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Permutative categories, multicategories
and algebraic K —theory

A D ELMENDORF
M A MANDELL

We show that the K-theory construction of our paper [7], which preserves mul-
tiplicative structure, extends to a symmetric monoidal closed bicomplete source
category, with the multiplicative structure still preserved. The source category of [7],
whose objects are permutative categories, maps fully and faithfully to the new source
category, whose objects are (based) multicategories.

19D23, 55U99; 55P42, 18D10, 18D50

1 Introduction

In [7], we introduced a K —theory functor from permutative categories to symmetric
spectra, equivalent to previous definitions, which also preserves multiplicative structure.
The multiplicative structure on the category of permutative categories was captured by
a multicategory structure, which is a simultaneous generalization of the concepts of
operad and symmetric monoidal category. Since symmetric spectra support a symmetric
monoidal multiplicative structure, they automatically form a multicategory, and it is
this structure that our K—theory functor preserves.

Part of the added flexibility that multicategories offer is that a full subcategory of a
multicategory inherits a multicategory structure. In particular, a full subcategory of a
symmetric monoidal category inherits a multicategory structure, although it will no
longer be monoidal unless it is closed under the monoidal product. In addition, the
maps of multicategories, or multifunctors, between symmetric monoidal categories are
simply the lax symmetric monoidal functors. Since the K —theory map produced in [7]
is a multifunctor from a multicategory (the permutative categories) to a symmetric
monoidal category (the symmetric spectra), it is a natural question whether the source
multicategory can be embedded as a full subcategory of a symmetric monoidal category,
with the K —theory map extending to it as a lax symmetric monoidal functor. We can also
ask whether the new source category can be made bicomplete, to make it a convenient
place to do homotopy theory. We answer both these questions in the affirmative: this is
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the content of Theorem 1.1 and Theorem 1.2, with the objects of the larger category
being, ironically enough, multicategories! We actually use based multicategories,
in the sense that the objects come equipped with a preferred map from the terminal
multicategory, and the embedding takes a permutative category to its underlying based
multicategory.

Theorem 1.1 Let P be the multicategory of permutative categories, and let Mult,. be
the symmetric monoidal category of based multicategories. Then the underlying based
multicategory construction gives a full and faithful multifunctor from P to Mult,. of
multicategories enriched over Cat.

The category Mult. cures many of the defects of the multicategory of permutative cate-
gories: in addition to being symmetric monoidal, it is closed, complete and cocomplete.
We will derive these properties from the same ones for unbased multicategories.

Theorem 1.2 The categories Mult of unbased multicategories and Mult,. of based
multicategories are both symmetric monoidal, closed and bicomplete.

Our final main result extends the K —theory map of [7] to a lax symmetric monoidal map
from the symmetric monoidal category of pointed multicategories, and here too there
is an improvement. The K-theory map of [7] is actually a composite: the first piece is
a multifunctor from permutative categories to what we call G —categories, which form
a symmetric monoidal category G«—Cat. Then the second piece is a lax symmetric
monoidal functor from G.—Cat to symmetric spectra. Our extension result produces a
lax symmetric monoidal functor J’ from pointed multicategories to G —categories. In
addition, we identify G,—Cat as a category of functors from an index category G to
Cat and J' as a representable functor.

Theorem 1.3 There is a lax symmetric monoidal functor J' from Mult, to G,—Cat
such that the composite with the full and faithful functor of Theorem 1.1 is naturally
isomorphic to the multifunctor J constructed in [7]. Moreover, J' is the representable
functor Mult, (E*, ), where E*: Gy — Mult,.

The extension we seek is then the composite of this representable extension with the
lax symmetric monoidal piece from [7]. In summary, we can speak meaningfully
of the K—theory of a (pointed) multicategory, and the K-theory of a permutative
category depends only on its underlying pointed multicategory. All the multiplicative
structure captured by the K —theory map of [7] also depends only on underlying based
multicategories.
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The paper is organized as follows. In Section 2, we describe the multicategory structure
on the category of multicategories; this is what will underlie the symmetric monoidal
structure we will describe later. We also describe the enrichment present, which follows
easily from the internal hom construction for multicategories. We then extend all
these constructions to the based context. Section 3 discusses the various categories
of permutative categories of interest to us and reviews the multicategory structure on
permutative categories from [7]. We will then have sufficient tools on hand to give the
proof of Theorem 1.1. Section 4 is devoted to the deeper structure of the category of
multicategories that allows us to show that it is symmetric monoidal closed, complete
and cocomplete, as is its pointed analogue. Section 5 then introduces the representing
object for our lax symmetric monoidal functor J', and Section 6 concludes the paper
by showing our represented functor is consistent with the one defined in [7] when
restricted to permutative categories.

It is a pleasure to acknowledge the anonymous referees of [7] for a very interesting
comment about partial permutative categories. We have, however, chosen the more
drastic route all the way to multicategories in this paper, with what we hope are
satisfying results. We also thank the referee of this paper for a careful reading and
thorough comments that have undoubtedly improved the paper.

2 The multicategory of multicategories

The basic idea of a multicategory is very simple. Like a category, it has objects, but
the essential difference is that the source of a morphism is a string of objects of a
specified length (including length 0), rather than a single object. The target remains a
single object. Consequently, to compose one must consider strings of strings, which
are then concatenated to obtain the source of the composite. As with operads, which
are simply multicategories with a single object, there are two flavors of multicategory:
with or without permutations. The flavor without permutations was the original one
introduced by Lambek [8]. We will be concerned almost exclusively with the flavor with
permutations and so we will call these simply “multicategories” rather than “symmetric
multicategories” as in, for example, Leinster [9, A.2]. The technicalities of the definition
are now fairly straightforward, and are as follows.

Definition 2.1 A multicategory M consists of the following:

(1) a collection of objects, which may form a proper class,

(2) for each k > 0, k—tuple of objects (ay,...,ar) (the “source”) and single
object b (the “target”), a set My (ay, ..., ar;b) (the “k—morphisms”),
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(3) aright action of X on the collection of all k—morphisms, where for o € X,
o*: My(ay,....ag;b) > Mg (agqys - - - do@k): b).

(4) a distinguished “unit” element 1, € M (a; a) for each object a, and

(5) a “composition”

C:My(by.....bpic) XMy (ayq,....a1k,:b1) X« XMy, (ant, . ... ank,: bn)

—> Mk1+~-~+kn (all, e ,ankn;c),

all subject to the identities for an operad listed on pages 1-2 in May [11], which
still make perfect sense in this context. For greater detail, we refer the reader to [7,
Definition 2.1]. A multifunctor is a structure preserving map of multicategories.

As with categories, if the objects of a multicategory form a set, we call it small; otherwise
it is large. We obtain the category Mult whose objects are all small multicategories.
We note that restricting attention to 1-morphisms gives an underlying category for
each multicategory.

We may also ask that the k—morphisms My (ay,...,ax;b) take values in a symmetric
monoidal category other than sets, giving us the concept of an enriched multicategory.
The enriched multicategories of interest to us are all large, and generally enriched over
Cat; this will be the case for Mult, in particular.

A basic observation is that if we let M be a full subcategory of a symmetric monoidal
category (C, @,0), then M becomes a multicategory by defining

My (ay,...,ax;b):=Cla1®---Dag,b)

(for an arbitrary choice of association). The same observation also holds if M is merely
the source of a full and faithful functor to C. In particular, 0—morphisms in M are given
by morphisms in C out of the monoidal unit 0. As a consequence, every symmetric
monoidal category has an underlying multicategory, and it is an interesting exercise to
check that the maps of underlying multicategories between two symmetric monoidal
categories are the lax symmetric monoidal maps (see Section 3).

We begin our description of the additional structure on Mult by observing that the
multifunctors between two multicategories are themselves the objects of a multicategory.
These internal Hom multicategories will give Mult the structure of a closed category.
It is crucial for the construction that we use multicategories with permutations; this
construction does not extend to nonsymmetric multicategories. For notational conve-
nience, we will often write lists such as (¢y,...,cx) as (c,-)f.‘=1 , or even just {c¢;) when
the limits are clear.
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Definition 2.2 We define an internal Hom object in Mult as follows. Given small
multicategories M and N, we define Hom(M, N) to be a multicategory with objects
the multifunctors from M to N. Given a source k—tuple (f1,..., fr) of multi-
functors and a target multifunctor g, we define a k—natural transformation from
(f1,..., fx) to g to be a function £ that assigns to each object ¢ of M a k—morphism
&0 (fia, ..., fra) — ga of N, such that for any m—morphism ¢: (ay,...,am) —> b
in M, the following diagram commutes:

(6a;)
((fjai)'}=1)§"=1 — (gai)iL,

.
(WSam )k, 6
(fj¢)l

(fjb)]j;] T> gb.

Here the unlabelled isomorphism is the permutation that reverses the priority of the
indices i and j, ie, it shuffles m blocks of k entries each into k& blocks of m entries
each. The k-—natural transformations are then the k—morphisms in the multicategory
Hom(M, N). The composition is induced from the composition in N, as are the
actions by the symmetric groups. The reader can now verify that the axioms for a
multicategory are satisfied.

We wish to define a multicategory structure on Mult, and the crucial step is the
definition of 2—morphisms, which we call bilinear maps. Given multicategories M, N
and P, the idea of a bilinear map f: (M, N) — P is a map that is multifunctorial in
each variable separately, such that the multifunctors in each variable are “multinatural”
in a way that mirrors our definition of Hom multicategories. The precise definition
follows.

Definition 2.3 Let M, N, and P be multicategories. A bilinear map f: (M, N) —
P consists of:

(1) afunction f: Ob(M)xOb(N)— Ob(P),

(2) for each m—morphism ¢: (ay,...,am) — @ of M and object b of N, an
m-morphism f(¢,b): (f(ay1,b),..., f(am,b)) — f(d',b) of P,

(3) for each n—morphism : (by,...,by) — b’ of N and object a of M, an
n—morphism f(a,v): (f(a,by),..., f(a,by)) — f(a,b’) of P,

such that
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(1) for each object @ of M, f(a, ) is a multifunctor from N to P,

(2) for each object b of N, f(__,b) is a multifunctor from M to P,

(3) given an m-morphism ¢: (ay,...,d,) — a in M and an n—morphism
V: (by,...,by) = b" in N, the following diagram commutes, where the unla-
belled isomorphism is given by the permutation that reverses the priority of the

indices:

(Sar by ) @b

-

(f(ai.bj))i_;)iL, @)
(f@w)|

(f(ai, )i, Eryres f@.b.

We write the set of such bilinear maps as Bilin(M, N; P).

