Theory and Applications of Categories, Vol. 8, No. 20, 2001, pp. 509–521.

ON FUNCTORS WHICH ARE LAX EPIMORPHISMS

JIŘÍ ADÁMEK, ROBERT EL BASHIR, MANUELA SOBRAL, JIŘÍ VELEBIL

ABSTRACT. We show that lax epimorphisms in the category Cat are precisely the functors P : E −→ B for which the functor P^∗ : [B, Set] −→ [E, Set] of composition with P is fully faithful. We present two other characterizations. Firstly, lax epimorphisms are precisely the “absolutely dense” functors, i.e., functors P such that every object B of B is an absolute colimit of all arrows P (E) −→ B for E in E. Secondly, lax epimorphisms are precisely the functors P such that for every morphism f of B the category of all factorizations through objects of P [E] is connected.

A relationship between pseudoepimorphisms and lax epimorphisms is discussed.

1. Introduction

What are the epimorphisms of Cat, the category of small categories and functors? No simple answer is known, and the present paper indicates that this may be a “wrong question”, disregarding the 2-categorical character of Cat. Anyway, with strong epimorphisms we have more luck: as proved in [2], they are precisely those functors P : E −→ B such that every morphism of B is a composite of morphisms of the form P f.

Our paper is devoted to lax epimorphisms in the 2-category Cat. We follow the concept of pseudoepimorphism (and pseudomonomorphism) as presented in [3]: a functor P : E −→ B is called a lax epimorphism provided that for every pair Q_1, Q_2 : B −→ C of functors and every natural transformation u : Q_1 · P −→ Q_2 · P there exists a unique natural transformation v : Q_1 −→ Q_2 with u = vP . Briefly, P is a lax epimorphism if and only if the functor ( ) · P : [B, C] −→ [E, C] is fully faithful, for every small category C.

Our first observation is that, instead of all small categories C, one can simply take Set. That is, P is a lax epimorphism if and only if

P^∗ = ( ) · P : [B, Set] −→ [E, Set]

is fully faithful. This is what Peter Johnstone called “connected functors” in his lecture at the Cambridge PSSL meeting in November 2000. He has asked for a characterization

The first and the fourth author acknowledge the support of the Grant Agency of the Czech Republic under the Grant No. 201/99/0310. The second author acknowledges the support of grant MSM 113200007 and the Grant Agency of the Czech Republic grant No. 201/98/P247. The third author acknowledges partial support by CMUC/FCT.

Received by the editors 2001 June 14 and, in revised form, 2001 October 23. Transmitted by Ross Street. Published on 2001 November 2. 2000 Mathematics Subject Classification: 18A20. Key words and phrases: lax epimorphism.

© Jiří Adámek, Robert El Bashir, Manuela Sobral, Jiří Velebil, 2001. Permission to copy for private use granted. 509 of connected functors, which has inspired the present paper. We provide two characterizations. Recall from [10] that a functor P : E −→ B is called dense if every object B of B is a colimit of the diagram of all arrows P (E) −→ B (more precisely, B is a canonical colimit of the diagram P/B −→ B forgetting the codomain). Let us call a functor P absolutely dense if every object B of B is an absolute colimit of the diagram of all arrows P (E) −→ B. This property could also be called locally final because it is equivalent to saying that for every object B of B the inclusion functor P/B −→ B/B is final.

The main result of the paper is the following:

1.1. Theorem. For a functor P : E −→ B between small categories the following conditions are equivalent:

1. P is a lax epimorphism.

2. The functor P^∗ = ( ) · P : [B, Set] −→ [E, Set] is fully faithful.

3. All the categories f // P for morphisms f of B are connected.

4. P is absolutely dense.

A category C is called connected if and only if the graph whose nodes are the objects and whose arrows are the pairs C, C^′ of objects with C(C, C^′) ≠ ∅ is connected (i.e., has precisely one component — thus, it is nonempty and every pair of nodes can be connected by a non-directed path).

In 3 above, the objects of f // P are all triples (E, q, m) where E is an object of E and

B^f � q � � � � � B^′

P (E) m � � � �

is a commutative triangle in B. Morphisms of f // P from (E, q, m) to (Ē, q̄, m̄) are all morphisms e : E −→ Ē of E such that the following diagram

B^f � q � � � � �

q̄ � � � � � � � � � B^′

P (E) m � � � �

P (e) � P (Ē)

m̄

� � � � � � � � �

commutes.

