [Eilenberg & Kelly 1966].

Such a category is called a closed symmetric monoidal category, although an older name for this is autonomous.

∗-Autonomous categories. A closed symmetric monoidal category is called ∗-autonomous if it contains an object K with the property that for every object A, the canonical map A � hom(hom(A, K), K), described below, is an isomorphism. Then K is called the dualizing object and we usually write A^∗ = hom(A, K). The canonical map A � A^{∗∗} is given as the image of the identity map under

Hom(hom(A, K), hom(A, K)) ∼= Hom(hom(A, K) ⊗ A, K) ∼= Hom(A, hom(hom(A, K), K))

in which we have made implicit use of the symmetry of the tensor product.

Usually, we denote the closed structure in a ∗-autonomous category by ∘. It is easy to see that there is a close connection between the ∘ and ⊗, described by a canonical isomorphism A⊗B ∼= (A ∘B^∗)^∗ or equivalently A ∘B ∼= (A⊗B^∗)^∗ so that the internal hom and the tensor determine each other.

A few examples of ∗-autonomous categories were described in [Barr 1979]. They included certain categories of topological abelian groups, of topological vector spaces, and Banach spaces equipped with a second topology (weaker than that of the norm). The only one that did not involve an explicit topology was complete sup semi-lattices.

The Chu construction. In addition to the examples of ∗-autonomous categories just described, there was an appendix to [Barr 1979] in which P-H Chu exposed what has become known as the Chu construction, which we describe briefly.

The Chu construction was motivated by George Mackey’s approach to topological vector spaces, see [Mackey 1945]. Instead of putting a topology on a vector space X, he specified a vector space L of admissible maps to the ground field K (R or C in his situation). So he defined a “linear system” as a vector space X, together with a subspace L of its “conjugate”, that is, dual space. He denoted this linear system X_L. To get the actual Chu construction, we generalize this to a pair (X, L) where L has a linear map into the conjugate space. To get the chu (in contrast to the Chu) construction we have, instead, to specialize Mackey’s construction to require, in addition, that L contain enough linear maps to separate the points of X, although in some places he added that condition. Mackey did not say what a map between pairs is, still less what the category of pairs is, but he did note the explicit duality of exchanging X and L.

224 MICHAEL BARR, JOHN F. KENNISON, AND R. RAPHAEL

In [Schaefer 1971, IV. 1], we find the definition of a “dual pair” ⟨F, G⟩ to consist a two vector spaces, equipped with a bilinear pairing ⟨−, −⟩ : F × G � K (nowadays we describe it as a linear transformation F ⊗ G � K) in which F contains enough elements to separate the points of G and vice versa. Again, nothing was said about maps between dual pairs, let alone a category, but the definitions seem obvious.

For our purposes, we begin with a closed symmetric monoidal category C and fixed object K of C . By Chu(C , K) we mean the category whose objects are pairs (A, X) of objects of C equipped with a pairing A ⊗ X � K. A morphism (A, X) � (B, Y ) is a pair (f, g) of arrows, f : A � B and g : Y � X such that the diagram

A ⊗ X K�

A ⊗ Y

A ⊗ X A⊗g �

A ⊗ Y B ⊗ Y

f⊗Y � B ⊗ Y

K � commutes. The arrow on the right is the pairing on (B, Y ) and the one on the bottom is the pairing on (A, X). This definition of morphism can be internalized to produce an object [(A, X), (B, Y )] of C as the pullback:

hom(Y, X) hom(A ⊗ Y, K) �

[(A, X), (B, Y )]

hom(Y, X) �

[(A, X), (B, Y )] hom(A, B)

� hom(A, B)

hom(A ⊗ Y, K) �

The right and lower arrows in this square arise from the maps B � hom(Y, K) and X � hom(A, K), respectively. We define an internal hom (denoted ∘ ) in the Chu category by (A, X) ∘ (B, Y ) = ([(A, X), (B, Y )], A ⊗ Y ). The dualizing object is the pair (I, K) where I is the tensor unit and the pairing is the isomorphism I ⊗ K � K. It turns out, not surprisingly, that (A, X)^∗ = (X, A).

Chu and chu. For our purposes, we require a full subcategory of the Chu category. This is determined by a factorization system but here we will use only the regular epic/monic system that exists in any equational category. We say that the object (A, X) is separated if the map A � hom(X, K) induced by the pairing is monic, and extensional if the induced map X � hom(A, K) is monic. The name comes from thinking of X as representing functions on A; the extensionality condition on functions is that two are equal if they have the same value on every argument. The full subcategory of separated extensional Chu objects is denoted chu(C , K). It is also ∗-autonomous. The original (A, X) ∘ (B, Y ) is always separated, but the formula has to be adjusted somewhat to make it also extensional. See [Barr 1998] for details.

THE ∗-AUTONOMOUS CATEGORY OF UNIFORM SUP SEMI-LATTICES 225

Topologies and Uniformities. In earlier works, we and others have described a number of ∗-autonomous categories constructed by topological algebras based on some wellknown closed symmetric monoidal categories, see [Barr & Kleisli 1999, Barr 2000, Barr & Kleisli 2001, Barr 2006, Barr et. al. 2010]. The underlying categories were in every case categories whose homsets had canonical abelian group structures. Among other things, such categories have the property that finite sums are canonically isomorphic to finite products. Abelian group structures are not necessary as the isomorphisms follow from commutative monoid structures (see 2.2). However there was a second, less obvious use of the abelian group structure. A topological abelian group has a canonical uniform structure and continuous homomorphisms are automatically uniform. In monoids, this fails. However, when the earlier proofs are analyzed, it becomes apparent that it was the uniform structure we used rather than the topology. To apply the same ideas to the category of sup semi-lattices we found it necessary to use uniform structures rather than topological ones. This shows up most clearly in Proposition 2.4. In a forthcoming paper we hope to show how at least some of the same ideas work for a category of topological sup semi-lattices.

The previous papers, mentioned above, were based on categories that were closed monoidal, enriched over abelian groups, and had enough injectives. The abelian group structure meant that quotient objects could be formed by factoring out a subgroup and a continuous homomorphism was continuous if and only if it was continuous at 0. These advantages are lost when replacing the abelian group structure by a commutative monoid structure. Similarly, in the previous papers, there was an object K that was an injective cogenerator and whose internal object of endomorphisms was the tensor unit. Unfortunately, the category of commutative monoids does not have any non-zero injectives. However the full subcategory of sup semi-lattices (SSLs) does have an injective cogenerator: the two-element Boolean algebra. We therefore deal here with the category of SSLs and the category of uniform SSLs, that is, those equipped with a uniform structure in which the lattice sup is a uniform function.

