Theory and Applications of Categories, Vol. 25, No. 5, 2011, pp. 118–141.

MONOIDAL FUNCTOR CATEGORIES AND

GRAPHIC FOURIER TRANSFORMS

BRIAN J. DAY

Abstract. This article represents a preliminary attempt to link Kan extensions, and some of their further developments, to Fourier theory and quantum algebra through ∗- autonomous monoidal categories and related structures. There is a close resemblance to convolution products and the Wiener algebra (of transforms) in functional analysis. The analysis term “kernel” (of a distribution) has also been adapted below in connection with certain special types of “distributors” (in the terminology of J. Bénabou) or “modules” (in the terminology of R. Street) in category theory. In using the term “graphic”, in a very broad sense, we are clearly distinguishing the categorical methods employed in this article from standard Fourier and wavelet mathematics. The term “graphic” also applies to promultiplicative graphs, and related concepts, which can feature prominently in the theory.

Introduction

In the first section of this article symmetric ∗-autonomous monoidal categories V (in the sense of [1]) and enriched functor categories of the form P(A) = [A, V] (cf. [13]), are used to describe aspects of the “graphic” upper and lower convolutions of functors from a promonoidal category A into V (in the sense of [6] for example), and their transforms. The particular ∗-autonomous monoidal structures that are of interest here have their tensor unit as the dualizing object: see §1.

A formal notion of categorical “Fourier” transform of a functor from a monoidal functor category [A, V] is introduced in §3. This notion is a particular type of Kan extension based on the idea of a multiplicative kernel between promonoidal categories. Roughly speaking, multiplicative kernels correspond, via the Kan extension process, to tensor-preserving functors between the resulting enriched monoidal functor categories (into V), the latter being in many ways analogous to function algebras into a ring. Then the transform of the convolution product of two functors becomes the (sometimes pointwise) tensor product of their transforms. Some basic examples of kernels are mentioned at the end of §2, including that of association schemes.

In §3 we also look at transforms of functors in the context of the abstract Weiner (or Joyal-Wiener) category, constructed by analogy with the Wiener algebra in functional analysis. This category of transforms is, under very simple conditions, a monoidal category

Received by the editors 2009-12-09 and, in revised form, 2011-02-23. Transmitted by Steve Lack. Published on 2011-03-03. 2000 Mathematics Subject Classification: 18D10, 18A25.

Key words and phrases: monoidal category, promonoidal category, convolution, Fourier transform. © Brian J. Day, 2011. Permission to copy for private use granted. 118 equivalent to the original monoidal closed domain [A, V]. Of course, in A. Joyal’s original example [12], the Wiener category becomes equivalent to the category of Joyal-analytic functors and weakly cartesian maps between them.

Thus, in general, the transform of a functor behaves a bit like the classical Fouriertype transform of a function, and there is usually a corresponding inversion process. For instance (see §4) the transforming functor under consideration may have a tentative left inverse (denoted Γ in the text), which then leads to the construction of the required (two-sided) inversion data.

These transforms also generalize the Fourier transforms of Hopf algebras (as discussed in [4] for example) which extend directly from Hopf algebras in V to the many-object Hopf algebroids of [10]; some mention of this is made in §4. Several other types of examples are described in §5

The original convolution construction on a functor category of the form [A, V] for a small promonoidal structure A, may be found in [6] and [7], where such categories are viewed in much the same light as function algebras. It is emphasised here that all the categorical concepts used below, such as “category”, “functor”, “natural transformation”, etc., are V-enriched (in the sense of [13]) over the given symmetric monoidal closed base category V, unless otherwise mentioned in the text.

1. Upper and lower convolution

Let V = (V_0, I, ⊗, [−, −], (−)^∗) be a complete (hence cocomplete) ∗-autonomous symmetric monoidal closed category (in the sense of [1]) having I as the dualising object. Recall that [X, Y ] ∼= (X ⊗ Y^∗)^∗,

and if an object Z has a tensor dual Z^∨ in V, then the two notions of dual coincide

Z^∨ ∼= [Z, I] = Z^∗

in which case [Z, X] ∼= Z^∗ ⊗ X and (Z ⊗ X)^∗ ∼= Z^∗ ⊗ X^∗

for all X in V.

If (A, p, j) is a small promonoidal category over V, then the upper convolution of f and g in the functor category [A, V] is defined in [6] as

f ∗ g =

∫_{ab} f(a) ⊗ g(b) ⊗ p(a, b, −) and I = j.

If (A^{op}, p, j) is a small promonoidal category, then the lower convolution of f and g in [A, V] is defined as

f ∗ g = ∫ ab (f(a)^∗ ⊗ g(b)^∗ ⊗ p(a, b, −))^∗ and I = j^∗.

(See [8] and [16] for example.)

Both products yield associative and unital monoidal structures on [A, V]; the upper product preserves V-colimits in each variable, while the lower product preserves V-limits in each variable. The upper product f ∗ g in [A, V] using p on A gives f ∗ g on

[A, V]^{op} = [A^{op}, V^{op}]

which transforms under the equivalence V^{op} ≃ V to the lower product f^∗ ∗ g^∗ in [A^{op}, V] using the same p on A, since

(f ∗ g)^∗ = (

∫_{ab}

f(a) ⊗ g(b) ⊗ p(a, b, −))^∗

∼= (

∫_{ab}

f(a)^{∗∗} ⊗ g(b)^{∗∗} ⊗ p(a, b, −))^∗

= f^∗ ∗ g^∗.

