Theory and Applications of Categories, Vol. 24, No. 20, 2010, pp. 564–579.

STRICTIFICATION OF CATEGORIES WEAKLY ENRICHED IN SYMMETRIC MONOIDAL CATEGORIES

BERTRAND J. GUILLOU

Abstract. We show that categories weakly enriched over symmetric monoidal categories can be strictified to categories enriched in permutative categories. This is a “many 0-cells” version of the strictification of bimonoidal categories to strict ones.

1. Introduction

Categories with additional structure play an important role in homotopy theory. The classifying space BC of a symmetric monoidal category C has a product which is associative and commutative up to all possible higher homotopies, making it an E_∞ space. Up to a group completion, BC is thus the zeroth space of a spectrum, called the K-theory spectrum of C . By Mac Lane’s coherence theorem [M], any (symmetric) monoidal category is equivalent to one in which the monoidal product is strictly associative and unital, and it is convenient to replace a symmetric monoidal C by a strict one in order to build the spectrum K(C ).

In cases of interest, such as the categories of finite sets or finitely generated projective modules over a commutative ring, the symmetric monoidal category C has a second monoidal structure, which is to be thought of as multiplicative. The resulting structure is called a bimonoidal category, and again any bimonoidal category is equivalent to a strict one [MQRT, §6.3]. Using a K-theory functor that has good multiplicative properties, as in [EM], the K-theory spectrum K(C ) of a (strict) bimonoidal category C inherits the structure of a ring spectrum. In the case that the multiplicative monoidal structure is further equipped with a symmetry, K(C ) becomes an E_∞ ring spectrum.

It is then natural to ask for structure on a (strict) symmetric monoidal D that will make K(D) a module over K(C ) for (strict) bimonoidal C ; this question has been studied in [EM], even in the more difficult case of a symmetric bimonoidal C .

There is another way to think about rings and modules, through the language of enriched categories. Recall that a (small) spectral category B has a set of objects {a, b, . . . }. For every pair of objects a and b, there is a spectrum B(a, b), and for every triple of objects a, b, c one has a composition pairing

B(b, c) ∧ B(a, b) −→ B(a, c).

We would like to thank Steve Lack, Mike Shulman, and the referee for a number of helpful comments. Received by the editors 2010-01-08 and, in revised form, 2010-12-07. Transmitted by Stephen Lack. Published on 2010-12-08.

2000 Mathematics Subject Classification: Primary 19D23; Secondary 18D05. Key words and phrases: Bimonoidal category, coherence. © Bertrand J. Guillou, 2010. Permission to copy for private use granted. 564

Finally, for every a there is a unit map

S^0 −→ B(a, a),

and the composition is associative and unital. Thus, each B(a, a) is a ring spectrum, and each B(a, b) is a B(b, b)-B(a, a)-bimodule.

One may ask what categorical structure, when fed into a nice K-theory machine, will produce a spectral category, and again an answer is provided by the work of [EM]. The input is a 2-category C, together with a strict symmetric monoidal structure on each C(c, c^′), such that the composition maps are bilinear. This is essentially a category enriched in the category of permutative categories (i.e. symmetric strict monoidal categories). Following the convention of writing V-category for “category enriched in V”, we call such a structure a PermCat-category, or PC-category for short, and the work of [EM] provides the following result:

1.1. Theorem. If C is a PC-category, then K(C) is a spectral category.

The structures one encounters in practice, however, are not typically PC-categories but rather the less strict version that we call weak SymMonCat-categories, or SMCcategories for short. Rather than a 2-category one has a weak 2-category, or bicategory, and the monoidal structure on each C(c, c^′) is not strict. As suggested in the title, one can think of this structure as a category weakly enriched in symmetric monoidal categories. More precisely, the relevant structure is that of a bicategory enriched, in the sense of [C], in the monoidal bicategory of symmetric monoidal categories (see [HP] for discussion of this monoidal bicategory structure). We do not emphasize this point of view but rather give an axiomatic definition.

As one might expect, a weak structure of the above sort can be rigidified into a strict structure, and this is our main result.

1.2. Theorem. Any SMC-category is biequivalent to a PC-category via a map of SMC-categories.

Thus the structures that arise in nature can be suitably perturbed to structures that feed naturally into a K-theory machine to produce a spectral category. We offer two proofs of Theorem 1.2. The first, more explicit, argument is given in §5 and generalizes in a straightforward way the arguments of [MQRT, VI.3.5]. The second proof, given in §7, follows the Yoneda approach to coherence ([Le],[GPS]). The final §8 discusses the strictification of §7 for bimonoidal categories.

We use the language of bicategories throughout and suggest [Le] as a quick introduction to the relevant terminology.

2. SMC-categories

In this section, we introduce the main object of study and give a number of examples.