Notation and conventions. We will be using the following notation and conventions throughout this paper.

SSL means sup semi-lattice and Ssl denotes the category of SSLs and functions that preserve finite (including empty) sups.

If A is an SSL, then a subset T ⊆ A will be called ∨-closed if whenever a, a^′ ∈ T , so is a ∨ a^′. It misses being a sub-SSL only by not necessarily containing 0. If A is an SSL, then for a ∈ A, a↓ denotes {a^′ ∈ A | a^′ ≤ a}; a↑ denotes {a^′ ∈ A | a ≤ a^′}. If A is an SSL and T ⊆ A is a subset, we let T ↑ = ⋃ t∈T t↑ and T ↓ = ⋃ t∈T t↓. They are called the up-closure and down-closure, respectively, of T . If A is an SSL and T ⊆ A is a subset, we let T = ⋂ t∈T t↑ (the set of upper bounds of T ) and let T = ⋂ t∈T t↓ (the set of lower bounds of T ). Note that if ⋁ T exists, then T = ( ⋁ T ) ↑ and similarly if ⋀ T exists, then T = ( ⋀ T ) ↓.

226 MICHAEL BARR, JOHN F. KENNISON, AND R. RAPHAEL

USSL means sup semi-lattice with a unform structure in which the sup operation is uniform and Ussl denotes the category of USSLs and uniform morphisms; uniform morphisms will be called unimorphisms. All spaces are Hausdorff.

Discrete means uniformly discrete, that is the diagonal is an entourage. We identify the category of SSLs as the full subcategory of discrete USSLs. 2 = {0, 1} with 0 < 1. If A is a USSL, then a unimorphism A � 2 will be called a 2-valued unimorphism.

If A is a USSL, then |A| is its underlying (discrete) SSL and ||A|| is its underlying set. If A and B are USSLs, then A ∘ B denotes the set of unimorphisms from A to B with the uniformity inherited from the product uniformity on B^{||A||} and hom(A, B) = |A ∘B| (of course, Hom(A, B) = ||A ∘ B||). If A is a USSL, then A^# denotes A ∘ 2.

If A and B are SSLs, a morphism A � B will be called a uniform embedding if it is an isomorphism, both algebraic and uniform to a sub-SSL of B.

We denote by C the category of USSLs that can be uniformly embedded into a product of discrete USSLs. Following a useful suggestion of a referee, we point out that this is not the same as having a uniform embedding into a power of 2. For example, the SSL of discrete integers Z cannot be uniformly embedded into a power of 2 since a compact set cannot have an infinite uniformly discrete subset (although it could have a topologically discrete one).

If A is an object of C , then A^∗ denotes A^# , reuniformized with a generally finer uniformity that is characterized as the finest uniformity among objects of C with the same underlying SSL structure and the same set of 2-valued unimorphims as A^# (Theorem 4.2 shows that this exists).

If A is any set, Δ(A) denotes the diagonal of A × A.

A USSL A has enough 2-valued maps if there are enough unimorphisms to 2 to separate the points of A.

If A is a USSL whose canonical map A � A^{##} is bijective, we will say that A is prereflexive. If it is an isomorphism, we will say that A is weakly reflexive. If the canonical map A � A^{∗∗} (= A^{#∗}) is an isomorphism, we will say that A is strongly reflexive. Note that “weak” and “strong” refer only to the strength of the uniformities. If A is a USSL and φ : A � 2 is a 2-valued unimorphism, we write ker φ = φ^{−1}(0).

In connection with the last item, it is clear that ker φ is sup-closed, down-closed, and clopen, but those conditions are not sufficient to be the kernel of a 2-valued unimorphism. It must also be the case that {ker φ, A − ker φ} is a uniform cover of A.

THE ∗-AUTONOMOUS CATEGORY OF UNIFORM SUP SEMI-LATTICES 227

Example. Let N denote the non-negative integers with the usual order and the discrete uniformity. The kernel of an SSL homomorphism φ : N � 2 can either be all of N or n↓ for some n ∈ N. The first is the kernel of the 0 homomorphism and we call it 0. We denote by φ_n the homomorphism whose kernel is n↓. Clearly φ_n ≤ φ_m if and only if m ≤ n. Thus N^# has elements 0 ≤ · · · ≤ φ_n ≤ φ_{n−1} ≤ · · · ≤ φ_1 ≤ φ_0. The usual argument shows that this uniform space is closed in 2^{||N||} and is therefore compact, so it suffices to see what its topology is. If n ∈ N and p_n : 2^{||N||} � 2 is the product projection, then the subbasic open sets are p^{−1}_n (0) = {0, . . . , φ_n} and p^{−1}_n (1) = {φ_{n−1}, . . . , φ_0}. Thus a basic open neighbourhood of φ_n is p^{−1}_n (0) ∩ p^{−1}_{n+1}(1) = {φ_n} while the basic open sets at 0 are simply the complements of finite sets. In other words, N^# can be identified as the one-point compactification of the discrete set {φ_n | n ∈ N}. Since N^# is compact, we can compute N^{##} as the continuous maps N^# � 2. They can be identified with N because the SSL homomorphism that vanishes everywhere except at 0 is not continuous. Thus N � N^{##} is bijective and N is pre-reflexive. Note that a compact space cannot contain an infinite uniformly discrete subspace (see the paragraph preceding Theorem 4.2), so N cannot be weakly reflexive. We will show in 4.4 that it is strongly reflexive.

2. Basic properties

2.1. Semi-additive categories. A category is called semi-additive if its homsets have the structure of commutative monoids in such a way that composition of morphisms distributes over the monoid operation (that is generally denoted “+”, although in a sup semi-lattice we will denote it ∨). This means that for every pair of objects A, B there is a zero morphism, usually denoted 0 : A � B and for any two morphisms f, g : A � B, there is a sum f + g : A � B. Moreover, for any h : A^′ � A and k : B � B^′, we have k0h = 0 and k(f + g)h = kfh + kgh, both from A^′ to B^′. If these monoids are actually groups and the category has finite products, then the category is called additive.