An antipode S on a (promonoidal) category (A, p, j) is a functor

S : A^{op} → A

such that S^{op} ⊣ S with S^2 ∼= 1. Then the resulting data q(a, b, c) = p(Sa, Sb, Sc) and k(c) = j(Sc) become part of an obvious promonoidal structure on A^{op}.

If the set of data (A, p, j, S) is an S-autonomous category, in the sense that the cyclic condition p(a, b, Sc) ∼= p(b, c, Sa) holds naturally in a, b, c ∈ A, then the derived set (A^{op}, q, k, S^{op}) is S^{op}-autonomous since

p(Sa, Sb, S^2c) ∼= p(Sb, Sc, S^2a);

that is q(a, b, Sc) ∼= q(b, c, Sa).

1.1. Theorem. If (A, p, j, S) is a S-autonomous promonoidal category and (V, I, ⊗, (−)^∗) is the ∗-autonomous base category, then the upper convolution structure on [A, V] is ∗- autonomous under the antipode defined by f^∗(a) = f(Sa)^∗ for f in [A, V].

Proof. We have the natural isomorphisms

[f, g](c) = ∫ ab [f(a) ⊗ p(c, a, b), g(b)] by definition of [−, −] in [A, V], ∼= ∫ ab (f(a) ⊗ p(c, a, b) ⊗ g(b)^∗)^∗ since V is ∗-autonomous monoidal,

∼= (

∫_{ab}

f(a) ⊗ g(b)^∗ ⊗ p(c, a, b))^∗,

∼= (

∫_{ab}

f(a) ⊗ g(Sb)^∗ ⊗ p(c, a, Sb))^∗ since S^2 ∼= 1,

∼= (

∫_{ab}

f(a) ⊗ g^∗(b) ⊗ p(a, b, Sc))^∗ since p(c, a, Sb) = p(a, b, Sc) because (A, p, j, S) is S-autonomous, = (f ∗ g^∗)^∗by definition of ∗ on [A, V].

The upper convolution f ∗_p g is then related to the lower convolution f ∗_q g on the functor category [A, V] using q(a, b, c) = p(Sa, Sb, Sc) on A^{op}, the latter being naturally isomorphic to the product (f^∗ ∗_p g^∗)^∗ on [A, V]. This follows from the convolution calculation

(f^∗ ∗_p g^∗)^∗(c) = (

∫_{ab} f(Sa)^∗ ⊗ g(Sb)^∗ ⊗ p(a, b, Sc))^∗ by definition of ∗_p, ∼= ∫ ab (f(a)^∗ ⊗ g(b)^∗ ⊗ p(Sa, Sb, Sc))^∗ using S^2 ∼= 1,

∼= (

∫_{ab} f(a)^∗ ⊗ g(b)^∗ ⊗ q(a, b, c))^∗ by definition of q in A^{op}, = f(a) ∗_q g by definition of ∗_q.

Note In the sequel we shall not go into the particular ∗-autonomous aspects of the theory in any great detail.

2. Multiplicative kernels

For the given base category V, a multiplicative kernel from a promonoidal A to another promonoidal X is a V-functor K : A^{op} ⊗ X → V together with two natural structure isomorphisms ∫_{yz} K(a, y) ⊗ K(b, z) ⊗ p(y, z, x) ∼=

∫_c K(c, x) ⊗ p(a, b, c) and

j(x) ∼=

∫_c K(c, x) ⊗ j(c).

A V-natural transformation σ : H ⇒ K : A^{op} ⊗ X → V is called multiplicative if it commutes with the structure isomorphisms of H and K.

As we shall see below, a V-functor K : A^{op} ⊗X → V has multiplicative kernel structure precisely when the induced cocontinuous V-functor K : [A, V] → [X , V] preserves up to natural isomorphism the tensor product and unit of the convolution monoidal structure.

A simple calculation with coends shows that the “module composite” of two multiplicative kernels is again a multiplicative kernel and, for the given V, this leads to a monoidal bicategory, in the sense of [10], with promonoidal V-categories as the objects (0-cells), multiplicative kernels K : A^{op} ⊗ X → V as the 1-cells A → X , and the multiplicative V-natural transformations σ as the 2-cells.

Here are a few routine examples: Examples (a) In the case where A is monoidal and X is comonoidal, so that p(a, b, c) = A(a ⊗ b, c) j(c) = A(I, c) and p(y, z, x) = X (y, x) ⊗ X (z, x) j(x) = I the structure isomorphisms for a multiplicative K : A^{op} ⊗ X → V reduce to isomorphisms K(a, x) ⊗ K(b, x)^{∼=}−→ K(a ⊗ b, x) I^{∼=}−→ K(I, x) by the Yoneda lemma.

(b) If A and X are both monoidal then a V-functor φ : A → X is multiplicative (i.e., φ(a) ⊗ φ(b)^{∼=}−→ φ(a ⊗ b) I^{∼=}−→ φ(I)) if and only if the module K(a, x) = X (φ(a), x) is a multiplicative kernel, again by Yoneda.

(c) For any A and X promonoidal and V-functor ψ : X → A the conditions for the module K(a, x) = A(a, ψ(x)) to be a multiplicative kernel are precisely the conditions for restriction along ψ to be a multiplicative functor: [ψ, 1] : [A, V] → [X , V] when [A, V] and [X , V] are given their upper convolution tensor products.

(d) If A = I (the identity V-category), then K : X → V is a multiplicative kernel if and only if K ∗ K ∼= K. In two trivial cases, take V = (0 ≤ 1) (cartesian closed) and A = 1. First let X = M be a module over a ring R, and define

p(x, y, z) = { 1 iff z = rx + sy for some r, s ∈ R 0 else.