It is worth remarking that a bilinear map f: (M, N) — P gives, by restriction to 1—
morphisms, a functor f: M x N — P on underlying categories, but that a multifunctor
f: M x N — P is quite different from a bilinear map: a multifunctor M x N — P
assigns a k—morphism in P to each pair of k—morphisms from M and N, while a
bilinear map assigns an mn—morphism given by the common diagonal of the above
diagram to each pair consisting of an m—morphism in M and an n—morphism in N .

A key point is that Bilin(M, N; P) gives the objects of a multicategory naturally
isomorphic to both Hom(AM, Hom(N, P)) and Hom(N, Hom(M, P)). It is routine
to verify that the morphisms in this multicategory are given as follows.

Definition 2.4 Suppose given bilinear maps fi,..., fr and g in Bilin(M, N; P).
Then a k—morphism &: (fi,..., fx) = g is a k—natural transformation in each vari-
able: it consists of a choice of k—morphism &, py: (f1(a.b), ..., fx(a,.b)) — g(a,b)
in P for each pair of objects (a,b) in Ob(M) x Ob(N), such that for each morphism
¢: (ay,...,am) — a of M and each morphism ¢: (by,...,b,) — b’ of N the
following pair of diagrams commutes:

(1 G b Ve P82 g bk
(G bYE_ b
(E(ui.b))l/
g(¢,b)

(glai,b))iL, ———— g(d',)),

Algebraic & Geometric Topology, Volume 9 (2009)



Permutative categories, multicategories and algebraic K —theory 2397

(S @by Yo g a by
([ (a,bi))];=1)?=1 Ea.b")

(S(a,b,-))i/
(2@, b))_, — 5 o b).

Corollary 2.5 With morphisms as in Definition 2.4, Bilin(M, N ; P) forms a multi-
category with natural isomorphisms of multicategories

Hom (M, Hom(N, P)) = Bilin(M, N; P) =~ Hom(N, Hom(M, P)).

The definition of a k—linear map of multicategories for k > 2 presents no further
difficulties, as it is merely a map that is multifunctorial in each variable separately, and
bilinear in each pair of variables separately.

Definition 2.6 Let M1,..., M} and N be multicategories. A k—linear map
fi(My,...,My)—> N
consists of:
(1) afunction Ob(M7) X -+ x Ob(M}) — Ob(N)
(2) for each m—morphism ¢;: (aj1,...,ajm) —> a} in M; and choices of objects

b; in M; for i # j, an m—morphism

f(bl,... bj_l (f) bj_H,...,bk)Z
(f(blv" j l’ajl’b]-i‘l’---’ ) f(b17'~ j lva]m’b]+17'~ bk))
_>f(b1? ] l’a b]+1"--’bk)

such that

(1) f is multifunctorial in each variable separately, and

(2) f is bilinear in each pair of variables separately.

Finally, we state explicitly that a 0—morphism to a multicategory N consists of a choice
of object of N . With these definitions in place, it is now possible to verify directly that
Mult becomes a multicategory with the evident notion of composition; however, the
details are unnecessary, since we will show in Section 4 that Mult actually supports
the structure of a symmetric monoidal closed category of which this is the underlying
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multicategory. We remark that the Hom construction introduced here will give the
closed part of this structure. In particular, remembering only the 1-morphisms in the
Hom construction gives Mult an enrichment over Cat, which we use in our extension
of the K—theory functor in Section 5.

We turn next to the multicategory of main interest in this paper, whose objects are
based multicategories. We note first that Mult has a terminal object, namely the
multicategory with one object and one k—morphism for each & > 0. We will denote
this terminal multicategory by the usual unilluminating *. Since it has only one object,
it is an operad. In fact, it is the operad that parametrizes commutative monoids in a
multicategory; ie, a multifunctor from * to a multicategory M consists of an object
in M and a commutative monoid structure on that object.

Definition 2.7 A based multicategory consists of a multicategory M , together with a
preferred multifunctor * — M . A based multifunctor is a multifunctor preserving the
basepoint structure.

We obtain a category Mult, of based multicategories. This will be the source of our
extended K —theory functor, and one of the main purposes of this paper is to show that
it is actually symmetric monoidal, closed, complete, cocomplete, and that the extended
K —functor is lax symmetric monoidal. We content ourselves in this section with a
description of the underlying multicategory structure.

We say that an object or morphism in a based multicategory comes from the basepoint
if it is in the image of the given map from =.

Definition 2.8 Let M, N, and P be based multicategories. A based bilinear map
f: (M, N)— P is abilinear map of the underlying (unbased) multicategories such
that if input data from either variable comes from the basepoint, the output also comes
from the basepoint.

We also define a 0—morphism to a based multicategory to be simply a O—morphism
to the underlying unbased multicategory, that is, a choice of object. (As an analogue,
think of a 0—morphism to a pointed topological space as a based map from the unit
of the smash product, S°.) It is now straightforward to extend the definition of a
k—linear map of multicategories (Definition 2.6) to the based context by attaching
the word “based” where appropriate. Note also that the morphism induced by a ¢;
in M; must come from the basepoint whenever ¢; or any of the b; come from the
basepoint. It is now straightforward, but tedious and unnecessary, to verify that we
do get a multicategory of based multicategories — again unnecessary because we will
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show that Mult, actually supports a symmetric monoidal structure for which this is
the underlying multicategory structure.

We close this section with some remarks on enrichment. We will show in Section 4
that both Mult and Mult, are symmetric monoidal closed, and so in particular are
enriched over themselves. We obtain an enrichment over Cat from the lax symmetric
monoidal forgetful functors

Mult, — Mult — Cat,

where Cat is given its Cartesian monoidal structure. This is the enrichment of greatest
topological significance, although we will use the full enrichment of Mult over itself
to show that Mult, is symmetric monoidal closed.

3 Permutative categories

In this section we introduce the categories of permutative categories we will need,
review the multicategory structure on permutative categories from [7], and prove that
this multicategory of permutative categories admits a full and faithful multifunctor to
Mult,, .

A permutative category (also called a “symmetric strict monoidal category”) is a more
rigid version of a symmetric monoidal category: it is as rigid as possible without giving
up homotopical generality. The precise definition is as follows.

Definition 3.1 A permutative category is a category C with a functor &: C xC — C,
an object 0 € Ob (C), and a natural isomorphism y: a @ b = b @ a satisfying:

(1) (@®b)Pc=ad (bac) (strict associativity),
(2) a®0=a=0¢ a (strict unit), and
(3) the following three diagrams must commute:

Y 0ba a®b ~ ad®b

a®0

/
N

a, b®a,

adbdc c®adb

1®y y®1
adcdb.

(Conditions (1) and (2) of course hold for both objects and morphisms.)
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There are several reasonable ways to define maps between permutative categories, of
which we shall need to make use of two. First, there are the strict maps.

Definition 3.2 A strict map of permutative categories f: C — D is a functor for
which f(a @ b) = fa® fb (for both objects and morphisms), f(0) = 0, and the
following diagram commutes:

fla®b) —= fa® fb

o

f(b®da)— fb fa.

We obtain a category Strict of permutative categories and strict maps. We will make use
of this category in the next section in our proofs that Mult and Mult, are cocomplete.

Second, every permutative category C has an underlying multicategory, and we can
define a lax map of permutative categories to be a map of the underlying multicategories.
(This applies to symmetric monoidal categories as well.) A lax map f: C — D can be
expressed explicitly as a functor together with natural maps

n:0— f(0) and A: f(@)® f(b) = f(a®b)

subject to some coherence diagrams. However, the fact that f(0) can be distinct from 0
causes problems with basepoint control, and consequently we will make no use of this
sort of map.

Instead, the other sort of map of permutative categories we will use exploits the fact that
a permutative category actually has an underlying based multicategory. The basepoint
is given by 0 and all the identifications 0 --@0 = 0. We could now define a lax s map
of permutative categories to be a map of underlying based multicategories. However,
for consistency with [7], we give the explicit description, and the claim that this is a
map of underlying based multicategories will follow from Theorem 1.1 by restriction
to 1-morphisms. Note that these morphisms were erroneously called “lax” in [7].

Definition 3.3 Let C and D be permutative categories. A laxy map f:C — D is a
functor such that f(0) = 0, together with a natural transformation

A f@) @ f(b) — fladb),

such that

(1) A =id if either a or b are 0, and
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(2) the following two diagrams commute:

[@& [0 f(0) -2 e fboe)  f@® f(b)—2> fla®b)

o o e

fla®b)® f(c) fladb®o), JO)® f(a) —— [(bSa).

A

We obtain a category P of permutative categories and lax , maps, which in fact supports
the structure of a multicategory enriched over Cat. We review the definitions from [7].

Definition 3.4 Let Cq,...,C; and D be small permutative categories. We define
categories Py (Cy,...,Cx; D) that provide the categories of k—morphisms for the
multicategory P of permutative categories as follows. The objects of Py (Cq, ...,Ck; D)
consist of functors

f:Cyx---xCp — D,
which we think of as k —linear maps, satisfying f(c1, ..., cr) =0 if any of the ¢; are 0,

together with natural transformations for 1 <i < k, which we think of as distributivity
maps,

it f(C1yeesCiverisCh)® f(Clyna Chyencl) = fCryen i By ).
We conventionally suppress the variables that do not change, writing
8it (i) ® f(cf) — flci ®cp).

We require §; = id if either ¢; or ¢; is 0, or if any of the other ¢; ’s are 0. These natural
transformations are subject to the commutativity of the following diagrams:

Je) @ f(c) ® f(cf) O fene flegde)  fle) @ f() 2 fe® <)

SiGBIl J/& J/lg glf(y)

fleci®c) @ f(cf) fla®cged), [ fla) o= [,

8
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and for i # j,
flei®cicj)® flci®cj.ch)
f(ciic)) @ f(c}.c))® flei.ch) @ f(c].c)) &

10y®1 | = Slei®cicjdc)).

S ® £, ® [(cle)) ® f(chch)

k\

fleivej @)@ f(cfcjdcf)

We explicitly define Py(; D) to be the category D. This completes the definition of
the objects of Py (Cq,...,Cx; D). To specity its morphisms, given two objects f and
g, amorphism ¢: f — g is a natural transformation commuting with all the §;’s, in
the sense that all the diagrams

5f

fle) ® f(c) —— flcidc))

o §

g(c) ®g(c) — > g(ci ®¢))

commute. We also require that ¢(cq, ..., cx) = idg whenever any of the ¢; = 0.