A category with finite products is said to have finite biproducts if every finite product is also a finite sum in a canonical way. This means two things. First, the empty sum and the empty product are the same, that is the category is pointed. We will denote this object by 0. Second, for each pair of objects A and B, there is an object A ⊕ B, equipped with arrows u : A � A⊕B, v : B � A⊕B, p : A⊕B � A and q : A⊕B � B such that A⊕B, together with u and v constitute a categorical sum of A and B and A⊕B, together with p and q, constitute their product. These are subject to the requirements that u, v, p, q be natural in A and B, that pu and qv be the respective identity maps and that pv and qu be the respective zero maps.

The following is well known (see, for example, [Freyd 1964, Section 2.4]) and actually characterizes semi-additive categories with finite products. Note that although Freyd states Theorems 2.41 and 2.42 for abelian categories, he makes no actual use of any properties of abelian categories save for semi-additivity. There are no exactness arguments and no subtraction.

228 MICHAEL BARR, JOHN F. KENNISON, AND R. RAPHAEL

2.2. Proposition. A semi-additive category with finite products has biproducts.

Proof. Let us (temporarily) denote the terminal object by 1. For any object A, there is at least one map 0 : 1 � A. The identity 1 � 1 must also be the 0 map since 1 is terminal and is the target of exactly one map from any object. Thus if f : 1 � A is any map, we have f = f.id = f0 = 0, which shows that 1 is also initial.

To show that A×B is the sum in C of A and B, we begin with the product projections p : A × B � A and q : A × B � B. A map C � A × B is given by a pair (k, ℓ), where k : C � A and ℓ : C � B are uniquely determined by the equations p(k, ℓ) = k and q(k, ℓ) = ℓ. In order to show that A × B is the sum of A and B, define u = (id, 0) : A � A × B and v = (0, id) : B � A × B. Now suppose that f : A � C and g : B � C. We claim that h = fp + gq : A × B � C is the unique map for which hu = f and hv = g. We have hu = (fp + gq)u = fpu + gqu = f + 0 = f and similarly hv = g. Now suppose h^′ : A × B � C is another map with the same properties. We claim that up + vq : A × B �A×B is the identity. In fact p(up+vq) = pup+pvq = p(id, 0)p+p(0, id)q = p+0 = p and similarly q(up + vq) = q and we know the identity of A × B is the unique map with those two properties. Thus h^′ = h^′(up + vq) = h^′up + h^′vq = fp + gq = h.

Remark. In the case of SSLs, the sum is denoted ∨ rather than +, but the proposition remains valid.

2.3. Proposition. The object 2 is an injective cogenerator in Ssl .

Proof. We begin by showing that 2 is injective. Suppose A ⊆ B and φ : A � 2 is a morphism. Let I be the kernel of φ. One easily sees that I↓, the down-closure of I in B, is an ideal and that A ∩ I↓ = I and the 2-valued morphism whose kernel is I obviously extends φ. Next suppose that a ≠ a^′ in A. Then either a^′ ≰ a or a ≰ a^′. In the former case, a↓ is the kernel of a 2-valued morphism φ for which φ(a^′) = 1 and φ(a) = 0.

2.4. Proposition. Let the uniform space X be embedded in a product ∏ s∈S X_s in which each X_s is discrete and let D be a discrete uniform space. Then for any uniform function f : X � D, there is a finite subset T ⊆ S and a map h : ∏ t∈T X_t � D such that f

factors as X �

� � ∏ s∈S X_s^p � ∏ t∈T X_t^h � D, with p : ∏ s∈S X_s � ∏ t∈T X_t the product projection.

Proof. Since D is discrete, Δ(D) is an entourage and hence (f × f)^{−1}(Δ(D)) must be an entourage in X. There must be an entourage U ⊆ ∏ s∈S(X_s × X_s) such that (f × f)^{−1}(Δ(D)) = (X × X) ∩ U. Basic entourages have the form ∏ s∈S−T (Xs × Xs) × ∏ t∈T Δ(X_t) for finite subsets T ⊆ S. Thus there must be a finite T ⊆ S such that the equivalence relation E defined by

E = (X × X) ∩ ( ∏ s∈S−T

(X_s × X_s) × ∏ t∈T Δ(X_t) )

is included in (f × f)^{−1}(Δ(D)). If x, x^′ ∈ X are such that (x, x^′) ∈ (f × f)^{−1}(Δ(D)), then clearly f(x_1) = f(x_2) so that f is well defined mod (f × f)^{−1}(Δ(D)). In particular, if

THE ∗-AUTONOMOUS CATEGORY OF UNIFORM SUP SEMI-LATTICES 229

Y = X/E then f induces a map g : Y � D such that f is the composite X � Y^g � D. Clearly Y is a subspace of the discrete space ∏ t∈T X_t from which it is immediate that g can be extended to a uniform map h : ∏ t∈T X_t � D and our conclusion follows.

3. The category C

Recall that C denotes the category of all USSLs that are uniformly embedded in a product of discrete SSLs.

3.1. Theorem. The object 2 is an injective cogenerator in C with respect to uniform embeddings.

Proof. Let A ⊆ B be a uniform embedding. Since B can be embedded in a product, say ∏ B_s, of discrete objects, to prove injectivity, it is sufficient that any unimorphism A � 2 can be extended to the product. To do this, we apply the construction used in Proposition 2.4. The only thing to be noted is that the extension from g to h exists because 2 is injective in the discrete spaces by Proposition 2.3.

The following result is crucial. It replaces the arguments based on continuity in abelian groups by those based on uniformity in SSLs.

3.2. Theorem. Suppose A �

� � ∏ s∈S A_s (the latter with the product uniformity) is an inclusion in C and φ : A � 2 is a unimorphism. Then there is a finite subset T ⊆ S and for each t ∈ T , there is a unimorphism ψ_t : A_t � 2 such that ψ is the composite A � ∏ s∈S A_s ⋁ t∈T ψ_tp_t

� 2 where p_t : ∏ s∈S A_s � A_t is the product projection.

Proof. Apply once more the construction of Proposition 2.4, using the fact that the finite product ∏ X_t is a biproduct.

3.3. Proposition. Every object of C is pre-reflexive.

Proof. Let A be an object of C . The definition of A^# embeds it into 2^{||A||}. Suppose that φ : A^# � 2 is a unimorphism. Then from Theorem 3.2, there is a finite subset T ⊆ ||A|| and there are morphisms {φ_t : 2 � 2 | t ∈ T } such that

A^# 2^{||A||}

� � �

A^#

2

φ

�

2^{||A||}

2^T � � � �

2 ⋁ t∈T φ_tp_t � � � � �

commutes. But this is nothing but evaluation at the element ⋁ {t ∈ T | φ_t = id} which belongs to A.