Then K : M → (0 ≤ 1) is a multiplicative kernel if and only if K^{−1}(1) ⊂ M is a R-submodule. Secondly, let X = X be a convexity space with join [x, y] of points x, y ∈ X . Define

p(x, y, z) = { 1 iff z ∈ [x, y] 0 else;

then the multiplicative kernels correspond to the convex subsets of X. The promonoidal structure on X has no identity in these two examples.

(e) Association schemes [3, 18]. Given a promonoidal category (A, p, j) that has a unit object I to represent the identity j (i.e., j(a) ∼= A(I, a)) and given X of the form B^{op} ⊗ B with the usual promultiplication corresponding to B-bimodule composition “∘”, any functionally A-indexed family of functors

M_a : B^{op} ⊗ B → V

with M_I = hom B, yields the multiplicative kernel

K : A^{op} ⊗ (B^{op} ⊗ B) → V

(where K(a, x, y) = M_a(x, y)) if and only if there exists a natural “structure” isomorphism M_a ∘ M_b ∼=

∫_c p(a, b, c) ⊗ M_c.

Again this follows directly from the Yoneda lemma applied to the multiplicative kernel criteria for this particular example. By also defining an antipode T : B^{op} → B on B, one can incorporate the notion of transpose matrix into this setting by defining M^T_a (x, y) = M_a(T y, T x).

Finally, in the case of an association scheme, one has that (for V = Set) the category B^{op} ⊗ B corresponds to the cartesian product X × X of a set X with itself, while A is the discrete category with objects the members of the given partition of X × X, the cardinals of the respective promultiplication values p(a, b, c) being the structure constants of the association scheme, and j being represented by the identity relation on X. Here (A, p, j) has p(a, b, c) ∼= p(b^∗, a^∗, c^∗) under the antipode Sa = a^∗ (the reverse relation on a), while T is just the identity function on X.

3. Transforms and analytic functors

Given K : A^{op} ⊗ X → V as before, define the (K-)transform K(f) : X → V of f : A → V as the (left) Kan extension [13]

K(f)(x) =

∫_a

K(a, x) ⊗ f(a),

and similarly the dual transform of h in [A^{op}, V] is defined as the (right) Kan extension

K^∨(h)(x) = ∫ a [K(a, x), h(a)]

— especially used here when V is ∗-autonomous, in which case we have

K^∨(h) = ∫ a (K(a, x) ⊗ h(a)^∗)^∗

∼= (

∫_a K(a, x) ⊗ h(a)^∗)^∗ = K(h^∗)^∗.

Then multiplicative functors (that is, functors between monoidal categories that preserve tensor product up to natural isomorphism without coherence conditions) of the forms K and K^∨, are generated by their corresponding multiplicative kernels K as in: 3.1. Theorem. If K is multiplicative, then

(i) K preserves upper convolution, and (ii) K^∨ preserves lower convolution.

Proof. (i) K(f ∗ g) = K(

∫_{ab}

f(a) ⊗ g(b) ⊗ p(a, b, −)) = ∫_c

K(c, −) ⊗

∫_{ab} f(a) ⊗ g(b) ⊗ p(a, b, c) ∼= ∫_{ab} ∫_{yz}

K(a, y) ⊗ K(b, z) ⊗ p(y, z, −) ⊗ f(a) ⊗ g(b) ∼= ∫_{ab} ∫_{yz}

K(a, y) ⊗ f(a) ⊗ K(b, z) ⊗ g(b) ⊗ p(y, z, −) = ∫_{yz} ( ∫_a

K(a, y) ⊗ f(a)) ⊗ (

∫_b K(b, z) ⊗ g(b)) ⊗ p(y, z, −) = K(f) ∗ K(g).

(ii) For functors h = f^∗ and k = g^∗ in [A^{op}, V], we have

K^∨(h ∗ k) ∼= K((h ∗ k)^∗)^∗ ∼= K(f ∗ g)^∗ since h ∗ k = f^∗ ∗ g^∗ ∼= (f ∗ g)^∗, ∼= (K(f) ∗ K(g))^∗ since K preserves ∗ by (i), ∼= K(f)^∗ ∗ K(g)^∗ ∼= K(h^∗)^∗ ∗ K(k^∗)^∗ = K^∨(h) ∗ K^∨(k).

Each V-functor K : A^{op} ⊗ X → V yields the standard Kan adjunction

(ϵ, η) : K ⊣ K : [X , V] → [A, V],

where K(f)(a) = ∫ x [K(a, x), f(x)].

In the case where K is a multiplicative kernel we call K an “analytic” or “Fourier” transformation if and only if η is an equaliser (i.e., a regular monomorphism) in [A, V]. Note Some of the examples in Section 4 have K fully faithful which means η is an isomorphism, i.e., [f, g] ∼= [K(f), K(g)].

Then, if V is ∗-autonomous, there results a dual isomorphism involving ⟨f, g⟩ =

∫_a f(a)^∗ ⊗ g(a), namely ⟨f, g⟩ ∼= ⟨K(f), K(g)⟩.

This follows from

⟨f, g⟩^∗ = (

∫_a f(a)^∗ ⊗ g(a))^∗ = ∫ a (g(a) ⊗ f(a)^∗)^∗ = ∫ a [g(a), f(a)] = ∫ x [K(g)(x), K(f)(x)] since K is fully faithful, = ∫ x (K(g)(x) ⊗ K(f)(x)^∗)^∗ = ( ∫_x K(f)(x)^∗ ⊗ K(g)(x))^∗ = ⟨K(f), K(g)⟩^∗ which is a kind of Parseval relation.