For the special case of f = id_B we call the category id_B // P a splitting fibre of B. (Recall that a fibre of B is the category of all E in E with P (E) = B and all morphisms u : E −→ E^′ with P u = id_B .) Now a splitting fibre is the category of all split subobjects B −→ P (E) for E in E.) We conclude that every lax epimorphism has all splitting fibres connected. In his PSSL lecture, P. Johnstone announced that every extremal epimorphism with connected splitting fibres is “connected”, i.e., is a lax epimorphism. We show a simple example demonstrating that this sufficient condition is not necessary.

Lax monomorphisms and epimorphisms (the latter also called full and faithful morphisms) in general 2-categories have already been studied by John Gray and Ross Street in the early 1970’s, see [11], and the latter by other authors, see, e.g. [3] and [4]. In the latter reference Brian J. Day also calls lax epimorphisms in CAT Cauchy dense functors. However, the explicit characterization of lax epimorphisms in CAT we provide below is new.

How is the concept of lax epimorphism related to other epimorphism concepts? We will see easy examples demonstrating that

regular epimorphism ⇏ lax epimorphism ⇏ epimorphism

and so there seems to be no connection to the “strict” concepts. Next, every lax epimorphism is a pseudoepimorphism (defined as above, except that the natural transformation u : Q_1 · P −→ Q_2 · P is supposed to be a natural isomorphism — and then so is v).

1.2. Open Problem. Is every pseudoepimorphism a lax epimorphism?

1.3. Remark. For functors between preorders we prove in Proposition 3.1 that the answer is affirmative.

2. A Characterization of Lax Epimorphisms

Proof of Theorem 1.1. 1.⇒2. This is trivial: given functors Q_1, Q_2 : B −→ Set, let C be a small full subcategory of Set containing both images so that we have codomainrestrictions Q^′_1, Q^′_2 : B −→ C. By 1., for every natural transformation u^′ : Q^′_1 ·P −→ Q^′_2 ·P there is a unique v^′ : Q^′_1 −→ Q^′_2 with u^′ = v^′P . This is equivalent to having, for every natural transformation u : Q_1 · P −→ Q_2 · P a unique v : Q_1 −→ Q_2 with u = vP .

2.⇔3. The functor P^∗ = ( ) · P has a left adjoint, viz, the functor

L : [E, Set] −→ [B, Set]

of left Kan extension along P . Therefore, P^∗ is full and faithful if and only if the counit ε : L · P^∗ −→ Id of the adjunction L ⊣ P^∗ is a natural isomorphism.

Since every object of [B, Set] is a colimit of hom-functors, and since L · P^∗ preserves colimits, it follows that ε is a (pointwise) isomorphism if and only if the component of ε at every B(B, ), for B an object of B, is an isomorphism.

This component can be described as follows: express L · P^∗ ( B(B, ) ) = L ( B(B, P ) ) B −→ Set

as a coend ∫_E B ( B, P (E) ) × B ( P (E), )

then ε_{B(B, )} evaluated at B^′ in B is the morphism ∫_E B ( B, P (E) ) × B ( P (E), B^′ ) −→ B(B, B^′) which sends an equivalence class of the pair (m : B −→ P (E), q : P (E) −→ B^′) to the composite q · m : B −→ B^′. We see that ε_{B(B, )} is a natural isomorphism if and only if for every morphism f : B −→ B^′ the category f // P is connected.

3.⇒4. Firstly note that the assumption in 3. is “self-dual”, i.e., we deduce from 2.⇔3. that the functor ( ) · P^{op} : [B^{op}, Set] −→ [E^{op}, Set]

is full and faithful. Thus, the composite

B^Y � [B^{op}, Set]^{( )·P} op � [E^{op}, Set]

of ( ) · P^{op} with the Yoneda embedding Y is full and faithful. This means that P is dense, and this implies that every object B of B can be expressed as a colimit of a diagram P : E −→ B weighted by B(P , B) : E^{op} −→ Set (see Theorem 5.1 of [9]). To prove that P is absolutely dense, we verify that every functor F : B −→ X (with X small) preserves the weighted colimits B ∼= B(P , B) ∗ P . In fact, recall that ( ) · P^{op} is full and faithful and use B(P , B) = B( , B) · P^{op} to deduce the following isomorphisms X ( B(P , B) ∗ F · P, X ) ∼= [E^{op}, Set] ( B(P , B), X(F · P , X) ) ∼= [E^{op}, Set] ( B( , B) · P^{op}, X(F , X) · P^{op} ) ∼= [B^{op}, Set] ( B( , B), X(F , X) ) ∼= X(F B, X) natural in every object X in X.

