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Abstract

In here we define the concept of fibered symmetric bimonoidal categories. These are
roughly speaking fibered categories A : D — C whose fibers are symmetric monoidal
categories parametrized by C and such that both D and C have a further structure
of a symmetric monoidal category that satisfy certain coherences that we describe.
Our goal is to show that we can correspond to a fibered symmetric bimonoidal
category an F.-ring spectrum in a functorial way.
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1 Introduction

The goal of this paper is to study in general what we denote by fibered sym-
metric bimonoidal categories. These are fibered categories A : D — C, such
that D and C are topological categories and such that each fiber D, has the
structure of a symmetric monoidal category (D, @, 0.). In addition, both D
and C are symmetric monoidal categories, (D, ®, 1) and (C, ®1), and the func-
tor A is a continuous symmetric monoidal functor. The operations ® and @,
are compatible in the sense that they satisfy some coherences. These coher-
ences are similar to those satisfied by a symmetric bimonoidal category plus
some new coherences that we require. (For the precise definition see Definition
1 below). We show that given a fibered symmetric bimonoidal category, we
can correspond an E.-ring spectrum in a functorial way.
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Our motivation to study fibered symmetric bimonoidal categories comes from
an attempt to produce a geometric based model for elliptic cohomology. In
(9), Hu and Kriz proposed a construction of an elliptic cohomology type spec-
trum based on a concept that they referred to as elliptic bundles. These are
defined to be stringy bundles on a fixed elliptic curve that are invariant under
translations. Roughly speaking, a stringy bundle is a holomorphic analogue of
Segal’s elliptic objects (see (9) for definitions). The category of elliptic bundles
and isomorphisms between them is a symmetric monoidal category under a
product ®. One difficulty in the construction of (9) is, that as defined, there
is no obvious way to add elliptic bundles. Hu and Kriz get around this incon-
venience by using some machinery from homotopy theory. In (5), Gémez, Hu
and Kriz propose a geometric model of elliptic cohomology using a modified
version of stringy bundles over C with compact supports. This produces an
example of a fibered symmetric bimonoidal category which is our motivating
example. More precisely, our main motivation for studying fibered symmetric
bimonoidal categories is the following construction. Let C be the SPCMC of
worldsheets over the stack of finite dimensional complex manifolds. Given a
Riemann surface X we can associate a SPCMC Cx (see (5) for the definition).
We have the topological category A of conformal field theories (CFT’s) on
C which is a fibered symmetric bimonoidal category over the discrete cate-
gory MF of modular functors over C. In addition, we have the topological
category B of CF'T’s C¢ over modular functors pullback from C. This is also
fibered symmetric bimonoial category. Using the machinery that we describe
here we can correspond to this data, two F.-ring spectra €4 and g, together
with a map of spectra ¢ : Eo — Eg. The fiber of this map is our proposed
elliptic cohomology type spectrum. (See (5) for more details).

We begin our study of fibered symmetric bimonoidal categories by first study-
ing the discrete case; that is, we first study the case where all the structure
insight is discrete. By applying a streefication process we show that in gen-
eral a discrete fibered symmetric bimonoidal category can be replaced by an
equivalent fibered category A : D¥ — C* such that (D*,®,1) and (C%,®,1)
are permutative categories and A® : D® — (C® is a strict map. In addition for
every object c of C*® the fibers D? have the structure of a permutative category
(Ds, &, 0.). We also have distributivity maps satisfying coherences similar to
those satisfied by a bipermutative category. Thus A® : D®* — C?® is what we
call a discrete fibered bipermutative category. (See Definition 6 below).

In general, having a fibered category A : D — C is equivalent to having a
contravariant lax 2-functor C”? — Cat and the latter can be replaced by an
equivalent functor C°” — Cat. This is shown for example in (16, Sections 3.1.2
and 3.1.3). We use this idea as our starting point. Thus we can correspond
to a fibered bipermutative category A : D — C, a functor C? — P, where P
is the category of small permutative categories. However, in order to capture
the multiplicative structure present we need to enlarge the category C°. Thus



given a fibered bipermutative category A : D — C we consider the permutative
category A that is defined as the wreath product category Inj [(C)*, for a
functor
(CP)* : Inj — P.
We show that given a fibered bipermutative category A : D — C, we can
correspond a functor ¥ : A — P. This functor preserves the multiplicative
structure in the sense that for objects u and v of A, we have a functor
Ry V() X ¥(v) = V(uOw)

)

that satisfies certain conditions. (These are conditions (c.1) — (c.14) of The-
orem 25).