Returning to the case where η is merely a regular monomorphism, we have that

f_η � KK(f)^{ηKK} �_{KKη} � KKKK(f)

is an equaliser diagram in [A, V] (see [2] and [14] for example).

For each such kernel K one can construct a “Joyal-Wiener” category, here denoted Joy(K), as follows. A map α : K(f) ⇒ K(g) in [X , V] is called regular when KK(α)K(η) = K(η)α;

then using the equalizer hypothesis on η, each such regular α equals K(β) for a unique β : f ⇒ g in [A, V]. With this in mind, the V-category Joy(K) is defined to be that subcategory of the Kleisli category [A, V]_T for the monad T = (KK, KϵK, η), with the same objects as [A, V]_T ⊂ [X , V] but with the equaliser equations

Joy(K)(f, g) � [X , V](K(f), K(g)) �

(1,K(η) � � � � [X , V](KKK(f), KKK(g)]

(Kη,1) � [X , V](K(f), KKK(g))

in V defining its respective (V-enriched) homs.

As a result, we obtain the usual Kleisli factorisation

[A, V]_T � � � [X , V]

[A, V]

K_T � � K � � � ,

where K_T is conservative, and Joy(K) is a V-category with an equivalence

[A, V]^≃−→ Joy(K)

and a conservative embedding into [X , V].

To relate this to the work of Joyal [12], we now consider the special case where A is promonoidal and X = k_∗V_0 (comonoidal). Denote a fixed kernel E by

X(a) = E(a, X)

and think of the coend F (X) =

∫_a

f(a) ⊗ X(a)

as being an “E-analytic” functor of X ∈ k_∗V_0 with “coefficients” f in [A, V] and values in V. Thus we obtain obvious types of extensions of A. Joyal’s original notion of analytic functor [12]. That is, if we take A to be the free V-category on the groupoid {finite sets and bijections} and let E(a, X) =

⨂_a X, then an E-analytic functor F : k_∗V_0 → V takes the form

F (X) =

∫_a f(a) ⊗ X(a) (X(a) = E(a, X)) ∼= ∑ a f(a) ⊗_{Aut(a)} (

⨂_a X). Note that, for V = Set and V = Vect_k, the units η_f of the adjunction E ⊣ E are equalisers in [A, V] because the diagram

f(b)^{ηf,b} � ∫ X [E(b, X),

∫_a

E(a, X) ⊗ f(a)] t � ∫_a A(a, b) ⊗ f(a) Y �

∫_a m⊗1 � ∫_a E(a, b) ⊗ f(a) commutes, where t is the composite map ∫ x [E(b, x),

∫_a E(a, x) ⊗ f(a)]^{proj}−−→ [E(b, b),

∫_a E(a, b) ⊗ f(a)]

[id,1]

−−→ [I,

∫_a E(a, b) ⊗ f(a)] ∼=

∫_a E(a, b) ⊗ f(a), and ∫_a

m ⊗ 1 is a monomorphism in V since

m : A(a, b) → E(a, b)

is a cartesian natural monomorphism (A being a groupoid). Hence

[A, V]^≃−→ Joy(E)

so that, for V = Set, Joy(E) is equivalent to the category of all Joyal-analytic functors on Set and weakly cartesian maps between them, as one might expect.

Finally, even in the case of general V, one can define the convolution product of two E-analytic functors

F (X) =

∫_a

f(a) ⊗ X(a) and G(X) =

∫_a g(a) ⊗ X(a) by F ∗ G(X) =

∫_{ab} f(a) ⊗ g(b) ⊗

∫_c

p(a, b, c) ⊗ X(c) ∼= ∫_c ( ∫_{ab}

f(a) ⊗ g(b) ⊗ p(a, b, c)) ⊗ X(c).

Also, the Hadamard product [5] can be defined as

F × G(X) =

∫_a

(f(a) ⊗ g(a)) ⊗ X(a)

if A has a comonoidal structure as well as its initial promonoidal structure. In fact, if K : A^{op} ⊗ A → V is multiplicative with respect to these two structures, then the K-transform of F , defined by

K(F )(X) =

∫_b ( ∫_a

f(a) ⊗ K(a, b)) ⊗ X(b),

has the property K(F ∗ G)(X) ∼= (K(F ) × K(G))(X).

4. Examples where K is fully faithful

In this section we provide explicit inverses to various examples of V-functors of the form K : [A, V] → [X , V].

In these examples, X may be a large V-category so that the functor category [X , V] does not exist in the V-universe; however the underlying “category” [X , V]_0 makes some sense.

The method is to firstly find a left inverse Γ to K, then show that Γ_0 is faithful when restricted to the full image of K_0 in [X , V]_0. For convenience, we shall here suppose that the unit I ∈ V_0 generates V_0, so that Γ is then V-faithful on the full image of K; by virtue of this monomorphism, the full image of K is usually a genuine V-category. Thus, since

[f, g] ∼= � � � � K � [K(f), K(g)] Γ � [ΓK(f), ΓK(g)] commutes, one has that Γ is an isomorphism, hence that K is fully faithful. In other words [A, V]^≃−→ Joy(K) where Joy(K) ⊂ [X , V] is a full embedding, not merely a conservative one.

In this part we shall suppose that V is a complete and cocomplete symmetric monoidal closed category. Of course the upper transformation K has a corresponding lower K^∨ if V happens to be ∗-autonomous also, in which case K^∨(h) ∼= K(h^∗)^∗ so that ΓK ∼= 1 if and only if Γ^∨K^∨(h) = Γ(K^∨(h)^∗)^∗ ∼= h for all h in [A^{op}, V].