230 MICHAEL BARR, JOHN F. KENNISON, AND R. RAPHAEL

3.4. Corollary. Every compact object of C is weakly reflexive.

Proof. The bijection C � C^{##} is continuous, the domain is compact, and the codomain is Hausdorff.

4. Weak and strong uniformities

Every object A of C maps injectively into a power of 2 (specifically 2^{||A# ||}). If the uniformity on A is such that this injection is a uniform embedding, we will say that A has the weak uniformity.

4.1. Proposition. There is an idempotent endofunctor σ on C such that for any object A of C , |σA| = |A|, |(σA)^# | = |A^# |, and the uniformity on σA is the coarsest possible with these two properties. It follows that A is weak if and only if the bijection A � σA is an isomorphism.

Proof. Since A has enough 2-valued unimorphisms to separate points, there is an injection A � 2^{||A# ||}. Let σA be the induced uniformity on A. To see that σ is a functor, observe that A � B induces ||B^# || � ||A^# || and now look at the diagram

σB 2^{||B# ||}

� � �

σA

σB �

σA 2^{||A# ||}

� � � 2||A^# ||

2^{||B# ||} �

in which the left hand map is uniform because the top and right hand maps are uniform and the bottom arrow is an embedding.

We will say that a uniformity on A is strong if whenever B is such that |A| = |B| and |A^# | = |B^# |, then the identity A � B is uniform. This means that the uniformity on A is as strong as it can be without allowing more unimorphisms to 2. It is not obvious that strong uniformities exist (unless A is discrete), but we will show they always do. Incidentally, it is worth pointing out that an infinite discrete object (such as N) cannot have a weak uniformity since a compact space cannot contain an infinite (uniformly) discrete subspace. For if it is discrete, then there must be some entourage on the compact space for which the each set in the corresponding uniform cover contains at most one element of the discrete space. Clearly such a cover cannot have a finite refinement.

4.2. Theorem. There is an idempotent endofunctor τ on C such that for any object A of C , |τA| = |A|, |(τA)^# | = |A^# | and the uniformity on τA is the finest possible with these properties. It follows that A is strong if and only if the bijection τA � A is an isomorphism.

THE ∗-AUTONOMOUS CATEGORY OF UNIFORM SUP SEMI-LATTICES 231

Proof. Let {A_s � A | s ∈ S} range over the set of all bijective unimorphisms that induce bijections A^# � A^#_s and for which A_s ∈ C . Define τA so that the diagram

A A^S� τA

A �

∏ s∈S A_s � ∏

A^S � is a pullback. The bottom arrow is the diagonal, which is a uniform embedding, from which it follows that the top arrow is also a uniform embedding. Since the right hand arrow is an isomorphism of the underlying SSLs, so is the left hand arrow. Now suppose that φ : τA � 2 is a unimorphism. From Theorem 3.1 we see that φ can be extended to a unimorphism ψ : ∏ s∈S A_s � 2. From Theorem 3.2, we see that there is a finite subset T ⊆ S and a family of unimorphisms {ψ_t : A_t � 2|t ∈ T } such that ψ factors as ∏ s∈S A_s � ∏ t∈T A_t ⋁ ψ_tp_t �

2. Since each A_t has the same set of 2-valued unimorphisms as A, it follows that each ψ_t is uniform on A. The commutativity of the diagram

τA A^T� τA

2 φ � � � � � � � � A^T A

�A^T

2 ⋁ ψ_tp_t �

A

2 ⋁ ψ_t � � � � � � � τA A�

combined with the fact that the top arrow is a bijection, shows that φ = ⋁ ψ_t is uniform on A. Thus A and τA have the same set of 2-valued unimorphisms.

Next we show that τ is a functor. Suppose we have a unimorphism f : B � A. Let C be the USSL defined so that

B A f �

C

B k �

C τA h � τA

A g � is a pullback. The right hand vertical arrow and therefore the left hand vertical arrow are bijections. Suppose φ ∈ C^# . We will show that there is a ν ∈ B^# such that φ = νk, which will show that B^# � C^# is a bijection and hence that the uniformity on C lies between those of τB and B, which suffices, since then we have τB � C � τA. The definition of pullback implies that there is a uniform embedding C � � � B × τA. Injectivity of 2, in conjunction with the fact that finite products in SSL are also sums, implies that there is a (ψ, ρ) ∈ B^# × (τA)^# such that φ = ψk ∨ ρh. Since (τA)^# = A^# , there is a μ ∈ A^# such that ρ = μg. Then we have φ = ψk ∨ μgh = ψk ∨ μfk = (ψ ∨ μf)k. Thus ν = ψ ∨ μf is the required map.

232 MICHAEL BARR, JOHN F. KENNISON, AND R. RAPHAEL

Remark. The fact that τ is a functor was never even mentioned in [Barr 2006, Theorem 4.1, 2 � 3]. But the above argument can be repeated verbatim, just substituting “+” for “∨” and “continuous” for “uniform” to fill that gap.

Terminology. Recall that A has a weak uniformity when A = σA and that A has a strong uniformity when A = τA. We denote by A^∗ the USSL τ(A^# ). Then A^# has a weak uniformity and A^∗ has a strong uniformity.

As an obvious application of the above results, we have,

4.3. Corollary. The bijections τA � A � σA induce isomorphisms

(σA)^# � A^# � (τA)^# and (σA)^∗ � A^∗ � (τA)^∗

As another application, we have:

4.4. Theorem. A discrete SSL is strongly reflexive. An infinite discrete SSL is not weakly reflexive.

Proof. To take the last point first, we note that a discrete space cannot have the weak uniformity since a compact space cannot contain an infinite (uniformly) discrete subspace. If A is discrete then A and A^{##} have the same 2-valued unimorphisms, namely the elements of A^# ∼= A^{###} and hence A^{#∗} = τ(A^{##} ) has a uniformity at least as fine as that of A. But A is discrete and there is no finer uniformity.

5. The category chu(Ssl ,2)

By Chu(Ssl , 2) we mean the category whose objects are pairs (A, X) of SSLs together with a pairing A ⊗ X � 2. A morphism (f, g) : (A, X) � (B, Y ) consists of SSL morphisms f : A � B and g : Y � X (note the direction of the second arrow) such that the square

A ⊗ X 2�

A ⊗ Y

A ⊗ X A⊗u �

A ⊗ Y B ⊗ Y

f⊗Y � B ⊗ Y

2 � commutes. The unspecified arrows are the pairings. This becomes a ∗-autonomous category when you define (A, X)^∗ = (X, A), (A, X) ∘ (B, Y ) as

([A, B] ×_{[A⊗Y ]} [Y, X], A ⊗ Y )

(which is just the internalization of the preceding diagram) and (A, X) ⊗ (B, Y ) = ((A, X) ∘ (Y, B))^∗.