In order to make the Py (Cy,...,Cr;D)’s the k—morphisms of a multicategory, we
must specify a X action and a composition. The % action

O'*fZ CO’(]) X---Xca(k) —D
is specified by
o* flco@rys - Cot) = fc1.- o Ch)s
with the structure maps §; inherited from f (with the appropriate permutation of the

indices). We define the composition as follows: Given fj: Cji X --- X C; ki — D; for
1<j<nand g: Dy x---xDy, > &, we define

U(g; f1,..s fn)i=go(J1 X+ X fn).
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To specify the structure maps, suppose kj +---+kj_1 <s <kj;+---+kj, and let
i =s5—(ki+---+kj_1). Then §; is given by the composite

(330 B (15— g (fi (e300 @ 7)) £ g (f(cji @),

Once we have verified that this structure maps fully and faithfully to the multicategory
Mult,, it will follow that this does define a multicategory structure on P, although
this can also be done directly. We remark that in the context of multifunctors, “full
and faithful” means that the multifunctor induces a bijection (or isomorphism in the
enriched context) on the morphism sets for any particular choice of source and target.
We can now give the proof of the first of our main theorems.

Proof of Theorem 1.1 Given a permutative category C, let UC be its underlying
based multicategory. Then the claim is that U extends to a full and faithful multifunctor

U: P— Mult,,

enriched over Cat. We begin by defining U on the 1-morphisms of P, which are the
lax s+ morphisms. Note that by the associativity diagram for the structure map of a lax
morphism, it induces a canonical map

k

P fa) —= F @, a.

i=1

Given such a lax, morphism, we define the induced multifunctor on the underlying
based multicategories Uf: UC — UD as having the same map on objects, and given
a k—morphism ¢: a1 ®---®ay — da’ in UC, we define Uf(¢) to be the composite

f@) @@ flag) —— flay & ®ap) ~ 2 fa.

More generally, given an n—morphism of permutative categories f: (Cy,...,Cy) — D,
we need to specify a based n—linear map Uf: (UCy,...,UCy) — UD. From the map
being lax, in each variable separately we get a map on underlying multicategories
that is multifunctorial in each variable separately. From the map being identically O
whenever any input is 0 we get the basepoint condition. The only issue remaining
is whether the pentagonal diagram relating lax morphism structure maps generates
the diagram relating the variables in a bilinear map. Since all the conditions refer to
only two variables at a time, we can reduce to the case of only two variables, and the
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diagram for a bilinear map reduces in this case to the following one:

DD s@ib) —2 - P S @' b))

i=1j=1 i=1

|

PP si.b) A

j=1i=1

|

@f(@?; aj,bj) 2, f(@iL, ai, @?:1 bj).
1

j=

The diagram relating the lax structure maps in a 2—morphism of permutative categories
is precisely the case m = n = 2 of this diagram. Note that reversing the roles of m
and n does not affect the diagram. We now proceed by induction, first holding n = 2
and inducting on m, then reversing the roles of m and n to conclude that the diagram
commutes for m = 2 and arbitrary #, and finally inducting on m again for a fixed, but
arbitrary n. This is all accomplished by Figure 1, which displays the desired diagram
for index limits 72 + 1 and »n and has subdiagrams for index limits (m2,n) and (2, n).

We have finished describing the multifunctor structure of U: P — Mult,., and we leave
to the reader the task of checking the necessary preservation properties. It remains
to show that U is full and faithful. To see that it is faithful, we observe that the
objects of UC are the same as those of C, and the morphisms of C are simply the
I—morphisms of UC. We can therefore recover the underlying category of C from
UC. If we have a lax, functor f: C — D, we can recover the functor part of f from
Uf by considering only its effect on 1-morphisms, and we recover the lax structure
map A: fa® fb— f(a®b) by looking at the image under Uf of the 2—morphism
idggpr € UC(a,b;a @ b). Now we can apply the same argument in each variable
separately for an #—morphism of P, say f: (Cy,...,Cy) — D, torecover f from Uf .
Consequently, U is faithful.

To see that U is full, suppose first that g: UC — UD is a based multifunctor, that
is, a 1-morphism in Mult,. Then certainly g determines a functor f: C — D by
restriction to 1-morphisms, and f(0) = 0 because g is based. We define a lax structure
map for f, as above, by looking at the image in UD of the canonical 2—morphism
idgep € UC(a,b;a @ D). It is now an interesting exercise to show that these data
determine a lax, functor f: C — D for which g = Uf.
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In the general case where g: (UCy,...,UC;) — UD is a k—morphism in Mult,,
we again recover a functor f: Cy X --- X Cp — D by restriction to 1-morphisms,
and the structure maps for a k—linear map of permutative categories are again deter-
mined by the images of the identity maps on ¢; @ ¢; considered as a 2—morphism in
UCi(ci,c};ci @ c}). The basepoint conditions on f* follow from those on g, and the
coherence pentagon relating structure maps is the case m = n = 2 of the diagram in
Definition 2.3. Seeing that f is lax, in each variable is the same interesting exercise
as before, so we obtain a k—linear map f in P such that g = Uf". Therefore U is
full. m|

At this point, the question of whether the underlying based multicategory functor is
an embedding of multicategories is a purely set-theoretic one. Our treatment above
does not treat the precise point sets involved in enough detail to answer it: we have
really only constructed the functor up to natural isomorphism. With a more precise
construction, the functor is an embedding. (We thank the referee for pointing this
out.) Specifically, the permutative product on the objects can be recovered from the
identification of UC,(a, b; ¢) as a subset of the morphisms in C: the source is a @ b.
This then can be extended to recover the product on the maps using the element of
UCy(a, b;a ® b) identified with the identity in C(a & b, a & b). On the other hand, as
the following example indicates, such an observation can be somewhat misleading.

Example 3.5 Let 4 be a based set with six elements, including the basepoint. Then
we can give A two nonisomorphic group structures, say G; and G, both having
A as their underlying based set, but with G; =~ X3 and G, = Z/6. Let EA be the
indiscrete category with objects the elements of A, so all morphism sets have exactly
one element. Then the group structures G and G, give EA two distinct structures
as a permutative category, since the groups of objects are not isomorphic. However,
the underlying based multicategories are isomorphic: all k—morphism sets again have
exactly one element for all k. (This of course generalizes to any based set 4 with
nonisomorphic monoid structures.) Consequently, the strict isomorphism class of a
permutative category cannot be recovered from the isomorphism class of its underlying
based multicategory.

4 Colimits and tensor products

In this section we show that Mult, has all the good formal properties required for
homotopy theory. To be specific, we will show that it is complete, cocomplete and
supports a symmetric monoidal closed structure whose underlying multicategory is the
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one specified in Section 2. Our strategy is to prove these things first in the unbased
context of Mult (without the star), and then bootstrap from there to Mult,. This
material appears to be well-known to the experts. In particular, the symmetric monoidal
structure is a special case of the tensor product of theories of Boardman and Vogt [2,
Chapter 2]; the closed structure is summarized in Moerdijk and Weiss [13, Section 5.1].
Since we have not found a full treatment of these properties in their entirety, we produce
one here.

Completeness in Mult (and Mult,. ) is easy: as in Cat, limits are computed on objects
and morphism sets within the category of sets.

Since the construction of the monoidal product in Mult (to which we will refer as the
tensor product) is as a colimit, our first major goal is the cocompleteness of Mult.
We start by establishing the analogous property for the category Strict of permutative
categories and strict maps. We will then identify Mult as a category of coalgebras over
a comonad in Strict, showing it to be cocomplete.

Lemma 4.1 The category Strict of permutative categories and strict maps is cocom-
plete.

Proof The forgetful functor from Strict to Cat is the right adjoint in a monadic
adjunction; the monad is given explicitly by

PC:= [ | Exp x5, X,
k>0
where E ¥ is the translation category on the symmetric group X4 . (This was ap-
parently first pointed out by Dunn in [5].) A slight variation on the argument given
in the proof of [6, I1.7.2] shows that this monad preserves reflexive coequalizers, and
therefore by [6, 11.7.4], Strict is cocomplete. O

It is interesting to note that the forgetful functor from Strict to monoids that forgets
the morphisms and remembers only the objects and their monoidal structure has a right
adjoint, namely the functor that takes a monoid M to the indiscrete category EM that
has objects M, single element morphism sets, and permutative product the monoidal
product. The forgetful functor therefore preserves coproducts: The monoid of objects of
a coproduct of permutative categories is the coproduct of the monoids of objects of the
individual categories (in the category of monoids). Note that these are not commutative
monoids in general, because the commutativity isomorphism has been forgotten.

The underlying multicategory construction gives us a forgetful functor G: Strict —
Mult, and our next goal is to show that it has a left adjoint.
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Theorem 4.2 The forgetful functor G: Strict — Mult has a left adjoint.

Proof We construct the left adjoint F' as follows. Let M be a multicategory. Then
FM has as its objects the free monoid on the objects of M,

[ ] ob (v

k>0
Given objects a = (a1, ...,a,) and b = (by,...,b,), a morphism in FM from a
to b consists of a function ¢: {1,...,m} — {1,...,n}, together with an n—tuple

of morphisms (fi,..., f4), where f; is a morphism of M from (a;)g)=; to b;.
Composition of morphisms is given by composition of the set functions on the in-
dices, together with induced maps using the composition on the multicategory M
and permutations necessary to preserve coherence. The permutative structure is given
by concatenation of lists. The reader can now safely verify that this does give a left
adjoint. a

This construction is similar to the “categories of operators” used by May and Thomason
in [12], but differs in that it involves the unbased sets {1, ..., n} rather than the based
sets {0, ...,n}. The basepoint in a category of operators encodes projection operators
a®b—aoradb— b, which do not exist in a general permutative category.

Our major use of this adjunction is the following:
Theorem 4.3 The adjunction
F: Mult = Strict: G

is comonadic, ie, the canonical comparison functor from Mult to the category of
coalgebras over the comonad F'G on Strict is an equivalence of categories.

Proof We use the dual form of Beck’s Theorem; see Barr and Wells [1, Theorem
3.14]. We must show that F has a right adjoint, reflects isomorphisms, that Mult
has equalizers of reflexive F—split equalizer pairs, and that F preserves them. We
already have the right adjoint, namely the forgetful functor G, and we already know
that Mult is complete, so it has all the equalizers required. We will show that F
reflects isomorphisms, and that it preserves all equalizers, not just the ones required for
the hypotheses of Beck’s Theorem.

To see that F' reflects isomorphisms, we note that for any map o: M — N of multi-

categories, the diagram
Fa

M N

NS

F(x)
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commutes, where * is the terminal multicategory having one object and one k-
morphism for every k, and the unlabelled arrows are induced by F from the maps to this
terminal object. The permutative category F(*) has objects [k]={1,...,k} for k >0,
ordinary functions as morphisms, and sum operation [k{]® [k;,] := [k1 + k], using the
obvious extension to sums of functions. Further, the image of the unit n: M — GFM
is precisely the preimage of the full submulticategory of G F(x) generated by the single
object {1}. Now suppose Fo is an isomorphism; we wish to show that o« must itself
be an isomorphism. Then G F« is an isomorphism, so we get the commutative diagram

M . N
X §
GFM — 2%~ GFN
GF(+).