2.1. Definition. An SMC-category is a bicategory B together with, for each pair a, b of 0-cells, a symmetric monoidal structure on the category B(a, b). These monoidal structures must be compatible in the following sense: for each triple a, b, c of 0-cells, we ask that the composition functors

∘ : B(b, c) × B(a, b) → B(a, c)

be bilinear, in the sense that the adjoints

B(b, c)^{−∘(−)}−−−→ CAT(B(a, b), B(a, c)) and B(a, b)^{(−)∘−}−−−→ CAT(B(b, c), B(a, c))

are equipped with symmetric strong monoidal structures (the functor categories inherit monoidal structures from B(a, c)). These conditions encode natural distributivity isomorphisms as well as natural isomorphisms exhibiting the monoidal unit objects as null objects for composition. Finally, the above data must satisfy the following conditions:

1. The isomorphisms (f ⊕ g) ∘ − ∼= (f ∘ −) ⊕ (g ∘ −), − ∘ (f ⊕ g) ∼= (− ∘ f) ⊕ (− ∘ g), 0 ∘ − ∼= 0, and − ∘ 0 ∼= 0 are isomorphisms of monoidal functors

2. The isomorphisms f∘(g ∘−) ∼= (f∘g)∘−, (−∘f)∘g ∼= −∘(f∘g), f∘(−∘g) ∼= (f∘−)∘g, − ∘ 1 ∼= id, and 1 ∘ − ∼= id are isomorphisms of monoidal functors.

2.2. Remark. The above definition can alternatively be given as follows: an SMCcategory is a bicategory B with symmetric monoidal structures on each B(a, b) such that

1. The adjoints to the composition functors factor through symmetric strong monoidal functors B(b, c) → SymMon(B(a, b), B(a, c)) and B(a, b) → SymMon(B(b, c), B(a, c)),

where SymMon(C, D) denotes the category of symmetric strong monoidal functors and monoidal transformations. The above specifies two monoidal structures on each of the functors f ∘ (−) and (−) ∘ f, and these are required to coincide.

2. The associativity and unit constraints for the bicategory structure are monoidal transformations, as in condition (2) of Definition 2.1.

2.3. Example. We think of the notion of a SMC-category as a categorified semiring with many 0-cells, and certainly any ordinary ring or semiring R, considered as a 2- category with a single 0-cell and only identity 2-cells, is an SMC-category.

2.4. Example. In general, SMC-categories with a single 0-cell are bimonoidal categories, though not in the sense of Laplaza ([La]). Laplaza takes the multiplicative monoidal structure to be symmetric, so we shall refer to Laplaza’s bimonoidal categories as symmetric bimonoidal categories, and our bimonoidal categories do not in general give examples of symmetric bimonoidal categories. On the other hand, Laplaza does not take his distributivity maps to be isomorphisms, so Laplaza’s symmetric bimonoidal categories do not generally give bimonoidal categories in our sense.

Symmetric bimonoidal categories as redefined in [MQRT, §6.3] do give bimonoidal categories in our sense.

2.5. Example. Recall that in any category C a “span” E from an object X to an object Y is an object with a pair of maps E u � � �_v � � � � X Y.

If C has pullbacks, a span E from X to Y can be “composed” with a span F from Y to Z by forming the pullback E ×_Y F to produce a span from X to Z. This forms a bicategory B = Span(C ) of spans in C . Suppose that C has finite coproducts and that pullbacks in C preserve coproducts, as is the case in the category of sets or G-sets. Then Span(C ) is an example of an SMC-category. The additional monoidal structure comes from coproducts.

2.6. Example. Let Mod denote the bicategory whose 0-cells are rings, whose 1-cells are bimodules, and whose 2-cells are bimodule maps. The horizontal composition is given by tensor products. Since tensor products preserve sums, this is an example of an SMCcategory.

2.7. Example. Let SymMon denote the 2-category of symmetric monoidal categories, symmetric strong monoidal functors, and monoidal transformations. For symmetric monoidal categories C and D, the functor category SymMon(C , D) inherits a monoidal structure from D: the sum of strong monoidal functors F, G : C → D is defined on c ∈ C by (F ⊕ G)(c) = F (c) ⊕ G(c), and the unit object is the constant functor at the unit of D. Note that F ⊕ G is a symmetric strong monoidal functor: for instance, the structure morphism is given by (F ⊕ G)(c_1) ⊕ (F ⊕ G)(c_2) = ( F (c_1) ⊕ G(c_1) ) ⊕ ( F (c_2) ⊕ G(c_2) ) (assoc.) ∼= F (c_1) ⊕ ( ( G(c_1) ⊕ F (c_2) ) ⊕ G(c_2) )

(comm.) ∼= F (c_1) ⊕ ( ( F (c_2) ⊕ G(c_1) ) ⊕ G(c_2) )

(assoc.) ∼= ( F (c_1) ⊕ F (c_2) ) ⊕ ( G(c_1) ⊕ G(c_2) ) (F, G strong monoidal) ∼= F (c_1 ⊕ c_2) ⊕ G(c_1 ⊕ c_2) = (F ⊕ G)(c_1 ⊕ c_2).