4.⇒1. Since we assume that P is absolutely dense, this means that a left Kan extension Lan_P P ∼= Id_B of P along itself is preserved by any functor F : B −→ X. Thus, for every pair F, G : B −→ X we have isomorphisms

[B, X](F, G) ∼= [B, X](Lan_P (F · P ), G) ∼= [E, X](F · P, G · P ) where the last isomorphism is induced by precomposing with P . But this means precisely that P is a lax epimorphism.

2.1. Examples. The following are examples of lax epimorphisms:

1. Coinserters: recall that a functor P : E −→ B, together with a natural transformation α : P · F −→ P · G is called a coinserter in Cat of the pair F, G : C −→ E if and only if the following two conditions are satisfied:

(a) For every natural transformation β : Q · F −→ Q · G with Q : E −→ D there is a unique functor H : B −→ D such that H · P = Q and Hα = β.

(b) For every pair H_1, H_2 : B −→ D of functors and every natural transformation γ : H_1 · P −→ H_2 · P satisfying (H_2α)(γF ) = (γG)(H_1α) there is a unique natural transformation δ : H_1 −→ H_2 with δP = γ.

Thus, every coinserter is a lax epimorphism, since the second condition above is satisfied by every natural transformation γ : H_1 · P −→ H_2 · P .

2. The following functor between preordered sets is a lax epimorphism which is not a coinserter: • −→ • ∼= • 3. Categories of fractions: given a set Σ of morphisms in a small category E, then the canonical functor P_Σ : E −→ E[Σ^{−1}] into the category of fractions is a lax epimorphism (see, e.g., Lemma 1.2 of [5]).

4. Epimorphisms of small categories, which are one-to-one on objects, are lax epimorphisms. This is due to the second equivalent condition of Theorem 1.1 and Corollary 2.2 in [6].

A regular epimorphism in Cat need not be a lax epimorphism: • • −→ • (See [2] for a characterization of regular epimorphisms as precisely those functors P : E −→ B which are surjective on objects and such that every morphism in B is a composite of morphisms in P [E].)

3. Pseudoepimorphisms

3.1. Proposition. For functors P : E −→ B where B is a preordered set we have:

P is a pseudoepimorphism if and only if it is a lax epimorphism.

Proof. Let P be a pseudoepimorphism. For every x ≤ y in B we prove that the category C = (x ≤ y) // P , which is the full subcategory of E on all E with x ≤ P (E) ≤ y, is connected.

Define a functor F : B −→ Set on objects by F b = 1 + 1, if x ≤ b ≤ y 1, if x ≤ b ≰ y ∅, otherwise

and on morphisms by setting F f = id for every morphism f : b ≤ b^′ with F b = F b^′.

The category C is nonempty because otherwise we would have two natural isomorphisms β_1, β_2 : F −→ F with β_1 ≠ β_2 and β_1P = id = β_2P (β_1 = id and β_2 is the transposition of 1 + 1), in contradiction to P being a pseudoepimorphism.

Let C_0 be a connected component of C, we will prove that C_0 = C. We have a natural isomorphism α : F · P −→ F · P whose components are

α_E = { id, if E is not in C_0 t, if E is in C_0 where t : 1 + 1 −→ 1 + 1 swaps the two copies of 1. The naturality squares

F P (E)^{αE} � F P h � F P (E) F P h � F P (E^′)_{αE′} � F P (E^′)

commute for all h : E −→ E^′: this is obvious except for the case that E is in C_0 and E^′ is in C \ C_0, or vice versa, but that case does not happen because C_0 is a connected component of C.

There exists a natural isomorphism β : F −→ F with α = βP . The component β_x is t because choosing any E in C_0, the following square

1 + 1 1 + 1

β_x �

1 + 1

1 + 1 id=F (x−→P (E)) �

1 + 1

1 + 1 id=F (x−→P (E)) � 1 + 1 1 + 1 t=(βP )_E � commutes. This proves that C = C_0: by choosing any E ∈ C \ C_0 we would obtain, analogously, β_x = id, which is impossible.