But since M and N are precisely the preimages of the full submulticategory generated
by {1}, and GF« is an isomorphism, it follows that & must be an isomorphism as
well.

To see that F preserves equalizers, we observe that equalizers in Strict are created in
Cat, since Strict is monadic over Cat, and further, that equalizers in Cat are simply
computed in Set on objects and morphisms separately. It is now straightforward to use
the definition of F to see that equalizers are preserved. (Note, however, that F' does
not preserve products.) O

We get as an immediate corollary:
Corollary 4.4 The category Mult is cocomplete.

Proof It is equivalent to the category of coalgebras over a comonad on the cocomplete
category Strict. See Mac Lane [10, VI.2, exercise 2] for the dual statement. a

We turn next to the construction of the tensor product in Mult. The composite of a
bilinear map (M, N) — P with an ordinary map of multicategories P — Q is again
a bilinear map, and the tensor product of multicategories that we will construct is a
universal bilinear target relative to ordinary maps. This tensor product is equivalent to
the tensor product of theories constructed in [2], but we give an explicit construction in
terms of multicategories, rather than theories.
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Theorem 4.5 For any two multicategories M and N , there is a tensor product multi-
category M ® N and a universal bilinear map (M, N) — M ® N . This tensor product
makes Mult into a symmetric monoidal category.

In order to prove Theorem 4.5, we must first discuss some other categories and
adjunctions related to Mult, using a modified version of Leinster’s discussion of
multicategories as generalized monoids in [9]. Let M be the free monoid monad in
Set,

M4 :=]] Ak,
k>0

Definition 4.6 An M—graph X consists of two sets, X (the objects) and X; (the
arrows), together with two functions, the source s: X1 — MX, and the trarget
t: X1 — Xo. We usually display an Ml—graph as a span

MXy <>— X, —= Xo.

A map of M—graphs f: X — Y consists of functions fy: Xo — Y and fi: X1 — Y
for which the obvious diagram

MX()(s—Xl —t>X0

wi|  n s

MYO'S%YI —t>Y0

commutes.

We get a category Mgrph of Mi—graphs, and there is a forgetful functor U: Mult —
Mgrph that remembers the objects, morphisms, sources, and targets, but forgets about
the identities, permutations, and composition. We use the following theorem in our
construction of the tensor product.
Theorem 4.7 The forgetful functor

U: Mult — Mgrph

has a left adjoint
L: Mgrph — Mult.
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Proof We proceed in two steps, using as an intermediate stop the category Nmult of
nonsymmetric multicategories, applying some observations of [9] (where nonsymmetric
multicategories are called simply multicategories). Clearly the forgetful functor U
factors through Nmult, and we claim that both terms in the composite have left adjoints.
The desired left adjoint is then the composite of these two left adjoints.

First, consider the forgetful functor U’: Nmult — Mgrph. As observed in [9, 2.3],
U’ has a left adjoint L’, constructed as follows. Given an M—graph X, the free
nonsymmetric multicategory L’X is a multicategory where the k—morphisms are
the trees with k leaves generated by the arrows in X', with all nodes (including the
root and the leaves) labelled by objects of X . In detail, the objects of L’X are X,
and the morphisms of L’X, called trees, are generated recursively by the following
requirements:

(1) For each object a € Xy, there is an identity tree 1.

(2) Each element f € X is a tree with source s/ and target 7/ .

(3) Given an f € X; with target ¢ and source (bq,...,b;), and trees Ry,..., Ry,
not all identity trees, with the target of R; being b; and the source being
(@j1,...,ajn;), there is a tree (f; Ry,..., Ry) with source (a11,...,akn,)

and target c.

We must define a composition on this collection of trees, and we do so by induction
on the height of a tree, where we define the height of an identity tree to be 0, the
height of an element of X; to be 1, and the height of a tree (f; Ry,..., Ry) to be
1 4+ max;{height(R;)}. Given trees A; By,..., B, which are composable, we define
I'(4; By, ..., By) by induction on the height of A. If A has height 0, then it is 1,
for some object a, n = 1, and B = B; has output a. We define I'(14; B) = B, as
required for a multicategory. Similarly, if By, ..., B, are all identity trees, then we
require ['(4, By,..., By) = A.

If the height of A4 is 1,then A = f forsome f € X7, and we define I'(4; By,..., By)=
(f; Bi,..., By). For taller trees, A must be of the form (f; 4y,..., Ax), with n
partitioning into k& segments so the j’th segment of B’s feeds into 4;. Then we define

F(A;Bl’---’Bn):(f;F(Al;Bl»---»Bnl)»---»F(Ak;Bn—nk—i—la---aBn)),

where the compositions on the right side are already defined, since the heights of the
Aj’s are all less than the height of 4. It is now a routine exercise to show that the
requirements for a composition are satisfied, and that this construction provides a left
adjoint to the forgetful functor U’: Nmult — Mgrph.
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Next, we consider the forgetful functor U”: Mult — Nmult, and construct a left
adjoint L”. Given a nonsymmetric multicategory P, we construct L” P as follows.
First, the objects of L” P are the same as the objects of P. Next, given a source string
(ai,...,ay) and a target b, we define

L"P(al, v ,Clk;b) = ]_[ P(aa—l(l), e ,Cla—l(k);b),

oEX

so a k—morphism in L” P(ay,...,ay;b) consists of an ordered pair (f, o) where
o€Xyand f € P(ag-1(yy,---,a5-1(): b). Welet Xy act on the right via the natural
group action on the symmetric group coordinate. The composition, which is forced by
the equivariance requirements for a multicategory, is given by

L((f.0): (g1, T1). -+ (8ks )
=S 8-101)s - &o1(k))> O(n1s . ng) o (T1 B D ).
Again, it is an exercise to show that this construction satisfies the requirements for

a multicategory, and gives a left adjoint to the forgetful functor. The composite
L = L" o L' therefore gives a left adjoint for U = U’ o U". ]

We will also need the following proposition in our construction of the tensor product.

Proposition 4.8 The set-of-objects functor Ob (__): Mult — Set has both a left and
a right adjoint.

Proof The left adjoint assigns to a set A the multicategory FA with the set 4 as its
objects and with only identity morphisms, while the right adjoint RA also has A4 as
its objects, but with exactly one morphism for each possible source and target. The
necessary verifications are trivial. a

Corollary 4.9 The objects of a limit or colimit of multicategories are computed in
Set.

We are now in a position to construct the tensor product and prove that it is a universal
bilinear target.

Construction 4.10 Let M and N be multicategories. Then we can construct the
coproducts of multicategories

[[] ¥ and [] M

acOb(M) beOb(N)
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Each of these coproducts has Ob (M) x Ob (N) as its set of objects. Further, the
first of them is universal for any map that sends the objects Ob (M) x Ob (/) to the
objects of a multicategory P and which is a multifunctor in N ; similarly, the second
is universal for maps that are multifunctors in M . Any bilinear map (M, N) — P
therefore induces multifunctors from each of these coproducts to P that restrict to the
same map on the common set of objects, and therefore induces a map from the pushout

F(Ob (M)lx Ob(N)) — be(]);!m M

L » M#LfN,

acO0b(M)

where the upper left corner is the free multicategory on the set of objects Ob (M) x
Ob (V). This pushout M#N is universal with respect to maps that are multifunctors
in each variable separately, and what remains is to make the bilinearity diagrams of
Definition 2.3 commute universally.

Given one morphism from each multicategory, say an m—morphism ¢: (ay,...,am) —
@’ in M and an n-morphism v: (by,...,by) — b’ in N, we define M—graphs
X(¢,v) and Y (¢, ¥) as follows. The objects of both will be

(ay,....am}x{by,....bu}) U{(d, b))},

andin X (¢, ¥) there are to be precisely two arrows, both with source ({(a;,b;))7L,) ;‘21
and target (a’, b’), while in Y (¢, ¥) there is exactly one arrow with the same source
and target as the arrows in X (¢, ¥). There is an obvious map of M —graphs X (¢, V) —
Y (¢, ) collapsing the two arrows of X to the one arrow of Y . There is also a map
of M —graphs from X (¢, ¥) to U(M#N) sending each arrow to one way around the
diagram in Definition 2.3, but without the f’s. We take the adjoints of all of these
maps and form the following pushout:

[ 2x@.v) —— m#n
(@,¥)

|

Il LY@.v)—MenN.
(9,%)
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It now follows that we have universally forced the diagrams in the definition of a
bilinear map to commute, so M ® N is a universal bilinear target. As we can see by
checking at each step, the objects of M ® N are still Ob(M ) x Ob(N).

Our next goal is the proof of the following theorem; cf [2, I1.2.18].

Theorem 4.11 The tensor product of Construction 4.10 and the internal Hom object
of Definition 2.2 make Mult into a symmetric monoidal closed category.

It is clear from the construction that the tensor product is symmetric, and it is easy to
verify that it is adjoint to the internal Hom; further, the unit is easily seen to be the
multicategory with one object and only the identity morphism on that object. This
leaves the associativity of the tensor product to verify, and our strategy is to enrich the
Hom-tensor adjunction and use the Yoneda Lemma.

Definition 4.12 Let S be a set of morphisms in a multicategory M . The multicate-
gory (S) generated by S is the smallest submulticategory of M that contains all the
morphisms in S. If (S) = M, we say that S is a generating set of morphisms for M ,
or that M is generated by S'.

The next proposition is clear from the construction of L in the proof of Theorem 4.7.

Proposition 4.13 The morphisms of (S) consist of the identities on the objects ap-
pearing as targets or components of sources in S, together with those constructed
recursively from S by means of permutations and compositions.

Lemma 4.14 Let A and B be multicategories, let fi,..., fx,g € Mult(4, B),
and suppose we have a function & assigning to each object a of A a k—morphism
&a: (f1a, ..., fra) — ga such that the diagram of Definition 2.2 commutes for all ¢
in a generating set for A. Then the diagram commutes for all morphisms ¢ of A, so &
is a k —natural transformation, ie, a k —morphism in Hom(A, B).

Proof We will say that £ is natural with respect to those morphisms for which
the diagram commutes. We show that the diagram commutes for compositions and
permutations of elements with respect to which £ is natural, so by Proposition 4.13,
commutes for all morphisms of A.