This structure makes SymMon into an SMC-category.

2.8. Example. Let Perm denote the full sub-2-category of SymMon consisting of permutative categories, symmetric strong monoidal functors, and monoidal transformations. This is again an SMC-category. Note that for each pair P_1, P_2 of permutative categories, the category Perm(P_1, P_2) is permutative.

2.9. Example. Let Perm_u denote the locally full sub-2-category of Perm consisting of permutative categories, symmetric strong monoidal functors that are strictly unital, and monoidal transformations. This is again an SMC-category. The essential point is that if F, G : P_1 → P_2 are strictly unital, symmetric strong monoidal functors, then so is F ⊕ G:

(F ⊕ G)(u_1) = F (u_1) ⊕ G(u_1) = u_2 ⊕ u_2 = u_2 since P_2 is permutative.

2.10. Remark. One can also consider the sub-2-category Perm_{strict} ⊂ Perm consisting of permutative categories, symmetric strict monoidal functors, and monoidal transformations. This 2-category, however, does not give an example of an SMC-category since there is no canonical monoidal structure on the categories Perm_{strict}(P_1, P_2): the sum of symmetric strict monoidal functors is only symmetric strong monoidal in general, as in order to identify

(F ⊕ G)(x) ⊕ (F ⊕ G)(y) = F (x) ⊕ G(x) ⊕ F (y) ⊕ G(y)

with

(F ⊕ G)(x ⊕ y) = F (x ⊕ y) ⊕ G(x ⊕ y) = F (x) ⊕ F (y) ⊕ G(x) ⊕ G(y) one must use a commutativity isomorphism.

We close this section with a construction that will be needed in §7. Recall that if B is a bicategory, there is an opposite bicategory B^{op} in which the composition of 1-cells is reversed. The 0-cells of B^{op} are those of B, and

B^{op}(a, b) = B(b, a).

Composition is defined using the isomorphism of categories

B(c, b) × B(b, a) ∼= B(b, a) × B(c, b).

2.11. Proposition. If B has the structure of an SMC-category, the bicategory B^{op} inherits the structure of SMC-category.

3. PC-categories

Here we introduce the strict versions of SMC-categories and give a few examples.

3.1. Definition. A PC-category is a 2-category C together with, for each pair c, d of 0-cells, a structure of permutative category on C(c, d). The functors

C(b, c)^{−∘(−)}−−−→ CAT(C(a, b), C(a, c)) and C(a, b)^{(−)∘−}−−−→ CAT(C(b, c), C(a, c))

are functors between permutative categories, and we require a symmetric strict monoidal structure on the functor − ∘ (−) and a symmetric strong monoidal, but strictly unital, structure on the functor (−) ∘ −. The coherence conditions (1) and (2) of Definition 2.1 are again required to hold.

Since many of the structure maps are now identities, a number of the coherence conditions hold automatically. Letting δ : f ∘ (g ⊕ h) ∼= f ∘ g ⊕ f ∘ h be the left distributivity isomorphism, the conditions that are not automatic are as follows:

(i) For any f_1, f_2, g_1, and g_2, the following diagram commutes

(f_1 ⊕ f_2) ∘ (g_1 ⊕ g_2) δ � (f_1 ∘ (g_1 ⊕ g_2)) ⊕ (f_2 ∘ (g_1 ⊕ g_2)) δ⊕δ � ( (f_1 ⊕ f_2) ∘ g_1 ) ⊕ ( (f_1 ⊕ f_2) ∘ g_2 ) � � � � � � � � (f_1 ∘ g_1) ⊕ (f_1 ∘ g_2) ⊕ (f_2 ∘ g_1) ⊕ (f_2 ∘ g_2)

1⊕γ⊕1 � � � � (f_1 ∘ g_1) ⊕ (f_2 ∘ g_1) ⊕ (f_1 ∘ g_2) ⊕ (f_2 ∘ g_2)

(ii) For any f and g, the isomorphism δ : 0 ∘ (f ⊕ g) ∼= 0 ∘ f ⊕ 0 ∘ g is the identity map of 0

(iii) For any f, g, h_1, and h_2, the following diagram commutes

f ∘ g ∘ (h_1 ⊕ h_2)^δ �

1·δ � � � � f ∘ g ∘ h_1 ⊕ f ∘ g ∘ h_2

f ∘ (g ∘ h_1 ⊕ g ∘ h_2) δ � � � �

(iv) For any f, g_1, g_2, and h, the following diagram commutes

f ∘ (g_1 ⊕ g_2) ∘ h δ·1 � f ∘ (g_1 ∘ h ⊕ g_2 ∘ h) δ � (f ∘ g_1 ⊕ f ∘ g_2) ∘ h f ∘ g_1 ∘ h ⊕ f ∘ g_2 ∘ h

(v) For any f and g, the isomorphism δ : 1 ∘ (f ⊕ g) ∼= 1 ∘ f ⊕ 1 ∘ g is the identity map of f ⊕ g.