3.2. Remark. Given a functor P : E −→ B and an object B of B we can form a splitting fibre of B: it is the category whose objects are all pairs of morphisms B m � P (E) q � with q · m = id

where E is an object of E. And morphisms into B m̄ � p(Ē) q̄ � are those morphisms e : E −→ Ē in E for which the following diagram P (E) q � � � � �

P (e) � B m � � � � �

m̄ � � � � � B

P (Ē) q̄ � � � � � commutes.

Every lax epimorphism has all splitting fibres connected. In fact, these are just the categories id_B // P .

3.3. Proposition. Let P : E −→ B have connected splitting fibres and let

(∗) all morphisms in B be composites of isomorphisms and morphisms in P [E].

Then P is a lax epimorphism.

Proof. The functor P^∗ : [B, Set] −→ [E, Set] is faithful. In fact, for distinct natural transformations α, β : F −→ G (where F, G are functors in [B, Set]) we find an object B with α_B ≠ β_B , and we choose an object B m � P (E) q � in the splitting fibre of B. Then (αP )_E ≠ (βP )_E. In fact: assuming the contrary, we get a contradiction: α_B = α_B · F q · F m = Gq · α_E · F m = Gq · β_E · F m = β_B . The functor P^∗ is full: consider functors F, G : B −→ Set and a natural transformation α = F P −→ GP . Define, for every object B of B, the morphism β_B : F B −→ GB as follows: choose B m � P (E) q �

in the splitting fibre and put β_B = Gq · α_E · F m. This is independent of the choice: to show this, we use the connectedness of the splitting fibre and verify only that given a morphism as in 3.2, then Gq · α_E · F m = Gq̄ · α¯_E · F m̄:

F P (E)^{αE} �

F P (e) �

GP (E) Gq � � � �

GP (e) � F B F m � � � �

F m̄ � � � � GB

F P (Ē)_{αĒ} � GP (E) Gq̄ � � � �

Consequently, β_{P (E)} = α_E for each E in E

because we choose q = m = id. To show that β_B is natural in B, it is sufficient — due to (∗) — to consider all isomorphisms and all morphisms in P [E].

Let h : B −→ B^′ be an isomorphism. Given B m � P (E) q � in the splitting fibre of B, then B^′ m·h^{−1}� P (E) h·q � lies in the splitting fibre of B^′, thus, β_B′ = G(h · q) · α_E · F (m · h^{−1}) which implies Gh · β_B = Gh · Gq · α_E · F m = β_B′ · F h. Let h : B −→ B^′ have the form h = P (k) for k : E −→ E^′ in E. Since P (E) = B and P (E^′) = B^′, we conclude Gh · β_B = GP (k) · α_E = α_E′ · F P (k) = β_B′ · F h. Thus, β is natural.

3.4. Proposition. For a functor P : E −→ B between finite preorders the following conditions are equivalent:

1. P is a lax epimorphism.

2. P has connected splitting fibres and satisfies condition (∗) of Proposition 3.3.

Proof. 1.⇒2. Every morphism in B is, since B is a finite preorder, a composite of isomorphism and coverings x_0 −→ y_0 (i.e., x_0 < y_0 and no x in B fulfils x_0 < x < y_0). Thus, it is sufficient to prove condition (∗) of Proposition 3.3 for every covering x_0 −→ y_0.

Assuming the contrary, we extend B to a category C by adding, for every pair of objects x ∼= x_0 and y ∼= y_0 a new morphism r_{xy} : x −→ y. The composition in C extends that of B by the following rules: given x ∼= x_0 and y ∼= y_0 then for every z ≤ x put r_{xy} · (z −→ x) = { r_{zy}, if z ∼= x z −→ y, otherwise

and for every y ≥ z put (y −→ z) · r_{xy} = { r_{xz}, if y ∼= z x −→ z, otherwise

Since x_0 −→ y_0 (thus, x −→ y) is not a composite of isomorphisms and morphisms in P [E], we have a well-defined functor Q_1 : B −→ C with Q_1(x −→ y) = r_{xy} for all x ∼= x_0, y ∼= y_0 and otherwise Q_1 is the identity function. Let Q_2 : B −→ C denote the inclusion functor. Then Q_1 · P = Q_2 · P . But there exists no natural transformation v : Q_1 −→ Q_2 because the square x_0^{vx0} x_0−→y_0 � x_0 r_{x0y0} � y_{0 vy0} y_0

does not commute.