First, suppose we are given composable elements with respect to which £ is natural,
say @1,...,¢n With ¢;: (aj1.....aim;) = bi and ¥: (by,...,b,) — c. Then the
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following diagram shows that & is natural with respect to I'(Y; ¢1, ..., ¢n):
X ((fj¢i>;'1=1)l"’=1 (fjllf)l‘=1
(((fj(ais))?;ll):'l:l),;:l = (( jbi>?=1>];=1 — (fjc>];=
. (figi)k_)
(S @i Ye_ i, L=y iV iz
= &
(S5 (ais))s_ e ) (€n, )y
({Eap ot VP,
. (g¢i)i— gV
({g(ais))ge )i 1 (gbi)i_, ge.

Now suppose given also o € X,. Then the following diagram shows that £ is natural
with respect to ¥ - o°:

b)) )k oV, O e o
((f; a(z)>i=1>j=1 ((f; 0(1)>j=1>,’=1 —> \800(i)})j=1

l(o) l(O) (o)

(&, )1,

(Sibiyi e ——=—— (i) ——— = (ghi)]_,
l(fﬂﬂ)’,;l gy
(frevk_, 56‘ ge.

Since we were given that £ was natural with respect to morphisms in a generating
set for A, it now follows that it is natural with respect to all morphisms in A, and
therefore £ is a k—natural transformation. O

Notation 4.15 Let M and N be multicategories, ¢ a morphism of M and b an
object of N . Then we write ¢ ® b for the morphism of M ® N induced from ¢ and
b by the universal bilinear map (M, N) - M ® N . Similarly, we write a ® ¥ given
an object a of M and a morphism ¥ of N.

We obtain the following proposition from the universal property of the tensor product.

Proposition 4.16 The morphisms of M ® N of the form a ® { and ¢ ® b generate
the entire multicategory M @ N .
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Combining the previous proposition with Lemma 4.14, we obtain the following propo-
sition.

Proposition 4.17 The k —morphisms of Hom(M ® N, P) are precisely those func-
tions as in Lemma 4.14 that are natural with respect to all morphisms of the form a ® ¥
orp®b.

The enriched adjunction we desire is now the following.

Proposition 4.18 The adjunction
Mult(M ® N, P) = Mult(M, Hom(N, P))
enriches to a natural isomorphism of multicategories

Hom(M ® N, P) =~ Hom(M, Hom(N, P)).

Proof Lemma 4.14 and Proposition 4.17 show that the isomorphism on objects
Mult(M ® N, P) = Bilin(M, N; P)

also gives an isomorphism of multicategories
Hom(M ® N, P) = Bilin(M, N; P)

using the morphisms on the right given in Definition 2.4. However, these morphisms
are precisely those giving an isomorphism of multicategories

Bilin(M, N; P) =~ Hom(M, Hom(N, P)),

and composing these isomorphisms gives the desired enriched adjunction. m|

The proof that the tensor product is associative now proceeds as follows. We have

Mult(M @ N)® P, Q) =~ Mult(M ® N,Hom(P, Q))
=~ Mult(M, Hom(N, Hom(P, Q)))
=~ Mult(M, Hom(N ® P, Q))
=~ Mult(M ® (N ® P), Q).
The result now follows from the Yoneda Lemma. The analogous argument with four
factors proves that this associativity isomorphism satisfies the pentagon law. The unit

diagrams are clear, and this completes the proof that Mult is symmetric monoidal,
closed, and bicomplete.
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Next, we wish to establish the same properties for Mult,. We exploit the follow-
ing general construction and lemma about symmetric monoidal closed bicomplete
categories.

Construction 4.19 Let (C, ®, hom) be a symmetric monoidal closed bicomplete
category with terminal object ¢, and let C, be the category of objects under ¢ in C.
For objects a and b in C,, we define their smash product a A b to be the object of Cy
given by the following pushout in C:

@)U (t®D) —=a®b

| l

t anb.

We also define the based hom object for a and b to be the pullback in C given in the
following diagram:

homy(a, b)) — ¢
hom(a, b)) — hom(z, b).

The arrows in the pullback system are induced by the structure maps for a and b
and the isomorphism ¢ = hom(z, ¢) that comes from the fact that hom(z, —) preserves
products (and ¢ is the empty product). The composite

t = hom(a, t) — hom(a, b) — hom(z, b)
coincides with the given arrow from ¢ to hom(z, b), so induces a structure map for

homy (a, b) as an object of Cy.

Lemma 4.20 Construction 4.19 makes Cy into a symmetric monoidal closed bicom-
plete category.

Proof First, C, is bicomplete, being a slice category of C. The definition makes it
clear that A is symmetric. The rest of the claim, as in the proof of Theorem 4.11, relies
on an enriched adjunction,

homy (a, homy (b, ¢)) = homy(a A b, ¢),

which we establish first. Since hom(a, x) for a constant object a is a right adjoint, it
preserves limits in x, and in particular pullbacks. Consequently, we can display the
left side of the adjunction we seek as part of the following diagram, in which there are
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three pullbacks: the top rectangle, and the left and right sides of the cubical diagram to
which it is connected:

hom, (a, homy (b, ¢)) t

hom(a, homy (b, c)) ——— = hom(¢, homy (b, ¢))

S T~

t t

hom(a, hom(b, ¢)) hom(z, hom(b, ¢))

S S

hom(a, hom(z, ¢)) hom(z, hom(z, ¢)).

Next, observe that hom(a, hom(b, ¢)) = hom(a ® b, ¢) in C as a consequence of the
associativity of ®, so we can rewrite the bottom of our diagram to get

homy (a, homy (b, ¢)) t

hom(a, homy (b, ¢)) —— hom(z, homy (b, ¢))

N ™~

t t

hom(a ® b, ¢) hom(z ® b, ¢)

S ™

hom(a ® ¢, ¢) hom(r ®1, ¢).

Now observe that on the right side of the diagram, we have the vertical composite
t — hom(¢, homy (b, ¢)) — hom(t ® b, ¢),
which coincides with

t =hom(t ® b,t) — hom(t ® b, ¢).
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Consequently, the diagram actually displays homy (a, homy (b, ¢)) as the limit of the
following diagram:

hom(a ® b, ¢)

\

t hom(t ® b, ¢)

| |

hom(a ® t,¢) —— hom(t ®1t, ¢).

Since both squares commute, we can remove the hom(? ® ¢, ¢) and consequently have
homy (a, homy (b, ¢)) as the limit of the smaller diagram

hom(a ® b,¢) —— hom(t ® b, ¢)

|

hom(a ® ¢, ¢)

Since ® preserves coproducts, being a left adjoint, and is symmetric, we have
hom(a ®t,c) xhom(t ® b,¢c) @hom((¢ ®t) L (t ® b), ¢),

so the pairs of arrows out of a single source can be combined, and we can display
homy (a, homy (b, ¢)) as the pullback in the diagram

homy (¢, homy (b, ¢)) ——— hom(a ® b, ¢)

| |

t hom((¢ ®t) U (t ® b), ¢).

Next, hom(x, ¢) sends colimits in x to limits, again by adjointness, so the pushout
defining a A b gives us a pullback

hom(a Ab,¢) ——— hom(a ® b, ¢)

| |

hom(z,¢) ——hom((a¢ ® t) I (t ® b), ¢).
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This in turn pastes onto the pullback diagram defining hom,, giving us a composite
pullback

homy(a Ab,¢) —hom(a Ab,c) ———hom(a ® b, ¢)

| | |

t ——— > hom(¢,c) ——hom((a®¢t) LU (t ® b), ¢).
By the uniqueness of pullbacks, we get the enriched adjunction we claimed.

Next, the same argument, but with the outer hom’s replaced with C’s and the outer
homy ’s replaced with C,’s shows that hom, really is right adjoint to A, ie,

Cx(anb,c) = Cyx(a,homy(b,c))
natural in @, b, and c; note that by definition,
Ci(a,b) —— *
C(a,b) — C(1.D)
is a pullback (of sets.) For associativity of A, we can now use the Yoneda Lemma:

Ci((anb)ync,d) = Cx(a Ab,homy(c,d)) = Cx(a,hom (b, homy(c, d)))
>~ Cx(a,homy(b Ac,d)) = Cx(an(bAc),d).

Consequently, (@ Ab) Ac =a A (b Ac),naturally in a, b, and c. The unit for A is
easily seen to be e L1 ¢, where e is the unit for ®. This concludes the proof. O

Corollary 4.21 The category Mult, of pointed multicategories is bicomplete and
symmetric monoidal closed using this smash product construction.

We leave to the reader the straightforward task of verifying that the underlying multi-

category structure for this symmetric monoidal structure on Mult, coincides with the
one specified in Section 2.

S The K —theory of multicategories

This section is devoted to the description of our lax symmetric monoidal K —theory
functor from Mult, to symmetric spectra, and the following section will show it is
consistent with the K —theory of permutative categories described in [7].
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As mentioned in the introduction, our construction is the composite of two functors,
with the intermediate category being the category of G.—categories introduced in [7,
Section 5] (and given a simplified description here), and with the functor from G,—Cat
to symmetric spectra being the one described in [7, Section 7]. We are therefore
left with the task of describing a lax symmetric monoidal functor J’ from Mult, to
G«—Cat, and from the construction, this functor will actually be representable in a
sense that we will make clear below.

We begin with the following general categorical proposition, which we will need in
two separate places. We would like to thank Mike Shulman for pointing it out to us, as
well as for noting that it is a special case of [3, Proposition 4.2.3]. We provide a brief
proof (due to Shulman) for the convenience of the reader.

Proposition 5.1 Let (C, A, 1) be a monoidal category, A an object of C, and let
w: ANA — A be an isomorphism providing the multiplicative structure map for A as a
monoid in C. Then for any left A—module M , the structure map &: AANM — M isan
isomorphism, the category of left A—modules is a full subcategory of C, and similarly
for right A—modules. Further, given a left A—module M and a right A—module N ,
the two maps

Ennl
NAAANM —ZNAM
INEN

coincide, so the canonical map N A M — N A4 M is an isomorphism.
Proof Let n: 1 — A be the unit map for A as a monoid in C. Then the commutativity
of

nAl 1An
A—ANA<—A

N

A

shows that A1 = p~! =1 An. Now let M be a left A-module with structure map
& AANM — M. Then the commutative naturality diagram

nAIAL
AANM —= ANAANM

(| |1

M——AANM

nAal
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can be rewritten by replacing n A 1 with 1 A n in the top arrow, resulting in

1AnAl
ANM —= ANAANM

I

M ANM.

nAal

Now since £ o (n A 1) = idpy, the clockwise composite is id 4 ps, Which shows that
(MA1)oE =idgapr,s0 nA1=£71, and £ is an isomorphism. The analogous argument
holds for right A—modules.

Next, the naturality of 1 shows that for all f: M — N in C, the following diagram
commutes:

Inf
AANM —= AAN
ﬂAng ;TWAI

f

M N.