As in the theory of bipermutative categories, the diagram in condition (i) above shows that it is unreasonable to take both distributivity conditions to hold strictly unless commutativity also holds strictly.

3.2. Example. Any ring R, considered as a 2-category as in Example 2.3, gives an example of a PC-category. Indeed, the only 2-cells are identity maps, and so all conditions are trivially satisfied.

3.3. Example. Bipermutative categories, as specified originally in [MQRT], are examples of single 0-cell PC-categories, although the multiplicative structure is assumed to be commutative. The version of bipermutative categories specified in [EM, Definition 3.6] do not give single 0-cell PC-categories as those authors do not require the distributivity maps to be isomorphisms. The ring categories of [EM, Definition 3.3] are closer to single 0-cell PC-categories, although again the authors do not take the distributivity maps to be isomorphisms. Single 0-cell PC-categories thus give examples of ring categories, but not conversely.

3.4. Example. The 2-category Perm_u of Example 2.9 is a PC-category. For any

functors P_1^F � P_2^G �_H � P_3 , we have

((H ⊕ G) ∘ F )(x) = HF (x) ⊕ GF (x) = (HF ⊕ HG)(x) and (u_3 ∘ F )(x) = u_3,

so − ∘ (−) is strict symmetric monoidal. On the other hand, given P_1^F �_G � P_2^H � P_3

with H strong monoidal and strictly unital, we have

(H ∘ (F ⊕ G))(x) = H(F (x) ⊕ G(x)) ∼= HF (x) ⊕ HG(x) = (HF ⊕ HG)(x) and (H ∘ u_2)(x) = H(u_2) = u_3, so (−) ∘ − is strictly unital and strong monoidal. The coherence conditions are easily verified. Although the choice of which distributivity law to make strict is arbitrary, this example provides a good reason for the choice taken here (and in [MQRT]).

4. The bicategory of SMC-functors

In order to give the approach to coherence via the Yoneda embedding in §7, we must first describe morphisms of SMC-categories.

4.1. Definition. Let B and C be SMC-categories. An SMC-functor F : B → C is a homomorphism of bicategories such that each functor F : B(a, b) → C(F (a), F (b)) is strong symmetric monoidal. Moreover, the natural transformations

B(b, c)^{−∘(−)} � F � CAT(B(a, b), B(a, c))^{F ∘} � ⇓ CAT(B(a, b), C(F a, F c))

C(F b, F c)_{−∘(−)} � CAT(C(F a, F b), C(F a, F c)) ∘F �

and B(a, b)^{(−)∘−} � F � CAT(B(b, c), B(a, c))^{F ∘} � ⇓ CAT(B(b, c), C(F a, F c))

C(F a, F b)_{−∘(−)} � CAT(C(F b, F c), C(F a, F c)) ∘F �

are required to be monoidal transformations.

4.2. Definition. Given SMC-categories B and C and SMC-functors F, G : B → C, a (strong) monoidal transformation η : F ⇒ G is a (strong) transformation in the sense of bicategories such that for each a, b ∈ B, the natural transformation C(Ga, Gb)_{∘ηa} � � ⇓η B(a, b) G � �

F � � C(F a, Gb)

C(F a, F b)^{ηb∘} � � is a monoidal transformation in the usual sense.

4.3. Example. Let R and S be rings, considered as SMC-categories as in Example 2.3. Then SMC-functors F : R → S correspond to ring homomorphisms. Given two such F and G, a monoidal transformation η : F ⇒ G is given by an element s ∈ S such that sF (r) = G(r)s for all r ∈ R. In particular, monoidal transformations F ⇒ F correspond to centralizers of F (R) in S.

4.4. Definition. Given SMC-categories B and C, SMC-functors F, G : B → C, and monoidal transformations η, σ : F ⇒ G, a modification M : η ⇛ σ is simply a modification in the sense of bicategories.

4.5. Definition. Given SMC-categories B and C, denote by SMC-Cat(B, C) the bicategory of SMC-functors, strong monoidal transformations, and modifications.

For any SMC-categories B and C, there is a canonical functor of bicategories

SMC-Cat(B, C) −→ Bicat(B, C), which is locally full and faithful.

4.6. Definition. Let B and C be SMC-categories. A biequivalence from B to C consists of a pair of SMC-functors F : B ⇄ C : G together with an equivalence F G ≃ 1_C in SMC-Cat(C, C) and an equivalence 1_B ≃ GF in SMC-Cat(B, B).