Example 1 One of the simplest examples of a Fourier transform is that obtained from a Hopf algebroid in the sense of [10]. First A is given the promonoidal structure p(a, b, c) = A(a, Sb) ⊗ A(b, c) and j(a) = I, where S denotes the antipode of the algebroid, so that convolution on [A, V] becomes

f ∗ g(c) =

∫_{a,b}

f(a) ⊗ g(b) ⊗ p(a, b, c) ∼= ∫_b ∫_a f(a) ⊗ A(a, Sb) ⊗ g(b) ⊗ A(b, c) ∼= ∫_b

f(Sb) ⊗ g(b) ⊗ A(b, c) on applying the Yoneda lemma.

Secondly, let X be A also; then the pointwise tensor on [X , V] is the usual f ⊗ g(c) = f(c) ⊗ g(c).

If K : A^{op} ⊗ X → V is taken to be the hom functor of A, we then get an isomorphism K : [A, V] ∼= [X , V] with K(f ∗ g) ∼= f ⊗ g because, for such a Hopf algebroid, the so-called “fusion” natural isomorphism A(a, Sb) ⊗ A(b, c)^{∼=}−→ A(a, c) ⊗ A(b, c) is always available. In the particular case where A is the single Hopf algebra H, the Fourier isomorphism is the composite H ⊗ H 1⊗δ � ∼= � H ⊗ H

H ⊗ H ⊗ H_{1⊗S⊗1}� H ⊗ H ⊗ H μ⊗1 �

with inverse the fusion map (μ ⊗ 1)(1 ⊗ δ); see [4, §2.3].

Example 2 Given any (small) promonoidal V-category (A, p, j), let A be A itself, K = p : A^{op} ⊗ A^{op} ⊗ A → V and X = A^{op} ⊗ A, promonoidal via bimodule composition in [A^{op} ⊗ A, V]. Then K : [A, V] → [A^{op} ⊗ A, V] is given by K(f) =

∫_a

f(a) ⊗ p(a, −, −).

and is always conservative.

Since f ∗ g =

∫_{xy} f(x) ⊗ g(y) ⊗ p(x, y, −), we obtain K(f ∗ g)(u, v) =

∫_{xyz}

f(x) ⊗ g(y) ⊗ p(x, y, z) ⊗ p(z, u, v) ∼= ∫_z ∫_x

f(x) ⊗ p(x, z, v) ⊗

∫_y g(y) ⊗ p(y, u, z) = ∫_z

K(f)(z, v) ⊗ K(g)(u, z) = (K(f) ∘ K(g))(u, v), so K is multiplicative. A tentative Γ for this K is given by

Γ(F )(b) =

∫_a F (a, b) ⊗ j(a)

since ΓK(f)(b) =

∫_a

K(f)(a, b) ⊗ j(a) = ∫_a ∫_x

f(x) ⊗ p(x, a, b) ⊗ j(a) ∼= ∫_x

f(x) ⊗ A(x, b) since p ∗ j = A(−, −) ∼= f(b) by Yoneda.

4.1. Proposition. If V = Vect_k and j(d) is finite dimensional for all d, then F ≃ [j, Γ(F )] if j : A → V is fully faithful.

Proof. We require F → [j, F ∗ j] to be an isomorphism for all F in [A^{op} ⊗ A, V]. But [j, F ∗ j](d, c) = [j(d), F ∗ j(c)] = [j(d),

∫_x

F (x, c) ⊗ j(x)] ∼= ∫_x F (x, c) ⊗ [j(d), j(x)] and F (d, c) ∼=

∫_x F (x, c) ⊗ A(d, x) (Yoneda) ≃ ∫_x F (x, c) ⊗ [j(d), j(x)]

if j is V-fully faithful, in which case K is fully faithful. Example 3 Let (A, p, j) be a small promonoidal V-category. A functor φ : A^{op} → V is called multiplicative if there are natural isomorphisms ∫_c

φ(c) ⊗ p(a, b, c) ∼= φ(a) ⊗ φ(b) ∫_c

φ(c) ⊗ j(c) ∼= I

(in the sense of [9]). A natural transformation between two such functors is called multiplicative if it commutes with these isomorphisms.

The (naturally) comonoidal V-category

X = M(A^{op}, V)

is defined to be the free V-category in the ordinary category of all multiplicative functors from A^{op} to V, and multiplicative natural transformations between them. The kernel

K : A^{op} ⊗ M(A^{op}, V) → V

is given by evaluation K(a, φ) = φ(a) so that

K(f)(φ) =

∫_a f(a) ⊗ φ(a).

4.2. Remark. In fact, it is quite rare for each representable functor on A^{op} to be multiplicative in any sense. Rather, if we don’t assume this and suppose that the canonical fork

∫_c φ(a) ⊗ φ^∗(c) ⊗ φ(c) ⊗ φ^∗(b)

e⊗1 � 1⊗e � φ(a) ⊗ φ^∗(b)^e � A(a, b)

(where φ^∗ = ∫ x [φ(x), A(x, −)] is the conjugate of φ and e is the evident evaluation map) is always a coequalizer in V for at least one φ in M(A^{op}, V), then K is conservative and we can proceed from there (see §5).