The full subcategory of Chu(Ssl , 2) consisting of the pairs (A, X) for which both induced maps A � hom(X, 2) and X � hom(A, 2) are monic, is denoted chu(Ssl , 2). This chu category is also ∗-autonomous, see [Barr 1998], using the surjection/injection factorization system.

THE ∗-AUTONOMOUS CATEGORY OF UNIFORM SUP SEMI-LATTICES 233

6. The main theorem

As above, for a USSL A we denote by σA and τA the weak and strong uniformities, respectively, on A.

6.1. Theorem. The categories of weak USSLs and strong USSLs are equivalent to each other and to chu(Ssl , 2) and are thus ∗-autonomous.

Proof. Let us write chu for chu(Ssl , 2). Define a functor F : Ussl � chu by letting F (A) = (|A|, |A^∗|) with evaluation as pairing. If f : A � B, define F f = (|f|, |f^∗|) : F A � F B. We first define the right adjoint R of F . If (A, X) is an object of chu, let R(A, X) be the object of Ussl for which |R(A, X)| = A and whose uniformity is inherited from the embedding R(A, X) � � � 2^X . If B is any object of Ussl and (f, g) :

(|B|, |B^∗|) � (A, X) is given, the compatibility condition in the chu category says that for b ∈ |B| and x ∈ X, we have g(x)(b) = x(f(b)), which says that g(x) is the composite

|B|^f �A^{evx} �2 and thus an element of B^∗. This is the same as saying that the composite B � R(A, X) � 2^{X px} � 2 is uniform. But R(A, X) has the uniformity inherited from 2^X , so this means that B � R(A, X) is uniform. The uniqueness is clear so that the object function R defines a functor that is right adjoint to F .

A morphism φ : R(A, X) � 2 extends to some ψ : 2^X � 2. It follows from Theorem 3.2 that ψ factors through a finite power, which means that there is a finite subset, say {x_1, . . . , x_n} of X such that ψ = ev(x_1)∨· · ·∨ev(x_n). But the fact that the original pairing is bilinear implies that the restrictions to A of ev(x_1) ∨ · · · ∨ ev(x_n) and ev(x_1 ∨ · · · ∨ x_n) coincide. Thus every element of R(A, X)^∗ belongs to X and hence F R(A, X) = (A, X) so that R is a full embedding. Clearly R(A, X) is always weakly uniformized. Now suppose that A is weakly uniformized and that A ⊆ 2^X is an embedding that determines that uniformity. Every φ ∈ A^∗ is, as above, represented by an element of the free SSL ⟨X⟩ determined by X so that |A^∗| is a quotient of ⟨X⟩. This gives a canonical function X � |A^∗| from which we have the diagram

A 2^{|A∗|}� A

2^X � � � � � � � 2^{|A∗|}

� and if the diagonal arrow is a uniform embedding, so is the top arrow. Thus A = RF (A) if and only if A is weakly topologized.

Next let L(A, X) = τR(A, X). Suppose we have (f, g) : (A, X) � (|B|, |B^∗|). The definition of a chu morphism implies that for any φ ∈ B^# , the composite A � |B|^φ � 2

234 MICHAEL BARR, JOHN F. KENNISON, AND R. RAPHAEL

is g(φ) and hence that the diagram

|B| 2^{||B∗||}�

A

|B| f �

A 2^X� 2^X

2^{||B∗||}

2^g �

commutes. But this means that in Ussl the square

σB 2^{||B∗||}

� � �

R(A, X)

σB f �

R(A, X) 2^X

� � � 2_X

2^{||B∗||}

2^g �

commutes so that the function f is uniform. Thus we have R(A, X) � σB, which gives τR(A, X) � τσB = τB � B is the required map L(A, X) � B. Again uniqueness is clear. It is well known that when the right adjoint of a functor is full and faithful, so is its left adjoint (if any) so that we conclude that F L is equivalent to the identity. Clearly, L(A, X) is strongly uniformized. If A is a strongly uniformized SSL, then we know that the adjunction morphism LF (A) � A is a bijection and to see that it is an isomorphism, we need only see that they have the same dual space, which follows immediately from |A^# | = |A^∗|.

7. A topological interlude

Every uniform space has an associated topological space. If U is a uniform structure on the set X and U ∈ U, then for each x ∈ X, let U[x] = {y | (x, y) ∈ U}. The family of all U[x], for U ∈ U is a base for a topology on X, called the uniform topology. A unimorphism between spaces is continuous in the associated uniform topologies. In this section we see some of the interactions between uniform and topological notions that will be especially useful when the uniform topology is compact. In that case, the uniformity is unique and consists of all neighbourhoods of the diagonal.

7.1. Proposition. Suppose A is a USSL. Then for each a ∈ A, both a↓ and a↑ are closed.

Proof. Define f : A � A by f(b) = a ∨ b. Then f^{−1}(a) = a↓. Define g : A � A × A by g(b) = (b, a ∨ b). Then g^{−1}(Δ(A)) = a↑.

7.2. Corollary. For any subset T ⊆ A, both T and T are closed.

Proof. These sets are the meets of all the t↑, respectively t↓, over all t ∈ T .

THE ∗-AUTONOMOUS CATEGORY OF UNIFORM SUP SEMI-LATTICES 235

Let T be a subset of the USSL A. We say that T is directed if for t_1, t_2 ∈ T , there is an element t ∈ T with t_1 ≤ t and t_2 ≤ t. We say that T is down-directed if T^{op} is directed. If T is directed, then T can be thought of as a net in A, indexed by itself. If T is down-directed, then T can also be thought of as a net in A, indexed by T^{op}.

7.3. Theorem. Let A be a USSL and suppose T is a non-empty directed subset of A that has a cluster point c. Then

1. c is an upper bound for T ;

2. c is the least upper bound for T ; and

3. c = ⋁ T = lim T .

Proof.

1. Suppose that t ∈ T with c ≱ t so that c ∈ A − t↑. But then for all s ≥ t of T , s /∈ A−t↑ so T is not frequently in the neighbourhood A−t↑ of c, which contradicts the fact that c is a cluster point of T .