As one might expect, there is the following alternative characterization of biequivalences.

4.7. Proposition. An SMC-functor F : B → C of SMC-categories is a biequivalence if and only if it is a local equivalence and is surjective-up-to-equivalence on 0-cells, meaning that every 0-cell in C is equivalent to some 0-cell F (b).

5. Coherence for SMC-categories, version I

The first proof of Theorem 1.2 we offer is a many-0-cell version of the argument in Proposition VI.3.5 of [MQRT], dropping multiplicative commutativity.

Proof of Theorem 1.2, version I. Let B be an SMC-category. The first step is to rigidify the multiplicative structure, using the standard rigidification of bicategories to 2-categories ([MP]). Define a 2-category B^′ to have the same 0-cells as those of B. The 1-cells in B^′(a, b) are defined to be formal strings

f_n · f_{n−1} · · · · · f_1

of composable 1-cells in B(a, b) such that the source of f_1 is a and the target of f_n is b. In the case that a = b, we allow empty strings as well, denoted 1_a, to serve as strict units for horizontal composition. There is a surjective function π from the 1-cells of B^′(a, b) to those of B(a, b) defined by

π(f_n · f_{n−1} · · · · · f_1) = f_n ∘ (f_{n−1} ∘ (f_{n−2} ∘ (· · · ∘ (f_2 ∘ f_1) . . . ))), π(1_a) = 1_a.

One then defines the 2-cells in B^′ so that this function extends to an equivalence

π : B^′(a, b)^∼−→ B(a, b).

Concatenation of strings makes B^′ into a 2-category, and π : B^′ → B is a biequivalence. Note that there is also a canonical functor of bicategories η : B → B^′ which is the identity on 0-cells and sends a 1-cell of B to the singleton string in B^′. Then πη = 1_B and ηπ ≃ 1_B′ , so that η is a quasi-inverse to π.

Each category B^′(a, b) inherits a symmetric monoidal structure from that in B(a, b). Given a pair f, g ∈ B^′(a, b) of 1-cells, we simply define f ⊕ g := π(f) ⊕ π(g), considered as a singleton string. Moreover, B^′ becomes an SMC-category, and η is a biequivalence of SMC-categories.

We can now perform Mac Lane’s rigidification construction to each monoidal category B^′(a, b). Call the resulting permutative category B(a, b). A typical object of B(a, b) is a (possibly empty) formal sum

f_{1n1} · · · f_{11} + f_{2n2} · · · f_{21} + · · · + f_{knk} · · · f_{k1}.

Again, there is a surjective function π from the 1-cells of B(a, b) to the 1-cells of B^′(a, b) defined by

π (g_1 + g_2 + · · · + g_n) = g_1 ⊕ (g_2 ⊕ · · · ⊕ (g_{n−1} ⊕ g_n) . . . ), π (_a∅_b) =_au_b

for g_i ∈ B^′(a, b), and this is used to define the 2-cells of B(a, b). The function π then extends to a strong symmetric monoidal functor π : B(a, b) → B^′(a, b).

We claim that B is a PC-category (the 0-cells are the same as those of B and B^′). By construction, each B(a, b) is a permutative category. The composition functor

∘ : B(b, c) × B(a, b) → B(a, c)

is defined on 1-cells by

(f_{1n1} · · · f_{11} + f_{2n2} · · · f_{21} + · · · + f_{knk} · · · f_{k1}) ∘

(g_{1m1} · · · g_{11} + g_{2m2} · · · g_{21} + · · · + g_{lml} · · · g_{l1}) := f_{1n1} · · · f_{11}g_{1m1} · · · g_{11} + f_{1n1} · · · f_{11}g_{2m2} · · · g_{21} + · · · + f_{knk} · · · f_{k1}g_{lml} · · · g_{l1}, b∅_c ∘ α :=_a∅_c, β ∘_b∅_a :=_c∅_a.

Finally, the isomorphisms π ( (g_1 + · · · + g_n) ∘(f_1 + · · · + f_k) ) ∼ = π (g1 + · · · + gn) ∘ π (f1 + · · · + fk)

are used to define ∘ on the level of 2-cells (if one of the source or target 1-cells is of the form ∅, then the nullity isomorphism_bu_c ∘ π(f) ∼=_au_c must be used).

We leave it to the reader to verify the desired properties of the composition functors − ∘ (−) and (−) ∘ − but mention that the failure of left distributivity to be strict comes from the use of a commutativity isomorphism in B(a, b).

The functor π : B → B^′ is a biequivalence of SMC-categories with quasi-inverse η , where η is the identity on 0-cells and sends a 1-cell to itself, considered as a singleton sum. We then have biequivalences of SMC-categories

B^η � B^′ π � η � B. π � This completes our first proof of coherence for SMC-categories.