But since n A 1 = £~ for left A-modules, it follows that if M and N are left
A-modules,

IANf
AANM —= AAN
sl ls
M ! N

commutes. Consequently left A—modules form a full subcategory of C, and similarly
for right A—-modules.

Finally, given a left A—module M and a right A—-module N,

1AnAl
NAM —NAAAM

is inverse to both 1 A &7 and &x A 1, so the two maps coincide. ad

Our first use of Proposition 5.1 will be to formalize some machinery involving the
smash product of based categories; this in turn is used to describe the category G, and
the category of G, —categories.

From Lemma 4.20, we know the category Cat, of based categories is symmetric
monoidal, closed, and bicomplete, where a based category is simply a category with a
selected object. In particular, there is no property the basepoint object must satisfy. On
the other hand, when we require the basepoint object to be null (initial and final), the
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morphism sets become based, and we have the following straightforward description
of the smash product.

Proposition 5.2 If C and D are based categories with null basepoint objects, then:

(1) C AD has null basepoint object.
(2) Ob(CAD) =O0bC AObD.
(3) For any objects ay, a of C, and objects by, b, of D,

(CAD)((ar,by),(az,b3)) = Clay,az) ND(by,b3).

Proof We can construct a category B with objects Ob3 = ObC AObD and morphisms
B((ay,b1), (az,by)) =C(ay,az) AD(by, by), with composition and identities defined
by composition and identities in C and D. We then have a canonical functor CxD — BB
and to see that it satisfies the universal property defining the smash product the only
issue is whether, given morphisms ¢ € C(ay,a,) and ¥ € D(by, b,), we have

g(@. %) = g(x. %) = g(x. ).

Consider the diagram

g(alsbl)%g(al’*)%g(alva)

J/g(rb,l) l= lg(@l)

g(az,by) — glaz, x) — g(az, by).
This shows that g(¢, *) coincides with the composite

glay,by) — glay, ) = glaz, *) — g(az, by),

which is independent of ¢. Therefore g(¢, *) = g(x*, *). A similar diagram shows
that g(*, %) = g(x, *). O

The unit for the smash product in Cat, is the two object discrete category S°; it
has two objects, namely a basepoint * and a nonbasepoint (), and has only identity
morphisms. Note that the basepoint object of S is not null. On the other hand, we can
construct a unit in the full subcategory of based categories with null basepoint object
as follows.

Definition 5.3 Let e be the based category with two objects, * and (), with * a null

basepoint object, and with the set of self maps of () consisting of the null map and the
identity.
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The following theorem is essentially a corollary of Proposition 5.1 and Proposition 5.2.

Theorem 5.4 The based category e satisfies e A e = e, with the isomorphism making
e a commutative monoid in Cat,. The category of e—modules is precisely the full
subcategory of Caty of based categories with a null basepoint object, and the smash
product over e is naturally isomorphic to the smash product in Cat .

Although the smash products are the same, the units are different: e is the unit for the
category of e—modules, and as mentioned above, S° is the unit for Cat,.

Proof The only claim that does not follow immediately from Propositions 5.1 and
5.2 is the identification of e—modules with based categories having null basepoints. If
C has a null basepoint, then it is easy to produce a unique e—module structure map.
Conversely, suppose C is an e-module. Then C supports a based functor &: e xC — C,
which we claim is split epi. This follows from the fact that the induced map on smash
products e AC — C is unital, using the following diagram:

SOxC==80A(C

|

exC——enC ——C.

The vertical arrows are induced by the inclusion S — e, and the top rightward arrow
is split by observing S® AC = C = {()} x C and including {()} into S°. (Here, of
course, {()} is a one point category with object ().) Now it follows that the bottom
composite, which is &, splits, and that the splitting is the composite

C{(0}xC—exC.

Now suppose * is the basepoint object in C, and let ¢: * — a be any map from
the basepoint. Then we can consider the morphism £(x — (), ¢): E(x, %) = £((),a).
Since £ is a bifunctor, we have the commutative square with both composites being

§(x—0.9):

§(x=>0.%)
ECx, %) ———£(0, %)
lsw) ls«),as)
§(+—>0.a)

§(x.a) ——>£(0.a).
But since & is based, both of the arrows out of the top left entry are the identity on s,
and £((),¢) = ¢ and £((), a) = a follow from the splitting. The diagram then tells us
that

¢ =£8(0.0) =50~ 0. ),
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which is independent of ¢. Therefore the only morphism from * to a is £(x — (), a),
so = is initial. Similarly, * is terminal, and therefore null. O

We are now ready to describe our indexing based category G it is constructed as a
Grothendieck construction in the category of e—modules. Since this may be somewhat
exotic for some readers, we provide the details.

Let F be the skeleton of the category of finite based sets consisting of the objects
n = {0,1,...,n} with basepoint 0. We observe that F is a category with a null
basepoint, and therefore an e—module. We write F) for the r—th smash power of
F as an e—module, so in particular F(©) = ¢. (All other smash powers are formed in
Cat,, by Theorem 5.4.) We write objects of F) as (m) = (my, ..., m,), with the
understanding that (m) = %, the basepoint, if any m; = 0.

Now let Inj be the category with objects the unbased sets r = {1,...,r} for r =
0,1,2,3, ..., and morphisms the injections. The categories F" ) are the target objects
of a functor

FO. Inj - e-mod

taking r to F ) on objects, so in particular 0 gets sent to F © —¢. On morphisms,
FO) rearranges the coordinates according to the given injection and, most crucially,
inserts the object 1 in the slots that are missed: the intuition is that the objects of F")
are lists of objects of F that are waiting to be smashed together, and the injections
merely rearrange the lists without affecting the size of the smash product. Formally, if
we are given an injection ¢: r — s, then F@ is the functor from F) to F©) that
takes a nonbasepoint object (m) = (my, ..., m,) to the s—tuple g, (m) = (m, ..., my)
in which
. {mi if g~ () = (i},
o ifgT' () =2,

and takes a morphism (ay, ..., a,) to the s—tuple (e}, ..., o) where

p_ e if g71(j) = {i}.
T lidy ifgT() = w@.

In particular, the object () of F© gets sent to the constant string (1,...,1). We
define G« to be the Grothendieck construction Inj f FO) formed in e-modules: this
is formally the same as the ordinary Grothendieck construction, except we use the
coproduct in e—modules (which is a wedge) instead of the coproduct in Cat (which is
a disjoint union), and we use the smash product of based sets and categories instead of

Algebraic & Geometric Topology, Volume 9 (2009)



2426 A D Elmendorf and M A Mandell

the Cartesian product. Specifically, the set of objects of G is

Vo F)

r€0b(Inj)

and the maps from (m) to (n) in G, form the based set

V ( A f(mq—lu)v“f))’

g:r—s \j=1

where we agree that if ¢~!(j) = @, then m,—1;y = 1. The empty wedge is of course
the one point set, and the empty smash is 1. Note that the basepoint object * of G
is a null object, and the basepoint in each mapping set is the unique map that factors
through *.

For readers of [7], we note that this is a based version of the category G introduced
there, and that we have the following relation between G and Gy . First, there is a
canonical functor G — G,.. More specifically, we can identify the category G as the
category obtained from G by attaching a new null object * and identifying (m) with
* whenever any m; = 0. In particular, every map in G«({m), (n)) is either the trivial
morphism (factoring through *) or in the image of G({m), (n)). Whenever none of
the entries in (m) or (n) are 0, the function G({m), (n)) — G«({m), (n)) is in fact
one-to-one onto the subset of G, ({m), (n)) that excludes the trivial morphism.

In order to avoid possible confusion as to the meaning of “functor” and “natural
transformation” where they occur below, we define Gx—objects in any category C with
a final object, which we always denote as *. Let C, be the category of objects under
%, 80 Cy has % as a null object. A based functor Gy — Cy is a functor that takes the
null object * of Gy to the null object * of Cy. Our intermediate category G.—Cat is
a special case of the following definition:

Definition 5.5 The category G.—C is the category of based functors Gy« — Cy.

Concatenation of lists makes G into a permutative category, where concatenation
with * on either side yields *; we denote this operation by ©. It follows from
theorems of Day [4, Theorems 3.3 and 3.6] that when C is a bicomplete closed
symmetric monoidal category, the category of based functors from Gy to Cyx has
a closed symmetric monoidal structure, enriched over Cy, in which the product of
functors F; and F is given by the left Kan extension F; A F, in the diagram on the
left below. The universal property of the Kan extension is that maps from Fy A F; to G
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are in one-to-one correspondence with natural transformations f as in the diagram on
the right below:

FixF FixF:
G X G === CuxCx =2 C Gux G ———> Cy x Cy
Ql - TFirR Gl vr lA

This then gives us the following theorem.

Theorem 5.6 Let C be a bicomplete closed symmetric monoidal category. Then
G«—C is a closed symmetric monoidal category enriched over C.

We are now ready to build our representable lax symmetric monoidal functor J’ from
Mult, to G«—Cat, and we do so by producing its representing object E*. The correct
formal structure E£* must exhibit is firstly that of a based G,® —-multicategory, that is, a
based contravariant functor from Gy to Mult,.. Since Mult, is symmetric monoidal
closed, and therefore enriched over itself, the lax symmetric monoidal forgetful functor
Mult, — Cat, gives Mult, an enrichment over Cat,, and therefore

Mult. (E*, M)

the structure of a Gx—category for any based multicategory M . Secondly, E* needs
additional structure to ensure that the functor it represents is lax symmetric monoidal;
we will address this issue as well.

Our construction of E* is based on that of a very small based multicategory E with
excellent formal properties reminiscent of the based category e.

Definition 5.7 The multicategory E has two objects, 0 and 1, with morphisms given by

x* ifa;+---+a,=d,
E(a1’~--’ak;a,): : . k

& otherwise,
so in particular there are no morphisms when there is more than one input with value 1.
The object 0 is the basepoint object, given by the unique multifunctor * — E.

We remark that E is the terminal parameter multicategory for modules [7, Definition
2.4], so a multifunctor from E gives the image of O the structure of a commutative
monoid, and the image of 1 the structure of a module over this monoid. In the case
where the target is a based multicategory, we already have a selected commutative
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monoid structure on the basepoint object, and a based multifunctor from E is then the
choice of a module structure over this commutative monoid.

The formal properties we need for E are the following.

Theorem 5.8 The based multicategory E satisfies E A E =~ E, with the isomorphism
making E a commutative monoid in Mult,. . The category of E—modules is therefore
a full subcategory of Mult,, and has the same smash product as in Mult,,.

The Theorem is a special case of Proposition 5.1, so we need only show that E satisfies
the hypotheses of Proposition 5.1. We begin with the following lemma.

Lemma 5.9 Let M be a based multicategory, f: (E, E) — M a based bilinear map.
Then for any object a of E and morphism ¢ of E,

fla.¢) = [f(.a).