2. Suppose b is another upper bound for T . Then c ∨ b is, by continuity of ∨, a cluster point of T ∨ b. But since b is an upper bound for T , T ∨ b is constant at b and b is its only cluster point. Thus c ∨ b = b, whence c ≤ b so that c is the least upper bound.

3. Let U be an entourage. The fact that ∨ is uniform implies that there is an entourage V such that V ∨ V ⊆ U. Since c is a cluster point of T , there must be some t ∈ T such that t ∈ V [c], meaning (c, t) ∈ V . For any s ∈ T with s ≥ t, we also have (s, s) ∈ V . But then (c, t) ∨ (s, s) = (c ∨ s, t ∨ s) = (c, s) ∈ U so that s ∈ U[c]. This shows that T is eventually in every neighbourhood of c so that c = lim T .

7.4. Theorem. Suppose T is down-directed and that c ∈ A is a cluster point of T^{op}. Then

1. c is a lower bound for T ;

2. c is the greatest lower bound for T ; and

3. If A has the weak uniformity, then c = lim T .

Proof.

1. This is the dual of the proof of 7.3.1 and depends only on the fact that down sets are closed.

2. Suppose that b is another lower bound for T . If b ≰ c, then A−b↑ is a neighbourhood of c and hence must contain some t ∈ T , which contradicts the hypothesis that b is a lower bound for T .

236 MICHAEL BARR, JOHN F. KENNISON, AND R. RAPHAEL

3. The weak uniformity on A has a subbase the sets U_φ = (φ × φ)^{−1}(Δ(2)) = {(a, b) | φ(a) = φ(b)} for φ ∈ A^∗. Thus the topology at a ∈ A has as subbase the sets of the form U_φ[a] = {b ∈ A | φ(b) = φ(a)}. When φ(a) = 0, the set U_φ[a] = ker φ and these sets are closed under finite intersection. When φ(a) = 1, the set U_φ[a] = {b | φ(b) = 1} = A − ker φ which is up-closed. These sets will not (usually) be closed under finite intersection, but if φ(a) = ψ(a) = 1, then U_φ[a] ∩ U_ψ[a] ⊆ U_{φ∨ψ}. The result is that the sets of the form ker φ ∩ (A − ker ψ) with φ(a) = 0 and ψ(a) = 1 form a base for the topology at a. For any ψ with ψ(c) = 1, we have that T ⊆ c↑ ⊆ A − ker ψ. But c is a cluster point of T so that no neighbourhood of c can exclude T and so when φ(c) = 0, there is some t ∈ T such that for all s ≤ t, we have s ∈ T ∩ ker φ and hence s ∈ ker φ ∩ (A − ker ψ). Thus T is eventually in every neighbourhood of c.

8. Compact USSLs

In this section, we study several properties of compact USSLs. Of course, compactness is a topological property, but, as is well known, compact spaces have a unique uniform structure (all covers are uniform; all neighbourhoods of the diagonal are entourages) and all continuous maps between compact spaces are also uniform. The main tool in this study is the interplay between topological and order properties. We begin with

8.1. Theorem. Every directed set (respectively, every down-directed set) in a compact USSL has a limit.

Proof. Every net in a compact space has at least one cluster point. Moreover, a compact USSL must have the weak uniformity since no weaker uniformity can be Hausdorff. Thus Theorems 7.3 and 7.4 apply.

8.2. Theorem. A compact USSL is order complete.

Proof. Let A be compact and T ⊆ A be a subset. For each finite subset F ⊆ T , the set F ≠ ∅ since it includes at least ⋁ F . It is closed and the set of all F , for finite subsets F ⊆ T has the finite intersection property and hence their meet T is non-empty and closed. For finite F ⊆ T , then, since every element of T is above every element of F , the set F ∩ (T ) is non-empty and closed. Hence the intersection of all the sets F ∩ (T ) is non-empty and its only possible element is ⋁ T . If A is an SSL, then any non-empty ∨-closed subset T ⊆ A can be regarded as a net in its inherited order. We will assume this structure whenever we talk of a cluster point or a limit of a ∨-closed T .

8.3. Theorem. Let f : A � B be a USSL morphism. If A is compact, then f preserves arbitrary sups.

THE ∗-AUTONOMOUS CATEGORY OF UNIFORM SUP SEMI-LATTICES 237

Proof. If T ⊆ A, we know that a = ⋁ T exists. We want to show that f(a) = ⋁ f(T ).

Since f preserves 0, we can assume that T ≠ ∅. Since nothing changes if we replace T by the ∨-closed subset it generates and this process is preserved by f, we can suppose that T and hence f(T ) are ∨-closed. But f is continuous and thereby preserves limits so that f(a) = lim f(T ) and it follows from Theorem 7.3 that f(a) = ⋁ f(T ).

8.4. Corollary. A clopen ideal in a compact USSL is principal.

Proof. Let A be a compact USSL and T ⊆ A be a clopen ideal. Then T is the kernel of a unimorphism φ : A � 2. Since φ preserves arbitrary sups, the kernel is principal.

8.5. Lemma. Let A be a compact USSL and let U be an open subset of A that contains a maximal element a. Then a↓ is clopen.

Proof. We know that a↓ is closed. We want to show that A − a↓ is closed. So suppose that T is a net in A − a↓ that converges to an element b ∈ a↓. Then T ∨ a converges to b ∨ a = a. Since U is a neighbourhood of a, it follows that T ∨ a is eventually in U and so there is a t ∈ T with t ∨ a ∈ U. The maximality of a in U implies that t ≤ a which contradicts the assumption that T is a net in A − a↓.

An immediate consequence of this is that a proper down-closed open set in a compact connected USSL (for example the unit interval) cannot contain a maximal element.

8.6. Theorem. A compact totally disconnected USSL can be embedded into a power of 2. Proof. Let A be a compact totally disconnected USSL and let a ≠ b be points of A. Replacing, if necessary, b by a∨b, we may suppose that a < b. Then a↓ and b↑ are disjoint closed subsets, so there is a clopen set U that contains a↓ and is disjoint from b↑. Let C be a maximal chain of U such that a ∈ C and let c = ⋁ C. Then c ∈ U since U is closed.

Clearly c is a maximal element of U and thus c↓ is clopen. Since we supposed that a ∈ C, it follows that a ∈ c↓. Thus c↓ is the kernel of a continuous 2-valued morphism φ such that φ(a) = 0 and φ(b) = 1.

To describe the dual of a compact USSL, we need the following Definition and Lemmas.