6. Coherence for symmetric monoidal categories

The classical strictification of (symmetric) monoidal categories fits into our picture as the following result, which will be needed later.

6.1. Proposition. The inclusion SMC-functor ι : Perm → SymMon is a biequivalence of SMC-categories.

Proof. Given P_1, P_2 ∈ Perm, we have Perm(P_1, P_2) = SymMon(ιP_1, ιP_2), so it remains to show that every C ∈ SymMon is equivalent (in SymMon) to some ι(P). But this is precisely Mac Lane’s result that every symmetric monoidal category is monoidally equivalent to a permutative category.

6.2. Proposition. The inclusion SMC-functor Perm_u → Perm is a biequivalence of SMC-categories.

Proof. The inclusion is locally full and faithful and is a bijection on 0-cells, so it remains only to show that it is locally essentially surjective. This is well-known (e.g. [LP, 5.2]).

Combining these two results gives the following.

6.3. Corollary. The inclusion SMC-functor Perm_u → SymMon is a biequivalence of SMC-categories.

7. Coherence for SMC-categories, version II

7.1. Proposition. Let B be a bicategory and C be an SMC-category. Then the bicategory Hom(B, C) of homomorphisms, strong transformations, and modifications is an SMC-category. If C is moreover a PC-category, then so is Hom(B, C)

Proof. Let us write Hom_{B,C} for Hom(B, C). For each pair F, G : B → C of homomorphisms of bicategories, we must provide a symmetric monoidal structure on the category Hom_{B,C}(F, G). Let η, σ : F ⇒ G be strong transformations. For every 1-cell f : b → c in B, we define (η ⊕ σ)_b = η_b ⊕ σ_b and set

(η ⊕ σ)_f : Gf ∘ (η ⊕ σ)_b ⇒ (η ⊕ σ)_c ∘ F f

to be the composite

Gf ∘ (η ⊕ σ)_b Gf ∘ η_b ⊕ Gf ∘ σ_b ∼= �^{ηf ⊕σf}� η_c ∘ F f ⊕ σ_c ∘ F f^{∼=} � (η ⊕ σ)_c ∘ F f .

The unit transformation is defined on 0-cells b by 0_b =_{F (b)}0_{G(b)} and on 1-cells f : b → c by the composition of nullity isomorphisms

Gf ∘ 0_b = Gf ∘_{F (b)}0_{G(b)} ∼=_{F (b)}0_{G(c)} ∼=_{F (c)}0_{G(c)} ∘ F f = 0_c ∘ F f.

That the above, together with the associativity, unit, and symmetry isomorphisms inherited from C(F b, Gb), defines a symmetric monoidal category structure on Hom_{B,C}(F, G) follows since C(F b, Gb) is symmetric monoidal.

The composition of 1-cells in Hom_{B,C} is defined from the composition in C, and the symmetric monoidal structures also come from C. The axioms for a SMC-category for Hom_{B,C} thus follow from those for C.

If C is a PC-category, the PC-category axioms for Hom_{B,C} also follow immediately since Hom_{B,C} is already a (strict) 2-category for any 2-category C.

7.2. Corollary. Let B and C be SMC-categories. Then SMC-Cat(B, C) inherits the structure of an SMC-category. If C is moreover a PC-category, then so is the category SMC-Cat(B, C).

Proof. The only thing left to check is that the sum of two monoidal transformations is also monoidal. This uses the fact that the distributivity isomorphisms (in C) are monoidal isomorphisms.

We are now ready to give our second proof of strictification.

Proof of Theorem 1.2, version II. The idea is that we can use a Yoneda trick:

B → SMC-Cat(B^{op}, SymMon) → SMC-Cat(B^{op}, Perm_u).

Recall ([S]) that, for any bicategory B, the Yoneda functor Y : B → Hom(B^{op}, CAT) sends a 0-cell b to the functor

B(−, b) : B^{op} −→ CAT

it represents. For a 1-cell f : b → b^′ in B, Y (f) : B(−, b) → B(−, b^′) is the transformation given by composition with f. Similarly, given a 2-cell σ : f ⇒ f^′, Y (σ) is the resulting modification σ_∗ : f ∘ − ⇛ f^′ ∘ −.

7.3. Proposition. The Yoneda embedding Y : B → Hom(B^{op}, CAT) factors through a local equivalence of SMC-categories B → SMC-Cat(B^{op}, SymMon).

Proof. We prove this using a series of lemmas. In each case, the desired conditions are built into the definition of an SMC-category.

7.4. Lemma. The Yoneda embedding Y : B → Hom(B^{op}, CAT) factors through a functor of bicategories B → Hom(B^{op}, SymMon).