The functor ¥ : A — P induced by a fibered bipermutative category motivates
the study in general of the category of functors & — P, where (£, ®,1) is a
general permutative category. We define a multicategory structure on the this
category. This is a special case of a more general construction; that is, if
M is a multicategory, then we show that we can find a multicategory M¢
whose objects are the functors &€ — M. In addition, we show that for the
functor ¥ : A — P induced by a fibered bipermutative category the additional
multiplicative structure given by the permutative structure on D and the
coherences gives rise to an enriched multifunctor over Cat

T, : EX, — PA.

Here EY, is the category valued operad, whose value at k£ > 0, is the transla-
tion category EY), that has as object set ¥, and there is only one morphism
between any two objects of Y.

We also show that given an enriched multifunctor F : M; — M, between
two multicategories M; and My enriched over Cat, then composition with
F gives rise to a multifunctor F, : M§ — M$. In particular, if we take the
multifunctor K : P — XS defined by Elemendorf and Mandell (4, Theorem
1.1), we get a multifunctor K, : P¥* — ¥S¢. By composing the multifunctors
Ty and K, in the case of £ = A, we obtain a multifunctor 7 : EX, — XS4
In addition, we show that in general, given a multicategory M enriched over
simplicial sets, then the positive model structure on S can be lifted as to get
a closed model category structure on the category of multifunctors M — 2S¢,
We use this model structure to show that a multifunctor 7' : EY, — 2S¢ can
be rectified as to obtain a multifunctor 7" : * — X.S¢. It turns out that having
such a multifunctor is equivalent as having a lax map & — ¥S. Thus in the
case of A, we obtain a lax map ¥ : 4 — X8.

We have a canonical map W : A — C° that is a strict map. Using the model
structure mentioned above, we show that this map induces, via a left adjoint
in a Quillen adjunction, a lax map ¢ : C? — ¥S. In a similar way, we show



that such a functor gives rise to a lax map ¢’ : (C°?)~1C? — XS. In particular,
the image of the unit give us a strictly commutative symmetric ring spectrum.
The outlined construction is functorial, thus we obtain a functor

Z.FS — YCRS,

where FS is the category of discrete fibered categories and YCRS is the
category of strictly commutative symmetric ring spectra.

Finally, given a topological fibered category, by applying the singular functor,
we can see it as a simplicial fibered category; that is, given a topological fibered
category we correspond a functor

A? = FS

and by composing this functor with the functor Z we obtain a simplicial
commutative ring spectrum whose realization is the desired spectrum.

A big part of this work was inspired from the ideas of Elmendorf and Mandell
in their beautiful work (4) and (3). Some propositions and theorems here are
direct adaptations of their ideas to our settings. Also I would like to thank
Igor Kriz and Po Hu for all their help and useful comments throughout this
work.

2 From fibered symmetric bimonoidal categories to fibered biper-
mutative categories

In this section we define fibered symmetric bimonoidal categories and fibered
bipermutative categories. Then we show, using a standard procedure in cate-
gory theory, that every fibered symmetric bimonoidal category can be replaced
by an equivalent fibered bipermutative category. The latter will be used as in-
put for the machine that we construct and that produces an E.-ring spectrum.

Definition 1 A discrete fibered symmetric bimonoidal category is a fibered
category A : D — C, (see Definition 10), where (D, ®,1,7%) and (C,®,1,~7%)
are two small symmetric monoidal categories and A is a symmetric monoidal
functor. In addition, for each object ¢ of C, the fiber D, has the structure of a
symmetric monoidal category (De, Be, 0.,7F). These structures are compatible
in the sense that we have natural distributivity maps

d:(rey)o @ ey — (rer)y,
d:(zey)e@ey) -z @y dy),

defined whenever x and x', y and y' are in fibers D., Dy respectively. The
morphisms d' and d" and are morphisms in Dazoy) = Da(eaa)oy)- We also



have natural isomorphisms

A 0. B — pLix® 0, —
)\z :Od®$—>0d®c, p; : l'®0d_>0c®da

for an object x in D.. We require similar coherences than those described by
Laplaza for symmetric bimonoidal categories as described in (10) to hold when-
ever they make sense with the zero and null morphisms replaced by the above
morphisms. In addition, we can add morphisms in D over a same morphism in
C; that is, given morphisms o :x — y and (: 2" — y with A(a) = A(B) = f,
for f:c—d, then we can find a morphism

a®firdr —yay,

with A(a® ) = f. In the case that f = id., then a ® = a ®. 3. We require
the following diagrams to be commutative:

x@x’—%@ﬁ yby

@
7@ J/ l%l

B2y @y

(IB @ x/) ® z" (a®pB)®s <y @ y/) Sy
T (33', D l’”) 0‘@(/3@5) y® (y/ ) y//)

Also, given any morphism f : ¢ — d in C we can find a morphism Oy : 0, — Og

over f such that

a®0
T @0, —%

]