Proof If a =0 or ¢ is in the image of * — E, the lemma follows from f being
based. We consider next the first case in which neither is true. Let ¢, € E»(0, 1;1) be
the unique element; we wish to show that

f(1’¢2) = f(¢27 1)

The key to the argument is to observe that bilinearity means in particular that the
following diagram commutes:

(f(0.0), £(0. 1), £(1.0), £(1. 1)) LCLETEDD 1y 41, 1))

|

R

(f(0,0),f(l,O), f(O,l),f(l,l)) f(¢2:1)
l(f(¢2,0),f(¢z,1))
(£(1,0), /(1. 1) L) Fa.

We now precompose with the ordered quadruple of morphisms (ids (o,0). £0. €0.1ds(1,1)) »
where &g is the image in M of the canonical 0—morphism in *. Notice that f(0,0) =
f(0,1) = f(1,0) since all must be the basepoint of M, and that the composite

£0.0) 202 (1 0.0), £(1.0) L0 11, 0),
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being in the image of * — M, must be the identity 1-morphism. Similarly, the
composite

(idf(0,0-€0) f( ,92)

J(0,0) ——— (f(0,0), /0, 1)) —— f(0, 1)
is the identity. Furthermore, the composite
(0,id (o:idra.n) ) f( ,92) )
S === (f(10). f(1, D) === f(L.1)
arises from applying the based multifunctor f(1, ) to the composite
;id
| (801)(0’1) ®2 1.

in E, which is id;, and therefore the previous composite is idz(,1). Similarly, the
composite

FAD =0 0.1, £y L2 ra

is also idy(1,1). We now have the total diagram

(f(0.0), £(1.1) === (f(0.1). £(1. 1))
l= f(#2,1)
(£(1.0), £, 1) 22y

which establishes the claim.

We next consider the unique element ¢, € E,(0"~!,1;1), and claim that

f(1’¢n) = f(¢n7 1)-

This follows by induction from the case n = 2 by use of the multifunctoriality of
f(, _)and f(_,1), together with the formula

¢n =T(¢2:8n—1.92).

where ¢,_; is the canonical (n — 1)—morphism 0”~! — 0. The general case now
follows, since all morphisms in E are either part of the basepoint structure or else arise
from a permutation action on one of the ¢, ’s. |

Corollary 5.10 There is a natural isomorphism E A E = E which is the product map
for a commutative monoid structure on E in Mult, .
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Proof The isomorphism is induced from the obvious based bilinear map
B:(E,E)—> E

which sends (1,1) to 1 and both (1,¢) and (¢, 1) to ¢ for any morphism ¢. If
f:(E,E)— M is any other based bilinear map, then Lemma 5.9 shows that f
factors uniquely through 8, giving f the universal property of the map to the smash
product. The isomorphism now follows from the uniqueness of universal objects. The
axioms for the commutative monoid structure are trivial to verify, and follow from the
fact that £ has no nontrivial automorphisms. O

The proof of Theorem 5.8 now consists of Proposition 5.1 applied to Corollary 5.10.

Note in particular that the unit for the smash product of based multicategories, which
we will call u, is the coproduct U [ | *, where * is the terminal multicategory and U
is the unit for the tensor product in Mult, which has one object and only its identity
morphism. We will think of u as having two objects, 0 and 1, with O the basepoint
object, and with the only morphism involving 1 being id;. It is now clear what the
unit map u — E is.

The formal properties of our representing object E*, which is still to be defined, rely on
those of the Cartesian power multicategories E”, for which we first need some notation.
The multicategories E” are the powers using the Cartesian product of multicategories,
which provides the categorical product in both the based and the unbased settings. It
is formed using the Cartesian product of sets on both objects and k£ —morphisms for
each k. We will find it convenient to think of an object of E”, which is merely a
string of 0’s and 1’s of length #, as being given by the subset 7" C {1, ..., n} of indices
at which the string takes on the value 1. With this in mind, it is easy to verify the
following proposition.

Proposition 5.11 Given objects T4, ..., Ty and T' of E", the set of k —morphisms
E™(Ty,...,Ty; T') is empty unless the T; ’s are mutually disjoint and Ty U---U Ty, =
T’, in which case it consists of a single k —morphism.

Our next step in deriving the formal properties of E* is the following structure theorem
about Cartesian powers of E.

Theorem 5.12 The Cartesian powers E™ are modules over the commutative monoid E
in Mult, .
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Proof We define the module structure map by giving its associated bilinear map; on
objects we do the only possible thing: given an object S of E™, we send (1,S) to S.
On morphisms, we send (1, ¢) to ¢, and given the k—morphism ¢: (0=, 1) — 1
in E, we send (¢. S) to the single k—morphism ¢7: (&%, 5) — S in E™. All
other assignments are now forced by equivariance. It is easy to verify the requirements
for a module structure. m|

We are now ready to define our G," —multicategory E*.

Definition 5.13 Given an object (m) = (my,...,my) of Gs«, we define E*(m) to
be E™ A--- A E™k where E™ is the m’th Cartesian power of E. In particular, the
0—th Cartesian power E° is *, the null multicategory in Mult,, which also acts as a
0 object for the smash product in Mult,. We define E*() = E.

Theorem 5.14 E* supports the structure of a G, —multicategory.
Proof Given a nonbasepoint morphism (¢, ¢): (my,...,m,) — (ng,...,ng) in G,
we must define E*(«, ¢): E*(n) — E*({m) compatible with the composition in Gx.
For each j with 1 < j <s, we have a given morphism in F

oj: mq—l(j) — nj,

where we have mg—1(;y =1 if g~ '(j) = @. These induce maps of based multicate-
gories

a;-": E" — E™a—1()
by requiring the maps to fit into commutative diagrams with the product projection
maps for I <7 <mg-1(;):

a*

En —Ls E™Ma ')
Tt
Ev
where 7y, () = *, the null map, if o (1) = 0.
Now smashing the oz}" ’s together gives us a map
o Em)=E" A AE"™ — EMa 'O Ao A EMa7 1 = E(gy(m)).

Further, Theorem 5.12 gives E-module structure maps for the Cartesian powers
E™i | while Proposition 5.1 and Theorem 5.8 show that the order in which the factors
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E = E™a='4) for ¢~'(j) = @ are absorbed is immaterial. Consequently, we get a
canonical isomorphism

g*: E*(gs(m)) —=> E*(m),

and we define E*(«,q) = ¢* oa™. The verification that this definition is compatible
with composition in G is left to the reader. |

This Theorem now justifies the following definition.

Definition 5.15 Define J’: Mult, — G.—Cat by letting J' M (m) be the underlying
based category of Mult,(E*(m), M).

Finally, we must show that J’ is lax symmetric monoidal. The existence of the lax
structure map for the product follows from two observations: first, given objects (m)
and (n) of G, we have

E*(m) A E*(n) = E*((m) O (n)),

and second, the definition of the smash product of G, —categories as a Kan extension
makes it only necessary to observe that we have a natural map

Mult, (E*(m), M) x Mult,(E*(n), N) — Mult,(E*(m) A E*(n), M A N)
=Mult,(E*((m) ® (n)), M AN).

The structure map for the unit follows from the observation that Mult, (E, u) = *, the
terminal based multicategory, and it follows that J'(u) = %. The lax structure map
for the unit is then given by the unique map to the terminal object. The necessary
coherence properties for a lax symmetric monoidal functor are now easily verified.

6 Proof of consistency

This section completes the proof of Theorem 1.3 by showing that composing our
forgetful multifunctor U: P — Mult, with the represented lax symmetric monoidal
functor

J': Mult, — G,—Cat

results in the multifunctor J described in [7], up to natural isomorphism. Let C be a
permutative category. We begin by recalling the definition of JC, which assigns to each
object (my,...,ng) = (n) of G« a category JC(n), which has as its objects systems of
objects of C indexed by k—tuples (S) = (S1,...,Sk) of subsets S; C {1,...,n;}. Of
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course, J assigns the null based category * to the base object of G.. (The description
of JC in [7] is in terms of the category G which we have not defined here, but the
descriptions are equivalent.) In order to explain the properties we require for these
systems, we need some notation: given a subset 7 C {1,...,n;} forsome 1 <i <k, we
write (S[; T} for the n—tuple (Sy,...,S;—1, 7T, Si+1,-..,Sk) obtained by substituting
T in the 7 —th position. We can now make sense of the following definition.

Definition 6.1 Let C be a permutative category and (n) = (ny, ..., ng) a nonbasepoint
object of Gy« . The category JC(n) has objects the systems {C(sy, p(s).;,T,u}» Where

(1) (S)=(S1,...,Sk) runs through all k-tuples of subsets S; C {1,...,n;},

(2) for p(sy.i, U, i runsthrough 1,...,k,and T, U run through the subsets of S;
with TNU =g and TUU = §;,

(3) the Cyg) are objects of C, and
(4) the p(sy;;,,u are morphisms Cis.7) ® Cisf;v) — C(s) in C,

such that

() Cisy=0if S§; = forany i,
(2) p(sy.i,r,u =id if any of the S; (forany j), T', or U are empty,

(3) forall p(sy.;, v the following diagram commutes:

P(S):i,T,
Cisir) ® Cispuy — 10~ Ci
Y
Cisto) @ CsiT) —por = S,

(4) forall (S),i,and T,U,V C{l,...,n;} with TUUUV =S; and T, U, and
V' mutually disjoint, the following diagram commutes:

P(ST;(TUL)Y:i. T.UDid

Cisrit) ® Cisruy ® Cisv)

Cisriruvy) ® Cispv)

id@ﬁ(sr,-(uur/»:i,uyl ‘/P(S);i,TUU,V

Cisimy @ Cisrwury) Cis),

P(S)i, T UUV
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(5) forall pisy.; v and p(sy.j v,w With i # j, the following diagram commutes:

Cisryvy @ Cispymw)

(o¢st; vy T.U)®O(sT Wy T.U)

Cistirrvy @ Cisrunvy ® Cisirwy © Cisfurw) Py
id®y Bid Cis).
Cisrirrvy ® Csprrwy) ® Cispur vy ® Cspunw) P

(ocstyTyj v.w)®o(sr vy v.w

Cisimy @ Cisru)

A morphism f: {Cisy. p(sy;i,T,u} = {C(/S)’/OQS);i,T,U} in JC(n) consists of mor-
phisms fg: Cg) — C(’S) in C for all (S) such that fig) is the identity idy when
S; = @ for any i, and the following diagram commutes for all p(sy.; 7,v:

P(SY:i, T.U

Cisim) @ Cisru) Cis)
fisymy® fisiu l lfm
/ / /
Cisim) @ Cistvy - ——= Gy
(S):i, T.U

Note that if any of the n; = 0 in the definition above, then (n) = %, so JC(n) must be
the terminal category with one object and one morphism.