If each representable functor A(−, a) is multiplicative, we can define a functor

Γ : [M(A^{op}, V), V] → [A, V] by Γ(F )(d) = F (A(−, d)), so that ΓK ∼= 1 by the Yoneda lemma. But this Γ is faithful on the full subcategory of [M(A^{op}, V), V] consisting of those functors F which preserve the Yoneda colimit

φ ∼=

∫_a

φ(a) ⊗ A(−, a).

Moreover, each K(f) is clearly an F with this property, so that K is a full embedding.

By using the assumption that each φ is multiplicative the kernel K can be seen to be multiplicative.

Example 4 Let C be a monoidal V-category and let A ⊂ C be a small Cauchy dense promonoidal V-subcategory. Let X = C ⊗ V with the product monoidal structure from C and V, and let K : A^{op} ⊗ (C ⊗ V) → V be given by K(a, c, x) = C(a, c) ⊗ x.

Then K(f)(c, x) =

∫_a

f(a) ⊗ C(a, c) ⊗ x and Γ(F )(a) = F (a, I)

since

ΓK(f)(b) = K(f)(b, I) = ∫_a f(a) ⊗ C(a, b) ⊗ I ∼= ∫_a f(a) ⊗ A(a, b) ∼= f(b).

Further application of the Yoneda lemma, and the calculus of coends, shows that K is multiplicative because ∫_a

K(a, z, x) ⊗ p(b, c, a) ∼=

∫_a

(C(a, z) ⊗ x) ⊗ C(b ⊗ c, a) since p(b, c, a) = C(b ⊗ c, a) on A, ∼= C(b ⊗ c, z) ⊗ x since A ⊂ C is Cauchy dense, ∼= ∫_z′_{,z}′′_{,x}′_{,x}′′

(C(b, z^′) ⊗ x^′) ⊗ (C(c, z^{′′}) ⊗ x^{′′}) ⊗ (C(z^′ ⊗ z^{′′}, z) ⊗ [x^′ ⊗ x^{′′}, x], = ∫_z′_{,z}′′_{,x}′_{,x}′′

K(b, z^′, x^′) ⊗ K(c, z^{′′}, x^{′′}) ⊗ p((z^′, x^′), (z^{′′}, x^{′′}), (z, x))

as required. Moreover, K lands in the full subcategory of [C ⊗ V, V] consisting of those F for which the canonical map x ⊗ F (a, I)^{∼=}−→ F (a, x) is an isomorphism, on which Γ is clearly faithful, so that K is fully faithful. Example 5 Suppose A is a locally finite small monoidal V-category with a given natural isomorphism A(a, b) ∼= A(b, a)^∗.

Let X = [A, V_f ]^{op} (monoidal under convolution) and define

K : A^{op} ⊗ [A, V_f ]^{op} → V by K(a, g) = g(a)^∗. Then

K(f)(g) =

∫_a

f(a) ⊗ g(a)^∗ = ⟨g, f⟩

where K : [A, V] → [[A, V_f ]^{op} , V] so that Γ(F )(a) = F (A(a, −)) gives

ΓK(f)(b) =

∫_a

f(a) ⊗ A(b, a)^∗ ∼= ∫_a

f(a) ⊗ A(a, b) ∼= f(b).

To show that K is multiplicative, we first prove:

4.3. Lemma. g(a)^∗ ∼= [A, V](A(a, −), g)^∗ ∼= [A, V](g, A(a, −)) for all g in [A, V]. Proof. ∫ b [g(b), A(a, b)] = ∫ b (g(b) ⊗ A(a, b)^∗)^∗

∼= (

∫_b

g(b) ⊗ A(b, a))^∗ ∼= g(a)^∗ by Yoneda.

4.4. Proposition. K is multiplicative. Proof. We require a natural isomorphism

∫_{g,h} K(a, g) ⊗ K(b, h) ⊗ [A, V](k, g ∗ h) ∼=

∫_c K(c, k) ⊗ p(a, b, c).

By the lemma, the left side is isomorphic to ∫_{g,h} [A, V](g,A(a, −)) ⊗ [A, V](h, A(b, −)) ⊗ [A, V](k, g ∗ h) ∼= [A, V](k, A(a, −) ∗ A(b, −)) by Yoneda, ∼= [A, V](A(a ⊗ b, −), k)^∗ by the Lemma, ∼= k(a ⊗ b)^∗ ∼= ∫_c

K(c, k) ⊗ p(a, b, c),

as required.

Also Γ is faithful on the full image of K since

K(f)(g)^∗ ∼= ∫ a [f(a), g(a)] ∼= ∫ a [K(f)(A(a, −)), g(a)].

so that K is fully faithful.

Example 6 Let V = Vect_k for a fixed field k, and let X be a finite promonoidal Vcategory. Take A = [X , Vect_f ]^{op} (which is monoidal under convolution) and let K : A^{op} ⊗ X → V be evaluation.

Then K(f)(x) =

∫_a f(a) ⊗ a(x) ∼= f(X (x, −)), and we choose Γ(F )(a) = ∫ x [a(x), F (x)].

Then ΓK(f)(b) = ∫ x [b(x),

∫_a a(x) ⊗ f(a)] ∼= ∫_a ∫ x b(x)^∗ ⊗ a(x) ⊗ f(a) since

∫_a is left exact, ∼= ∫_a

A(b, a) ⊗ f(a) ∼= f(b) by Yoneda.

Thus Γ is faithful on the full image of K since ΓK(f)(X (x, −)) ∼= f(X (x, −)) ∼= Kf(x);

moreover, K is multiplicative by Yoneda, as required.

Example 7 Let C be a small braided compact closed category, let A = C^{op} with the monoidal structure induced from C, and let X be a (finite) Cauchy dense full subcategory of A (cf. [11] and [15]).