8.7. Definition. Let A be a USSL. We say that a ∈ A is regular if a↓ is open (and therefore clopen). If a is regular we let φ_a : A � 2 be the map whose kernel is a↓.

8.8. Lemma. Assume that A is a compact USSL. Let R ⊆ A be the set of all regular elements of A. Define f : R � A^# by f(r) = φ_r. Then:

1. R is closed in A under finite infs;

2. f is order-reversing;

3. f(r ∧ s) = f(r) ∨ f(s);

4. f is a bijection from R to A^# .

238 MICHAEL BARR, JOHN F. KENNISON, AND R. RAPHAEL

Proof.

1. Since A is compact, it is complete and hence has infs. Since (r ∧ s)↓ = r↓ ∩ s↓, the conclusion is obvious.

2. Obvious.

3. For any a ∈ A, we have that φ_r(a) = φ_s(a) = 0 if and only if a ≤ r and a ≤ s if and only if a ≤ r ∧ s if and only if φ_{r∧s}(a) = 0.

4. It is obvious that whenever r ∈ R then φ_r ∈ A^# . Conversely, assume that φ ∈ A^# .

The kernel K = φ^{−1}(0) must be clopen. By Corollary 8.4, K is principal and the generator obviously lies in R.

What this means is that R^{op} = |A^# |, the underlying SSL of A^# . The next result says that every homomorphism on |A^# | is represented by an element of A and is therefore uniform on A^# . Thus A^# has the same 2-valued morphisms as |A^# |. By definition, A^# has the finest topology with the same 2-valued morphisms as A^∗, we conclude that that is |A^∗|. Thus A ∼= |A^# |^# so that A^# = |A^∗|.

8.9. Theorem. Let A be as above and let γ : |A^∗| � 2 be an SSL morphism. Then there exists a unique a ∈ A such that γ(φ) = φ(a) for all φ ∈ A^∗.

Proof. Uniqueness is clear since the {φ_r | r ∈ R} separate the points of A. What we want to find is an a ∈ A such that γ(φ_r) = 0 if and only if φ_r(a) = 0 if and only if a ≤ r. Thus a should have the property that γ(φ_r) = 0 when a ≤ r and γ(φ_r) = 1 when a ≰ r. Let K_γ = {r ∈ R | γ(φ_r) = 0}. We claim that a = ⋀ K_γ is the required element. In fact, for r ∈ K_γ , we have a ≤ r so that φ_r(a) = 0. We must still show that r /∈ K_γ implies that φ_r(a) = 1. Since A is compact it has finite meets. Since γ preserves sups in R^{op}, it follows that K_γ is also closed under finite meet. If r ∈ K_γ and s ∈ R − K_γ , it is clear that r ≰ s so that r ∈ R − s↓. Thus r ∈ r↓ ∩ ⋂ s∈R−s↓(A − s↓). Compactness implies that ⋂ r∈K_γ

r↓ ∩ ⋂ s∈R−s↓

(A − s↓)

is non-empty and hence there is an element b in that set. Since b ∈ r↓, for every r ∈ K_γ , we have that b ≤ a. On the other hand, if b /∈ s↓, then a /∈ s↓ and then φ_a(s) = 1, as required.

8.10. Corollary. If A is a compact SSL, then A^∗ = R^{op} with the discrete uniformity and the canonical map A � R^{op#} is an isomorphism.

THE ∗-AUTONOMOUS CATEGORY OF UNIFORM SUP SEMI-LATTICES 239

8.11. Two examples. The proofs above actually use compactness rather than just completeness. So it seems reasonable to ask whether every complete SSL has a compact topology in which it is a USSL. Here is an example of a complete SSL that does not admit a compact topology compatible with the sup. We let A consist of an infinite descending sequence a_0 > a_1 > a_2 > · · · > a_n > · · · > 0 together with an element x such that a_0 > x > 0, but x is not comparable to any other element. One easily sees that the sequence a_0, a_1, . . . can have only one cluster point 0, since any point a_n has a finite neighbourhood A − a_{n+1}↓, and A − a_1↓ = {a_0, x} is a finite neighbourhood of x. A compact topology has at least one cluster point and here that must be unique so that the sequence converges to 0. But then the sequence x ∨ a_0, x ∨ a_1, . . ., which is constantly a_0, would have to converge to x ∨ 0 = x, a contradiction.

The background of the second example is in topological abelian groups. All compact, in fact all locally compact abelian groups, have strong topologies in the sense used here. In particular, if A is compact and B � A is a bijection that induces a bijection A^∗ � B^∗, then B � A is an isomorphism. Here we give an example to show that this fails for USSLs.

Let A be the one point compactification of N, but ordered in such a way that 0 < n < ∞ for any positive integer n, but no two positive integers are comparable. Thus when n ≠ m are both positive, then m∨n = ∞. This space is first (even second) countable since it is embeddable into the unit interval (as the points of the form n/(n + 1), n = 0, 1, . . . , ∞). Since it is also compact, to show that the ∨ operation is uniform, it suffices to show that when a_1, a_2, . . . converges to a and b_1, b_2, . . . converges to b, then a_1 ∨ b_1, a_2 ∨ b_2, . . . converges to a ∨ b. But the only way a sequence can converge is if it is eventually constant or it converges to ∞. If both sequences converge to ∞, it is clear that their sup does as well. If, say the first is eventually constant at a, while the second converges to ∞, then for all but finitely many n, we have a_n ∨ b_n = ∞. Finally if both sequences stabilize at finite a and b, respectively, then depending on whether a = b, either all but finitely many a_n ∨ b_n = a or all but finitely many a_n ∨ b_n = ∞ = a ∨ b. The only ideals are {0}, the sets {0, n} for a positive integer n, and all of A, each of which is open. Let B be the same SSL but with the discrete uniformity. Clearly, it has the same ideals as A so that A^# � B^# is an isomorphism. The topology on A^# is thus the topology of pointwise convergence and hence so is that of B^# . But this topology is thus that of the one-point compactification of N. This example illustrates several phenomena.