2.⇒1. This follows from Proposition 3.3.

3.5. Remark. The above condition (∗) together with surjectivity characterizes finite quotients (i.e., regular epimorphisms) in the category Top_0 of topological T_0 spaces. More precisely, if we identify a finite topological space with the induced order (x ≤ y if and only if x lies in the closure of y), then continuous functions are precisely the functors. And quotients are precisely the surjective functors satisfying (∗), as proved in [7] and [8].

3.6. Example. We exhibit a lax epimorphism P : E −→ B between posets which does not satisfy condition (∗) of Proposition 3.3.

We define a set X = ⋃ n∈ω X_n with two partial orderings (≤) ⊆ (⊑) on it, where (≤) = ⋃ n∈ω(≤_n) and (⊑) = ⋃ n∈ω(⊑_n), by induction. The first three steps are illustrated below (where ≤ is indicated by full lines and ⊑ by dotted lines).

X_0 : •0

•1 X_1 : •0

•1 • a(0,1) • b(0,1) X_2 : • a(0,1)

• a(a(0,1),1) • b(a(0,1),1)

•1

• 0

• a(0,b(0,1)) •b(0,b(0,1))

•b(0,1)

� � � � � � � � � � � � �

� � � �

� � � � � � � � � � �

First Step. X_0 = {0, 1}, ≤_0 is discrete, ⊑_0 is the chain 0 ⊑_0 1.

Induction Step. Let Q_n be the set of all ⊑_n-coverings (i.e., pairs x ⊑_n y with no element z satisfying x ⊏_n z ⊏_n y) which are not related by ≤_n. Let X_{n+1} be obtained by adding to X_n elements a(x, y) and b(x, y) for each (x, y) ∈ Q_n. Then ≤_{n+1} is the reflective and transitive closure of ≤_n extended by x ≤_{n+1} a(x, y) and b(x, y) ≤_{n+1} y and b(x, y) ≤_{n+1} a(x, y) for all (x, y) ∈ Q_n. And ⊑_{n+1} is the transitive closure of (⊑_n) ∪ (≤_{n+1}) extended by a(x, y) ≤_{n+1} y and x ≤_{n+1} b(x, y) for all (x, y) ∈ Q_n.

Claim. id : ⟨X, ≤⟩ −→ ⟨X, ⊑⟩ is a lax epimorphism.

That is, given a pair x ⊑ y in X, then the subposet V of ⟨X, ≤⟩ of all z with x ⊑ z ⊑ y is connected. We prove this by induction on n with x, y ∈ X_n. If n = 0, the only interesting case is x = 0, y = 1 and V = X. The poset ⟨X, ≤⟩ is indeed connected, see Theorem 1.1 because ⟨X_1, ≤_1⟩ is connected, and every new element added to X_{k+1}, k > 0, is connected by ≤_k to some element of X_k. For the induction case, observe that since ⟨X_n, ⊑_n⟩ is a finite poset, every morphism is a composite of coverings. And the elements we add at any stage later are only added in between coverings. (More precisely, given z ∈ X_k, for k > n, with x ⊑_k z ⊑_k y there exists a covering x^′ ⊑_n y^′ with x ⊑_n x^′ ⊑_k z ⊑_k y^′ ⊑_n y.) Thus, it is sufficient to prove that ⟨V, ≤⟩ is connected assuming that x ⊑_n y is a covering. If x ≤_n y then V = {x, y} is connected. If (x, y) ∈ Q_n, the argument is as for 0, 1 at the beginning: V ∩ X_{n+1} = {x, y, a(x, y), b(x, y)} is connected, and every new element added to V ∩ X_{k+1}, k > n, is connected by ≤_k to some element of V ∩ X_k.

Claim. The morphism 0 −→ 1 of ⟨X, ⊑⟩ is not a composite of isomorphisms and morphisms in P [E] — in other words, 0 ≰ 1. This is clear.