Then X is promonoidal with respect to the structure induced by A, namely p(x, y, z) = C(z, x ⊗ y) j(z) = C(z, I);

the associative and unital axioms follow from the Cauchy density of X ⊂ A. Moreover, here the unit η of the K ⊣ K adjunction, where K(a, x) = C(x, a), is an isomorphism since each component

η_f : f(a) → ∫ x [K(a, x),

∫_b K(b, x) ⊗ f(b)]

gives f(a) �

� � � � � � ∫ x [C(x, a),

∫_b

C(x, b) ⊗ f(b)] ∼= � ∫ x [C(x, a), f(x)]

by the Yoneda lemma, which becomes the isomorphism

f(a)^{∼=}−→ ∫ x [C(x, a), f(x)]

by the Cauchy density of X ⊂ A. Hence K is fully faithful.

Also, K is multiplicative because the kernel K satisfies the conditions ∫_{xy} K(a, x) ⊗ K(b, y) ⊗ p(x, y, z) =

∫_{xy} C(x, a) ⊗ C(y, b) ⊗ C(z, x ⊗ y) ∼= C(z, a ⊗ b) by Cauchy density of X ⊂ A,

while ∫_c K(c, z) ⊗ C(c, a ⊗ b) =

∫_c

C(z, c) ⊗ C(c, a ⊗ b) ∼= C(z, a ⊗ b)

by the Yoneda lemma applied to c ∈ C, and

j(x) ∼=

∫_c C(x, c) ⊗ j(c) =

∫_c

K(c, x) ⊗ j(c)

for the same reason.

5. When K is conservative

Sometimes K is only conservative; i.e., the unit of the K ⊣ K adjunction is merely an equaliser, not an isomorphism. Then, as pointed out earlier, we obtain an equivalence [A, V] ≃ Joy(K) with a conservative multiplicative embedding of Joy(K) into [X , V]. Examples are available if we suppose that the composite of two equalisers is an equaliser in V and that, for the given functor K, the maps

1. coevaluation f(a) → ∫ x [K(a, x), K(a, x) ⊗ f(a)] and 2. coprojection K(a, x) ⊗ f(a) →

∫_b

K(b, x) ⊗ f(b)

are both equalisers in V for all f in [A, V].

The conservatism of K then follows from consideration of the diagram f(a)^{coev} �

η_f � � � � ∫ x[K(a, x), K(a, x) ⊗ f(a)]

[1,coprojn] � ∫ x[K(a, x),

∫_b

K(b, x) ⊗ f(b)] which can be seen to commute by applying the Yoneda lemma to the variable f ∈ [A, V]. Example 8 Note that all the coprojections

K(a, x) ⊗ f(a) →

∫_b K(b, x) ⊗ f(b)

are coretractions (hence equalisers) when A is separable in the sense that there exists a natural transformation A(a, b)^δ � A(a, c) ⊗ A(c, b) for which the composites A(a, a)^δ � A(a, a) ⊗ A(a, a)^μ � A(a, a) are isomorphisms for all a ∈ A, where μ denotes the composition in A. The verification of this is straightforward on observing that the separability of A implies the existence of a canonical comparison map ∫_b

K(b, x) ⊗ f(b)^{δ̂} � ∫ b K(b, x) ⊗ f(b).

Example 9 Let C be a cocomplete monoidal category for which each functor of the form − ⊗ C : C → C preserves colimits, and suppose that there exists a full embedding N : A^{op} ⊂ C where {Nx; x ∈ A} is a small dense set of projectives in C. Suppose also that I = NI for some I ∈ A.

Define the functor U : C → [A^{op} ⊗ A, V] by U(C)(x, y) = C(Ny, Nx ⊗ C).

If [A^{op} ⊗ A, V] is given the monoidal structure of bimodule composition, then U becomes a conservative multiplicative functor and there is also an induced monoidal equivalence N : C ≃ [A, V] given by N(C)(x) = C(Nx, C), where A has the promonoidal structure for which p : A^{op} ⊗ A^{op} ⊗ A → V corresponds to UN : A^{op} → [A^{op} ⊗ A, V] and j = A(I, −) : A → V, and where [A, V] has the resulting convolution monoidal structure. Example 10 (V = commutative monoids in Set; see [17]) Let G be a finite group, let A = Span(G-Set_f ), and let X = Rep_f (G) (for a fixed field) viewed as V-categories. Define the kernel K : A^{op} ⊗ X → V by K(a, x) = X (F a, x) where F : A → X = Rep_f (G) is the extension of the canonical functor F : G-Set_f → X , defined by “summing over the fibres” (see [17, §10] for example), and define the functor U : X → Span(G-Set) by U(x) is the large induced G-Set of the representation x : G → Vect_f in X .

Then we have a canonical natural transformation τ : X (F b, F a) → Span(G-Set)(b, UF a) in V, and a natural coretraction β : a → UF (a) in Span(G-Set). The fact that K is conservative now follows from commutativity of the diagram f(a)^{ηf} �

∼=

�

∫ x [X (F a, x),

∫_b X (F b, x) ⊗ f(b)]

∫_b X (F b, F a) ⊗ f(b) ∼= �

∫_b τ ⊗1 � ∫_b A(b, a) ⊗ f(b)_ρ �

∫_b Span(G-Set)(b, UF a) ⊗ f(b)

where ρ is the coretraction induced by β, and the isomorphisms shown in the diagram are again by the Yoneda lemma.