Proof. Fix a 0-cell b_0 ∈ B. Then Y (b_0)(b) = B(b, b_0) ∈ SymMon. Moreover, for any 1-cell f : b → c, the composition with f functor B(c, b_0)^{∘f}−→ B(b, b_0) is strong symmetric monoidal since B is a SMC-category. Finally, if η : f ⇒ g is a 2-cell in B, we need to show that the natural transformation (−) ∘ f ⇒ (−) ∘ g : B(c, b_0) → B(b, b_0) is monoidal. But this follows from naturality of the isomorphism h_1 ∘ (−) ⊕ h_2 ∘ (−) ∼= (h_1 ⊕ h_2) ∘ (−) of functors B(b, c) → B(b, b_0).

Fix a 1-cell f_0 : b_0 → b_1 in B. Then for each b ∈ B, the induced functor B(b, b_0)^{f∘}−→ B(b, b_1) is strong symmetric monoidal by the definition of a SMC-category. The requirement that the associativity isomorphism in B is monoidal makes B(−, f_0) a transformation of functors to SymMon (i.e., the required natural transformations are monoidal).

Fix a 2-cell σ : f_0 ⇒ g_0 : b_0 → b_1 in B. Then naturality of the distributivity isomorphisms in B ensures that for each b ∈ B the natural transformation

σ_∗ : (f_0∘) ⇒ (g_0∘) : B(b, b_0) → B(b, b_1)

is monoidal.

Finally, we must show that for every b_0^{f0}−→ b_1^{f1}−→ b_2 in B, the isomorphisms Y (f_1) ∘ Y (f_0) ∼= Y (f_1 ∘ f_0) and 1_{Y (b0)} ∼= Y (1_{b0} ) are 2-cells in Hom(B^{op}, SymMon). But this is given by the condition that the associativity and unit isomorphisms in B are monoidal.

7.5. Lemma. The functor of bicategories B → Hom(B^{op}, SymMon) is an SMCfunctor.

Proof. For each b_0, b_1 ∈ B, we must show that

Y : B(b_0, b_1) → Hom_Bop_{,SymMon}(B(−, b_0), B(−, b_1))

is strong symmetric monoidal. The desired isomorphism Y (f_0) ⊕ Y (f_1) ∼= Y (f_0 ⊕ f_1) is given by a (right) distributivity isomorphism.

That the natural isomorphism Y (f ∘ g) ∼= Y (f) ∘ Y (g) is monoidal (in f) is given by the condition that the associativity isomorphism in B is monoidal.

7.6. Lemma. The image of the SMC-functor B → Hom(B^{op}, SymMon) lies in the sub-2-category SMC-Cat(B^{op}, SymMon).

Proof. Fix a 0-cell b_0 ∈ B. We must show that the functor of bicategories Y (b_0) : B^{op} → SymMon is in fact an SMC-functor. Thus for each b, c ∈ B, the functor

B^{op}(b, c) = B(c, b) → SymMon(B(b, b_0), B(c, b_0))

must be strong symmetric monoidal. But this is part of the definition of an SMC-category. That the natural isomorphism ( Y (b_0)(f) ) ∘ ( Y (b_0)(−) ) ∼ = Y (b0) ( f ∘ − ) is monoidal in f follows from the fact that the associativity isomorphisms in B are monoidal.

Fix a 1-cell f_0 : b_0 → b_1 in B. We must show that Y (f_0) : Y (b_0) ⇒ Y (b_1) is a monoidal transformation. This follows from the condition that the associativity isomorphism (f_0 ∘ h) ∘ − ∼= f_0 ∘ (h ∘ −) is monoidal.

The sub-2-category SMC-Cat(B^{op}, SymMon) ⊂ Hom(B^{op}, SymMon) is locally full, so there is no condition to check for 2-cells.

Finally, we must verify that Y : B → SMC-Cat(B^{op}, SymMon) is a local equivalence. In other words, we must show that for every pair of 0-cells b_0, b_1 ∈ B, the strong symmetric monoidal functor Y : B(b_0, b_1) → SMC-Cat_Bop_{,SymMon}(Y (b_0), Y (b_1)) is an equivalence.

But we know already that the composite

B(b_0, b_1) → SMC-Cat_Bop_{,SymMon}(Y (b_0), Y (b_1)) → Hom_Bop_{,CAT}(Y (b_0), Y (b_1))

is an equivalence, and the second functor is full and faithful (§4). It follows that both functors in this composition are equivalences.

7.7. Lemma. Let B, C, and D be SMC-categories. Any biequivalence J : C → D induces a biequivalence J_∗ : SMC-Cat(B, C) → SMC-Cat(B, D).

Combining these two results with a quasi-inverse J to the biequivalence Perm_u → SymMon gives a local equivalence

Y : B → SMC-Cat(B^{op}, Perm_u)

that is injective on 0-cells. Since SMC-Cat(B^{op}, Perm) is a PC-category, the full sub- 2-category containing only 0-cells in the image of Y is a PC-category equipped with a biequivalence from B.