4. Faithfulness of P^∗

Whereas Theorem 1.1 characterizes functors P for which P^∗ is fully faithful, a characterization of those for which P^∗ is just faithful has been presented in [3], where they are called liberal. In the following we exhibit a simple direct proof of that characterization. 4.1. Proposition. For every functor P : E −→ B between small categories the following conditions are equivalent:

1. P^∗ is faithful.

2. P^∗ is conservative (i.e., reflects isomorphisms). 3. P^∗ is monadic.

4. Every object of B is a retract of an object in P [E].

Proof. 1.⇒2. Since P^∗ is a right adjoint of L : [E, Set] −→ [B, Set] (the functor of left Kan extension), faithfulness means that the counit is an epimorphism in [B, Set]; and since epimorphisms in [B, Set] are regular, we conclude that the comparison functor K : [E, Set] −→ [B, Set]^T of the monad T of that adjunction

[E, Set]^K �

P^∗ � � � � [B, Set]^T U � � � � [B, Set]

is full and faithful, thus, conservative. Since the forgetful functor U : [B, Set]^T −→ [B, Set] is conservative, it follows that so is P^∗ = U · K.

2.⇒3. This is clear from Beck’s Theorem: P^∗ preserves coequalizers (in fact, colimits) and has a left adjoint.

3.⇒4. This is analogous to the proof of 2.⇔3. in Theorem 1.1: here ε is an epitransformation (because P^∗ is faithful) and we conclude that id_B : B −→ B has a preimage under ε_{B(B, )}, i.e., there are B^m � P (E)^q � B with q · m = id_B .

4.⇒1. Let α, β : F −→ G be different morphisms of [B, Set]. We are to prove αP ≠ βP . Given an object B with α_B ≠ β_B , find

B^m � P (E)^q � B with q · m = id_B . Since F q is a split epimorphism, we conclude that α_B · F q ≠ β_B · F q, or, equivalently, Gq · α_{P (E)} ≠ Gq · β_{P (E)}, thus (αP )_E ≠ (βP )_E.

4.2. Remark. If P is a pseudoepimorphism, then P^∗ is obviously faithful. But the converse does not hold, e.g., for the embedding

P :_{•0}^{•1} −→_{•0}^{•1} �

which is certainly no pseudoepimorphism, P^∗ is faithful. 4.3. Remark.

(a) Recall that P^∗ is fully faithful if and only if each of the categories f // P is connected, i.e., if and only if every morphism f of B has a factorization through some object of P [E] unique up to the equivalence ≈ of Theorem 1.1: (E, m, q) ≈ (Ē, m̄, q̄) if and only if m̄ = P (e) · m, q = q̄ · P (e) for some morphism e in E. Now P^∗ is faithful if and only if each of the categories f // P is nonempty, i.e., if and only if every morphism of B has a factorization through some object of P [E]. In fact, given f : B −→ B^′, choose a retraction q : P (E) −→ B then, given m : B −→ P (E) with q · m = id, we factorize

f ≡ B^m � P (E)^{f·q} � B^′

(b) We can also characterize functors such that P^∗ is full. These are precisely the functors P : E −→ B such that for every object B in B there exists an object E_0 in E and morphisms B^{m0} � P (E0)^{q0} � B with the following property: given morphisms

B^m � P (E)^q � X in B then (E, m, q) ≈ (E_0, m_0, q · m · q_0). In fact, in the adjunction L ⊣ P^∗ we have P^∗ full if and only if ε is componentwise a split monomorphism (see 19.4 in [1]). This is the case if and only if the components

ε_{B(B, )} : G −→ B(B, )

(see the proof of Theorem 1.1) are, for all objects B in B, split monomorphisms. To give a natural transformation α : B(B, ) −→ G with α · ε_{B(B, )} = id means precisely to give (E_0, m_0, q_0) = α_B (id_B) as above.

Acknowledgement. We are grateful to Václav Koubek and Ross Street for their comments on parts of the manuscript. In particular, Ross has provided us with pointers to references and his suggestions have improved our presentation.