The main result of [9] applies to show that K is multiplicative. Example 11 In Example 2 of §4 we have that K : [A, V] → [A^{op} ⊗ A, V] is conservative if (A, p, j) is a closed category; i.e., if p(a, x, y) = A(a, [x, y]) and j(y) = A(I, y).

In fact, here η_f is a coretraction since

η_f : f(a) → ∫ xy [p(a, x, y),

∫_b p(b, x, y) ⊗ f(b)] ∼= ∫ xy [A(a, [x, y]), f([x, y])] by Yoneda,

where f(a)^{ηf} � 1 �

∫ xy [A(a, [x, y]), f([x, y])]

x=I,y=z � f(a)^{∼=} � ∫ z [A(a, z), f(z)]

commutes. Moreover, if there is a natural isomorphism [a, [b, c]] ∼= [b, [a, c]] then this K is multiplicative.

Appendix

The term “graphic” applied to coends, convolution products, transforms, etc., in the above context is intended to relate especially to base categories like V = Set and V = Vect_k, where there is a definite notion of finite graph. In such cases we call a given V-subgraph X of the V-category A a finite V-graph if ob(X ) is finite and each V-object X (x, y) of edges is finite (or finite dimensional).

Then, if the category A is the directed union of all its finite V-subgraphs X_φ (or some convenient subset of these), there results a canonical isomorphism

colim_φ

∫_x T_φ(x, x)^{∼=}−→

∫_a T (a, a),

where T_φ denotes the restriction of each V-functor

T : A^{op} ⊗ A → V

to the V-graph X^{op}_φ ⊗ X_φ, and where each finite “coend”

∫_x T_φ(x, x) over x ∈ X_φ is computed in the same way as the usual coend of a functor over any (small) category. In particular, any finite V-limit which commutes with each finite

∫_x

, also commutes with their filtered colimit

∫_a over a ∈ A.

However, we note that for many practical purposes the finite “coend”

∫_x can be replaced by the (usual) coend over the corresponding full subcategory of A determined by ob(X ).

References

[1] M. Barr, ∗-Autonomous categories (with appendix by Po Hsiang Chu), Lecture Notes in Mathematics 752 (Springer-Verlag, Berlin 1979).

[2] M. Barr and C. Wells, Toposes, Triples and Theories, Springer-Verlag, 1985. Also Reprints in Theory Appl. Categories 12 (2005).

[3] R. A. Bailey, Association schemes: Designed experiments, algebra and combinatorics, Cambridge University Press, 2004.

[4] B. Bakalov, A. D’Andrea and V. G. Kac, Theory of finite pseudoalgebras, Adv. Math.

162 (2001) pp. 1–140.

[5] F. Bergeron, G. Labelle and P. Leroux, Combinatorial species and tree-like structures, Cambridge University Press, 1998.

[6] B. J. Day, On closed categories of functors, Lecture Notes in Mathematics 137 (Springer-Verlag, Berlin 1970), pp. 1–38.

[7] B. J. Day, On closed categories of functors II, Lecture Notes in Mathematics 420 (Springer-Verlag, Berlin 1974), pp. 20–54.

[8] B. J. Day, ∗-Autonomous categories in quantum theory, arXiv: math.CT/0605037, 2006.

[9] B. J. Day and R. H. Street, Kan extensions along promonoidal functors, Theory Appl. Categories 1 (1995) pp. 72–77.

[10] B. J. Day and R. H. Street, Monoidal bicategories and Hopf algebroids, Adv. Math.

129 (1997) pp. 99–157.

[11] R. Häring-Oldenburg, Reconstruction of weak quasi-Hopf algebras, J. Alg. 194 (1997) pp. 14–35.

[12] A. Joyal, Foncteurs analytiques et espèces de structures, Lecture Notes in Mathematics 1234 (Springer-Verlag, Berlin 1986) pp. 126–159.

[13] G. M. Kelly, Basic concepts of enriched category theory, LMS Lecture Note Series 64, Cambridge University Press 1982. Also Reprints in Theory Appl. Categories 10 (2005).

[14] G. M. Kelly and A. J. Power, Adjunctions whose counits are coequalisers, and presentations of finitary enriched monads, J. Pure Appl. Algebra 89 (1993) pp 163–179.

[15] G. Moore and N. Seiberg, Classical and quantum conformal field theory, Comm.

Math. Phys. 123 (1989) pp. 177–254.

[16] H. Narayanan, Submodular functions and electrical networks, ADM, North Holland (Elsevier Science B.V.) 54 (1997).

[17] E. Panchadcharam and R. Street, Mackey functors on compact closed categories, J.

Homotopy Related Structures 2(2007) pp. 83–106.

[18] P.-H. Zieschang, An algebraic approach to association schemes, Lecture Notes in Mathematics 1628 (Springer-Verlag, Berlin 1996).

Department of Mathematics Macquarie University NSW 2109 Australia

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/25/5/25-05.{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 Aurelio Carboni, Università dell Insubria: aurelio.carboni@uninsubria.it Valeria de Paiva: valeria.depaiva@gmail.com Ezra Getzler, Northwestern University: getzler(at)northwestern(dot)edu Martin Hyland, University of Cambridge: M.Hyland@dpmms.cam.ac.uk P. T. Johnstone, University of Cambridge: ptj@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 Glasgow, Tom.Leinster@glasgow.ac.uk 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 Jiri Rosicky, Masaryk University: rosicky@math.muni.cz Brooke Shipley, University of Illinois at Chicago: bshipley@math.uic.edu 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: robert.walters@uninsubria.it R. J. Wood, Dalhousie University: rjwood@mathstat.dal.ca