1. An infinite compact SSL can have its strong uniformity be discrete.

2. An infinite discrete SSL can have its weak uniformity be compact.

3. An infinite compact SSL can be its own weak dual.

4. An infinite discrete SSL can be its own strong dual.

240 MICHAEL BARR, JOHN F. KENNISON, AND R. RAPHAEL

References

M. Barr (1978), Building closed categories. Cahiers de Topologie et Géométrie Différentielle Catégorique 19, 115–129. http://archive.numdam.org/article/

CTGDC 1978 19 2 115 0.pdf

M. Barr (1979), ∗-Autonomous Categories. Lecture Notes Math. 752, Springer-Verlag.

M. Barr (1998), The separated extensional Chu category. Theory Appl. Categories 4, 137–147. http://www.tac.mta.ca/tac/volumes/1998/n6/n6.pdf

M. Barr (2000), On ∗-autonomous categories of topological vector spaces. Cahiers de Topologie et Géométrie Différentielle Catégorique 41, 243–254. http://archive.

numdam.org/article/CTGDC 2000 41 4 243 0.pdf

M. Barr (2006), Topological *-autonomous categories. Theory Appl. Categories 16, 700– 708. http://www.tac.mta.ca/tac/volumes/16/25/16-25.pdf

M. Barr, J.F. Kennison, R. Raphael (2010), On *-autonomous categories of topological modules. Theory Appl. Categories 24, 378–393. http://www.tac.mta.ca/tac/

volumes/24/14/24-14.pdf

M. Barr and H. Kleisli (1999), Topological balls. Cahiers de Topologie et Géométrie Différentielle Catégorique 40, 3–20. http://archive.numdam.org/article/

CTGDC 1999 40 1 3 0.pdf

M. Barr and H. Kleisli (2001), On Mackey topologies in topological abelian groups. Theory Appl. Categories 8, 54-62. http://www.tac.mta.ca/tac/volumes/8/n4/n4.pdf

S. Eilenberg and G.M. Kelly (1966), Closed categories. In S. Eilenberg, D.K. Harrison, S.

Mac Lane, H. Röhrl, eds., Proc. Conf. Categorical Algebra, 421–562, Springer-Verlag, New York.

P. Freyd (1964), Abelian Categories. Harper and Rowe, New York. Reprinted: http://

www.tac.mta.ca/tac/reprints/articles/3/tr3.pdf

J.L. Kelley (1955), General Topology. Van Nostrand, New York.

G. Mackey (1945), Infinite dimensional vector spaces. Trans. Amer. Math.

Soc. 57, 155–207. http://www.ams.org/journals/tran/1945-057-02/

S0002-9947-1945-0012204-1/S0002-9947-1945-0012204-1.pdf

H.H. Schaefer (1971), Topological Vector Spaces. Third printing, corrected, Springer- Verlag, New York, Heidelberg, Berlin.

THE ∗-AUTONOMOUS CATEGORY OF UNIFORM SUP SEMI-LATTICES 241

Department of Mathematics and Statistics McGill University, Montreal, QC, H3A 2K6 Department of Mathematics and Computer Science Clark University, Worcester, MA 01610 Department of Mathematics and Statistics Concordia University, Montreal, QC, H4B 1R6 Email: barr@math.mcgill.ca

jkennison@clarku.edu
raphael@alcor.concordia.ca

This article may be accessed at http://www.tac.mta.ca/tac/ or by anonymous ftp at

ftp://ftp.tac.mta.ca/pub/tac/html/volumes/27/11/27-11.{dvi,ps,pdf}

THEORY AND APPLICATIONS OF CATEGORIES (ISSN 1201-561X) will disseminate articles that significantly advance the study of categorical algebra or methods, or that make significant new contributions to mathematical science using categorical methods. The scope of the journal includes: all areas of pure category theory, including higher dimensional categories; applications of category theory to algebra, geometry and topology and other areas of mathematics; applications of category theory to computer science, physics and other mathematical sciences; contributions to scientific knowledge that make use of categorical methods.

Articles appearing in the journal have been carefully and critically refereed under the responsibility of members of the Editorial Board. Only papers judged to be both significant and excellent are accepted for publication.

Full text of the journal is freely available in .dvi, Postscript and PDF from the journal’s server at

http://www.tac.mta.ca/tac/ and by ftp. It is archived electronically and in printed paper format.

Subscription information Individual subscribers receive abstracts of articles by e-mail as they

are published. To subscribe, send e-mail to tac@mta.ca including a full name and postal address. For institutional subscription, send enquiries to the Managing Editor, Robert Rosebrugh, rrosebrugh@mta.ca.

Information for authors The typesetting language of the journal is TEX, and L^ATEX2e

strongly encouraged. Articles should be submitted by e-mail directly to a Transmitting Editor. Please obtain detailed information on submission format and style files at http://www.tac.mta.ca/tac/.

Managing editor Robert Rosebrugh, Mount Allison University: rrosebrugh@mta.ca TEXnical editor Michael Barr, McGill University: barr@math.mcgill.ca Assistant TEX editor Gavin Seal, Ecole Polytechnique Fédérale de Lausanne:

gavin seal@fastmail.fm

Transmitting editors

Clemens Berger, Université de Nice-Sophia Antipolis, cberger@math.unice.fr Richard Blute, Université d’ Ottawa: rblute@uottawa.ca Lawrence Breen, Université de Paris 13: breen@math.univ-paris13.fr Ronald Brown, University of North Wales: ronnie.profbrown(at)btinternet.com Valeria de Paiva: valeria.depaiva@gmail.com Ezra Getzler, Northwestern University: getzler(at)northwestern(dot)edu Kathryn Hess, Ecole Polytechnique Fédérale de Lausanne : kathryn.hess@epfl.ch Martin Hyland, University of Cambridge: M.Hyland@dpmms.cam.ac.uk Anders Kock, University of Aarhus: kock@imf.au.dk Stephen Lack, Macquarie University: steve.lack@mq.edu.au F. William Lawvere, State University of New York at Buffalo: wlawvere@buffalo.edu Tom Leinster, University of Edinburgh, Tom.Leinster@ed.ac.uk Ieke Moerdijk, University of Utrecht: moerdijk@math.uu.nl Susan Niefield, Union College: niefiels@union.edu Robert Paré, Dalhousie University: pare@mathstat.dal.ca Jiri Rosicky, Masaryk University: rosicky@math.muni.cz Giuseppe Rosolini, Università di Genova: rosolini@disi.unige.it Alex Simpson, University of Edinburgh: Alex.Simpson@ed.ac.uk James Stasheff, University of North Carolina: jds@math.upenn.edu Ross Street, Macquarie University: street@math.mq.edu.au Walter Tholen, York University: tholen@mathstat.yorku.ca Myles Tierney, Rutgers University: tierney@math.rutgers.edu Robert F. C. Walters, University of Insubria: robert.walters@uninsubria.it R. J. Wood, Dalhousie University: rjwood@mathstat.dal.ca