References

[1] J. Adámek, H. Herrlich and G. Strecker, Abstract and Concrete Categories, Wiley Interscience, New York, 1990

[2] M. A. Bednarczyk, A. M. Borzyszkowski and W. Pawlowski, Generalized Congruences — Epimorphisms in Cat, Theory and Appl. Cat. 5 (1999), 266–280

[3] A. Carboni, S. Johnson, R. Street and D. Verity, Modulated Bicategories, Jour Pure Appl. Algebra 94 (1994), 229–282

[4] B. J. Day, Density Presentations of Functors, Bull. Austr. Math. Soc. 16 (1977), 427–448

[5] P. Gabriel and M. Zisman, Calculus of Fractions and Homotopy Theory, Springer-Verlag, Berlin, 1967

[6] J. R. Isbell, Epimorphisms and Dominions III, Am. J. Math. 90 (1968), 1025–1030

[7] G. Janelidze and M. Sobral, Finite Preorders and Topological Descent I, Preprint 99-10, Department of Mathematics, University of Coimbra, 1999

[8] G. Janelidze and M. Sobral, Finite Preorders and Topological Descent II, Preprint 00-33, Department of Mathematics, University of Coimbra, 2000

[9] G. M. Kelly, Basic Concepts of Enriched Category Theory, London Math. Soc. Lecture Notes Series 64, Cambridge Univ. Press, 1982

[10] S. MacLane, Categories for the Working Mathematician, Springer-Verlag, New York, 1971

[11] R. Street, Fibrations and Yoneda’s Lemma in a 2-category, in: Sydney Category Seminar, LNM 420, Springer-Verlag 1974, 104–133

[12] R. Street and R. F. C. Walters, Yoneda Structures on 2-Categories, J. Algebra 50 (1978), 350–379

Institute of Theoretical Computer Science, Technical University, Braunschweig, Germany Department of Mathematics, Charles University, Prague, Czech Republic Department of Mathematics, University of Coimbra, Coimbra, Portugal Faculty of Electrical Engineering, Technical University, Prague, Czech Republic Email: adamek@iti.cs.tu-bs.de

bashir@karlin.mff.cuni.cz
sobral@mat.uc.pt
velebil@math.feld.cvut.cz

This article may be accessed via WWW at http://www.tac.mta.ca/tac/ or by anonymous ftp at ftp://ftp.tac.mta.ca/pub/tac/html/volumes/8/n20/n20.{dvi,ps}

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.

The method of distribution of the journal is via the Internet tools WWW/ftp. The journal is archived electronically and in printed paper format.

Subscription information. Individual subscribers receive (by e-mail) abstracts of articles as

they are published. Full text of published articles is available in .dvi, Postscript and PDF. Details will be e-mailed to new subscribers. 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^ATEX is the

preferred flavour. TEX source of articles for publication should be submitted by e-mail directly to an appropriate Editor. They are listed below. Please obtain detailed information on submission format and style files from the journal’s WWW server at http://www.tac.mta.ca/tac/. You may also write to

tac@mta.ca to receive details by e-mail.

Editorial board.

John Baez, University of California, Riverside: baez@math.ucr.edu Michael Barr, McGill University: barr@barrs.org, Associate Managing Editor Lawrence Breen, Université Paris 13: breen@math.univ-paris13.fr Ronald Brown, University of North Wales: r.brown@bangor.ac.uk Jean-Luc Brylinski, Pennsylvania State University: jlb@math.psu.edu Aurelio Carboni, Università dell Insubria: aurelio.carboni@uninsubria.it P. T. Johnstone, University of Cambridge: ptj@dpmms.cam.ac.uk G. Max Kelly, University of Sydney: maxk@maths.usyd.edu.au Anders Kock, University of Aarhus: kock@imf.au.dk F. William Lawvere, State University of New York at Buffalo: wlawvere@acsu.buffalo.edu Jean-Louis Loday, Université de Strasbourg: loday@math.u-strasbg.fr Ieke Moerdijk, University of Utrecht: moerdijk@math.uu.nl Susan Niefield, Union College: niefiels@union.edu Robert Paré, Dalhousie University: pare@mathstat.dal.ca Andrew Pitts, University of Cambridge: Andrew.Pitts@cl.cam.ac.uk Robert Rosebrugh, Mount Allison University: rrosebrugh@mta.ca, Managing Editor Jiri Rosicky, Masaryk University: rosicky@math.muni.cz James Stasheff, University of North Carolina: jds@math.unc.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: walters@fis.unico.it R. J. Wood, Dalhousie University: rjwood@mathstat.dal.ca