The following theorem is [7, Theorem 6.1].
Theorem 6.2 The categories JC(n) support the structure of a Gy —category.

The Gy —category structure is constructed as follows. First, for a fixed string length £k,
so (n) = (ng,...,ng), JC(n) is functorial in morphisms of F¥, as follows. Given
maps «;: m; — n; of based sets for 1 <i <k, we define

JC{a): JC(m) — JC(m)
on objects by

JC{a){Csy.p(syi.ut = AC{sy PlsyiT.0)
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[0 2
where Cisy = C(oqls1 ..... a ' Si)
o —
and P(s):i, T, U = Pla=18);i,a=1T,a=1U>

and similarly on morphisms. Note that since the «; are based maps, «;” 1S; is a subset
of {1,...,m;} forall i.

Next, a permutation o € ¥ induces a functor
oi: JC(ny,...,ng) > JCMg—1(y), -+ -, D=1 (k)
which is an isomorphism of categories, as follows: The object {Csy, p(s):i,T,U} 18
sent to the object {C&,), p‘(fs,);i!T} where
Cisry = Cots)s Pistyi .U = Pol(S"):0().T.U o(S") = (Sg1y -+ Sow))-

50 if S} = Sp—1(;) C{l,...,n5-1()}, then o(S’) = (S). The morphism {f(s)} is
sent to the morphism { f(‘g,)} where f(‘g,) = fo(s7)- Itis straightforward to verify that
(cth =0o1.

Finally, we have isomorphisms of categories
e: JC(my,...,ng) — JC(ny,...,ng, 1)

defined as follows: the object {Cs), p(s).;,T,U } is sent to the object {C(“’ . ,ofs,),l. U
where

Cs 1ty = Ci8) Plsy s, TU = PISYET.U fori <k +1,
Cs1rSn2) = 0 P(StonSio2pii, TU = 14 P8y mnSi k1,70 = i

The morphism { f{s)} is sent to the morphism { f(’fg/>} where

SSisan = Jsr Sisnsie) =14

This description of the components of the objects and morphisms is complete since the
only two subsets of {1} are {1} and @. The inverse of this isomorphism is induced by
dropping the {1} from (k + 1)—tuples of the form (Sy,..., Sk, {1}). This describes
image functors for a generating set of morphisms of G, and since JC(n) = * if any
of the n; = 0, it is now easy to verify that we do in fact get a G«—category JC.

We now begin the construction of the natural isomorphism J'UC =~ JC, and we proceed
objectwise in Gy, so we need to produce isomorphisms of categories

J'UC(m) = JC(m)

for each object (m) = (my,...,mg) of G,. The bulk of the construction is con-
cerned with the bijection on objects. Suppose given an object of J'UC (m), that is, of

Algebraic & Geometric Topology, Volume 9 (2009)



2436 A D Elmendorf and M A Mandell

Mult,(E*(m), UC), say F: E*(m) — UC, with (m) # *. We need to produce an ob-
ject of JC(m). But the objects of E*(m) can be considered as k—tuples (S1,..., Sk)
where S; C{1,...,m;}, so we get the part of an object of JC given by a system Cig)
by defining

C( S) = F (S )
We also need to produce the structure maps in the system, so suppose given subsets 7’

and U of {l,...,m;} with TNU =@ and T UU = §;. We define the associated
structure map ps).;,r,u to be the image under F of the 2—morphism in E™ given by

(T,U)—TUU = S},

together with the objects in the other slots in (S). Now the coherence properties (1)
and (2) follow from F being a based multifunctor, (3) follows from the commutative
diagram

Lk

(U, T)—=TUuU

in E™i  (4) follows from the commutative diagram

(T,U,V) ——= (T, U UYV)

| |

(rvv, V) —Tuuvuv
in E™i  and (5) follows from bilinearity.

The reverse direction is the most significant part of the proof: given an object
(Cisy» p(sy:i,r,u) of JC(m), we need to construct a multifunctor F: E*(m) — UC.
The map is clear on objects: F(S) := C(s). Now suppose given an n—morphism in
E™ say (T1,...,Ty) = Si,s0 T, NTg = unless r =s,and T U---UT, =S;.
We need to construct the image n—morphism in UC under our multifunctor ¥, which
will be a morphism in C

Cisim) @@ Cispm,y = Cis)-

We define this inductively, requiring the morphism to be idg if » = 0 and id¢ g,
if n = 1. For larger n’s, we define the image n—morphism by induction to be the
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composite

Cisim) @ @ Cisim,_y) ®Cisit,) — Cisns\1)) @ CishiTy)

P(S):i.Si\Tn.Tn

Cisys

where the first map is given by induction on the first 7 — 1 terms, and the second is the
structure map given by the object of JC(m).

We must verify that this definition actually gives a multifunctor F: E*(m) — UC, so
we must show that it respects the composition I" and the action of ¥, on the set of
n-morphisms. By the definition of E*(m), this reduces to checking multifunctoriality
in each m; separately, and then bilinearity in each pair, using the based concepts in
both cases. For notational convenience, we assume without loss of generality that the
list (m) = (my, ..., mg) has length 1 for the first part of this check, so (m) = m is
an object of F.

Our first step is the following lemma.
Lemma 6.3 LetTy,...,T;,Uy,...,U; be a collection of mutually disjoint subsets

of {l,....m}. Let T =T U---UT; and U = Uy U---UU;. Then the morphism
induced by the i + j —morphism

(Ty,....7;,Uy,...,Uj)) = TUU
in E™ factors through maps induced by morphisms in E™ as indicated in the following:
CT1 @---@CTi ®CU1 @CU]. - Cré®Cy — Cryuy.
Proof We induct on j, and the claim is trivially true if j = 0 or j = 1. For the

general case, we examine the following diagram, in which all arrows are induced from
morphisms in E™:

CT]@"'@CTI'@CUIGB"'@CU]'_I@CU]'

e

Cr & Cy\u; @ Cy; Cruuv\vu; ® Cu;

| |

CreCy Cruu.

The top triangle commutes by induction, the left triangle commutes by definition of
the induced maps, and the square is the associativity condition for the structure maps
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of an object of JC({m), property (4). The clockwise composite is the definition of the
induced map, and the conclusion follows. |

We can now show that our construction respects the composition I". Suppose we have
mutually disjoint objects Si1,...,S1r.--..Su1s.-., Sur, of E™, so we have S;;’s
forl<i<mand 1 =<j <r;. Wewrite S; = S;; U---USj;, and S =S U---US,.
To show our construction preserves composition, we must show that the composite of
induced maps

CS“ @...@CS”] @...@Csnl@...@csmn %CSI@"'@CS,,*CS

is the induced map. We examine the following diagram, in which all maps are induced
from morphisms in £, and proceed by induction on 7:

CS“ EB"'EBCSlr] EB"'EBCS,“ @...@Csnrn

N T

\Sn ©® CSn\Snrn ® CSnrn - CS\Snrn ® CS,,rn

| |

Cs, ®---®Cs,Cs\5, D Cg, Cs.

Reading from left to right, the triangles out of the top left entry commute by induction, by
definition, and by Lemma 6.3, while the square is another instance of the associativity
property. Now the clockwise composite defines the total induced map, while the
counterclockwise composite is the given one. The conclusion follows.

In order to check that our construction respects the permutation actions, it suffices
to check preservation of transposition of adjacent letters, since these generate Xj.
Suppose given mutually disjoint subsets 77,...,7;,Uy,...,U; of {1,...,m}, and
we write as before 7' =T U---UT; and U = U; U---UU;. We need to show that

Cr, @ &Cr,_, ®&Cr, ®Cy, -+ & Cy;,

R

/CTUU
CT1@'”@CT[GBCT,'_I@CU]@"'@CU}'
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commutes. This follows from the case j = 0, however, by the following diagram, in
which all maps are induced from morphisms in E”:

CT1@"'@CT,'_1®C7}€BCU1EB"'@CU,'

\\

= CroCy —=Cruu.

——

Cr,®&--Cr,®Cr,_, ®Cy, -+ & Cy;

The left triangle follows from the case j = 0, and the other two triangles are instances
of Lemma 6.3. The case j = 0 follows by examining the diagram

Cr,®---®Cr_, &Cr,

\

Cr\,_,ur) ® C1y_,uT;

/

CTl @"'@CTZ' @CTI'—I

12

Cr.

The left triangle follows from property (3), the transposition axiom for the structure
maps of objects in JC(m), and the other two triangles are further instances of Lemma
6.3. The construction is therefore multifunctorial.

We now return to the full generality of objects of E*(m), and must verify that our
construction is based bilinear. Bilinearity follows from property (5) of an object of
JC(m) by the same argument used in the proof of Theorem 1.1 to prove that bilinearity
follows from a pentagon diagram, using Figure 1. Finally, basedness follows from
properties (1) and (2) of an object of JC(m), requiring that Cgy = 0 whenever any
S; = @, and that the structure map be the identity whenever any S;, 7', or U is
empty. This completes the verification that our construction produces a multifunctor
E*{(m) — UC from an object of JC.

We must show that these correspondences are inverse to each other. Given F: E*(m) —

UC, we produce the object(C(gy, p) of JC(m) with the system of objects of C given
by
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From this we redefine a multifunctor from E*(m) to UC, where given an n—morphism
(T1,...,Ty) — S; in E™i  we use the inductive definition given by the composite

Cisim)) @@ Cisi1,-1) ® Cisimy) — Ciss\1)) ® CsiiT,)

P(S):i.S\Tn.Tn
to define the image n—morphism in UC. However, this must coincide with the image
n—morphism given by our original F' by induction and the commutativity in E™ of
the diagram

(Tl’ LRI Tﬂ—l’ Tn) - (Sl \T)’h Tn)

|

Si.

Conversely, suppose given an object (C(s),p) of JC. Then we define the corre-
sponding multifunctor F by setting F(S) := C(s) and using induction to define the
correspondence on n—morphisms. But now taking that multifunctor and recovering
the corresponding object of JC takes us back to the system of objects C(g), and the
structure maps p are all induced by maps given by F from the original object of JC.
We therefore recover the original object, and we have shown that our correspondences
give inverse bijections between the objects of JC and of Mult.(E*, UC).

In order to show that we also get inverse bijections on morphisms, and therefore isomor-
phisms of categories, we just note that the morphisms in both JC and Mult.(E*, UC)
are given by natural transformations, and that our constructions in each direction give
inverse correspondences of natural transformations. Preservation of composition and
naturality in G are easy exercises left to the reader. We have finished showing that our
construction extends that of [7], and therefore the proof of Theorem 1.3.
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