8. The single 0-cell case

As we have discussed above, a single 0-cell SMC-category is a bimonoidal category, and a single 0-cell PC-category is a strict bimonoidal category, a strong form of the ring categories of [EM]. In this final section, we discuss the strictification of bimonoidal categories given in §7.

Thus let M be a bimonoidal category, thought of as a single 0-cell SMC-category BM. The strictification of M outlined above is the endomorphism (strict monoidal) category of the SMC-functor BM^{op Y(∗)}−−→ SymMon^J−→ Perm_u.

Thus the objects of the strictification P of M (really the 1-cells of the strictification of BM) are the strong monoidal transformations JY(∗) ⇒ JY(∗). Such a transformation consists of a strong monoidal, strictly unital functor Φ : J(M) → J(M) and, for each m ∈ M, an isomorphism

Λ^Φ_m : Φ ∘ J(− ⊗ m) ∼= J(− ⊗ m) ∘ Φ

that is natural and monoidal in m.

The morphisms (Φ, Λ^Φ) → (Ψ, Λ^Ψ) of P (2-cells of the strictification of BM) are modifications. This consists of a monoidal transformation σ : Φ ⇒ Ψ such that for each m ∈ M, the diagram Φ ∘ J(− ⊗ m)^{σ∘1} �

Λ^Φ_m � Ψ ∘ J(− ⊗ m)

Λ^Ψ_m � J(− ⊗ m) ∘ Φ_{1∘σ} � J(− ⊗ m) ∘ Ψ

commutes.

The additive monoidal structure is given by taking sums of strong monoidal, strictly unital functors, as in Example 2.9. The unit for this monoidal structure is the constant functor at 0 ∈ J(M). The multiplicative monoidal structure is given by composition, and the unit for this monoidal structure is the identity functor of J(M).

In case the additive monoidal structure on M is already strict, the effect of J is simply to make the right multiplication functors − ⊗ m strictly unital. Let us write (− ~⊗m) for J(− ⊗ m). That is,

n ~⊗m = { n ⊗ m n ≠ 0 0 n = 0.

Then for Φ : M → M strong monoidal and strictly unital as above, the data of isomorphisms Λ^Φ_m : Φ ∘ (− ~⊗m) ∼= (− ~⊗m) ∘ Φ

for all m is equivalent to a single isomorphism

λ^Φ : Φ ∼= Φ(1) ~⊗− = { Φ(1) ⊗ − Φ(1) ≠ 0 0 Φ(1) = 0.

Morphisms σ : (Φ, λ^Φ) ⇒ (Ψ, λ^Ψ) must make the diagram

Φ(n)^{σn} �

λ^Φ_n � Ψ(n)

λ^Ψ_n � Φ(1) ~⊗n_{σ1⊗1} � Ψ(1) ~⊗n

commute and are therefore determined by their value at 1. From this it follows that the evaluation at 1 functor ev_1 : P → M is an equivalence of bimonoidal categories.

References

[C] Sean Carmody. Cobordism Categories. PhD thesis, Cambridge, 1995.

[EM] A. D. Elmendorf and M. A. Mandell. Rings, modules, and algebras in infinite loop space theory. Adv. Math., 205(1):163–228, 2006.

[GPS] R. Gordon, A. J. Power, and R. Street. Coherence for tricategories. Mem. Amer. Math.

Soc., 117(558):vi+81, 1995.

[HP] M. Hyland and J. Power. Pseudo-commutative monads and pseudo-closed 2-categories.

J. Pure Appl. Algebra, 175(1-3):141–185, 2002..

[LP] S. Lack and S. Paoli. 2-nerves for bicategories. K-Theory, 38(2):153-175, 2008.

[La] Miguel L. Laplaza. Coherence for distributivity. In Coherence in categories, pages 29–65.

Lecture Notes in Math., Vol. 281. Springer, Berlin, 1972.

[Le] Tom Leinster. Basic bicategories. Arxiv preprint math/9810017, 1998.

[M] Saunders Mac Lane. Natural associativity and commutativity. Rice Univ. Studies, 49:28– 46, 1963.

[MP] S. Mac Lane and R. Paré. Coherence for bicategories and indexed categories. J. Pure Appl. Algebra, 37(1):59–80, 1985.

[MQRT] J. Peter May. E_∞-ring spaces and E_∞-ring spectra. Lecture Notes in Mathematics, Vol. 577. Springer-Verlag, Berlin, 1977. With contributions by Frank Quinn, Nigel Ray, and Jørgen Tornehave.

[S] Ross Street. Fibrations in bicategories. Cahiers Topologie Géom. Différentielle, 21(2):111–160, 1980.

Department of Mathematics, University of Illinois at Urbana-Champaign 1409 W. Green Street, Urbana, IL 61801 Email: bertg@illinois.edu

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/24/20/24-20.{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