The morphisms Of’s are defined in a functorial way; that is, given f :c — d
and g : d — e morphisms in C, then Oy = 0400 and if f =id: c — c, then
zdc d(]

y @ 0qg

i%

T

Remark 2 The naturality statement for all the morphisms in the above def-
wnition means naturality whenever this makes sense, for example for the dis-
tributivity morphisms d' and d”, the naturality means that given g : v — o,
and ¢’ : @' — x} morphisms over f :c — ¢ and a morphism h 1y — y' over
f'od—d, then the following diagram is commutative

(zoy) o (@ ey) (zo2)®y
(9®h)€9(9’®h)i i(si@g’)@h

(x1®y1)@(x1®y1) (1@ 7)) @y



and similarly for d".

Remark 3 IfC is the trivial category with only one object and one morphism,
then a discrete fibered symmetric bimonoidal category over C is just a sym-
metric bimonoidal category.

In the case of symmetric bimonoidal categories, it is convenient to work in
a more rigid scenario by requiring the operations in sight to be strictly as-
sociative and to have strict units. Similarly, we have a strict version of a
fibered symmetric bimonoidal category. We call these fibered bipermutative
categories. Before giving the precise definition, we recall the definition of a
permutative category.

Definition 4 A permutative category consists of a category C, a functor ® :
C X C — C that is strictly associative, a strict unit 1; that is, t®@1=1=1Rx
for all objects x and a natural isomorphism v : * ® y — y ® x such that the
following diagrams are commutative

r®1 ; 1®x TRy — TRy
NP N
T y®$a
TRYR 2 2 Z2RrQyY
TR zZRY.

We have three different notions of morphisms between permutative categories
that will be useful for us. Suppose that (D, ®,1) and (£, ®, 1) are permutative
categories, then:

e A functor f: C — D is said to be a strict map if f(z ®@y) = f(z) @ f(y),
f(1)=1and

flz@y)—f(z) @ f(y)
f(v)l iW
fly®z)—==f(y) @ f(z)

is a commutative diagram.
e A functor f:C — D is said to be a lax, map if f(1) = 1 and there exists a
natural transformation

A=A f2)® fly) — flz@y)

such that A = id whenever x = 1 or y = 1 and the following diagrams are



commutative
fl@) @ fy) © f(z) 22> f(2) @ fly © 2)
>\®idl l)\

fleey)® f(z) ——fz @y ®2),

f(@)® fly) 2= flz ®y)
Vl lf(v)
fy) @ f(z) =~ fly® ).

e A functor f:C — D is said to be a lax map, if we can find a map n: 1 —
f(1) and a natural transformation

A=Ar: f2)® fly) — flz®y)

such that the following similar coherences are satisfied together with those
coherences involving the unit.

From now on we will denote by P the category whose objects are the small
permutative categories and whose morphisms are the lax, maps. This category
P will play a crucial roll throughout this work.

Definition 5 A bipermutative category is category that has two permutative

category structures (C,®,0,7%) and (C,®,1,~4®). These satisfy that x ® 0 =

0 =0® x and we have natural distributivity isomorphisms
d:(z@y)® @@ ey — (ror)oy,
d:(ry)e@@ey) -1 (ysy),

that satisfy the following coherences:

Ry @@y @@ 9y Y (rer)oy) @ @@ 9y) (a.1)

(z@y) @ (@ @2")@y) (@2’ ®2") @y,

dl

22y @@ ey —t-rer)y (a.2)
WGBJ, l’yQ}@id
D

(¢ ©) & (z©y) (2 ) Oy,

TRYR2)® (¥ yz2)Lt-(z0)Qy® 2 (a.3)

dl

(rey)o@@ey) ez



are commutative diagrams. Also we have similar commutative diagrams with
d" replaced by d”. Also the following diagrams are commutative:

5 dTy@y @yoy)) (a.4)
/
zRy)e@ey)® (@ ey o
ide~® ®id x@x y@y
(Ry)e @Ry d(@ey)d (@ ey) o
(eer)ey) e ((zer)®y)
(z@y) e @ oy —t-zor)ay (a.5)
’Y®€B’Y®\L lv‘@

(yoz)o(Yyer)—Fy (o).

Definition 6 A fibered category A : D — C is said to be a fibered bipermu-
tative category if it satisfies the following properties: A : D — C is a fibered
category such that (D, ®,1) and (C,®,1) are small permutative categories and
AN D — C is a strict map. In addition, we require that the fibers of A have
an additional structure of a permutative category (D.,®.,04F). We assume
that x ® 0y = Opgq and 0, @ y = O.gq for all objects x and y of D, and Dy
respectively. We also require the operations @ and &. to be compatible in the
sense that we can find natural distributivity maps which are isomorphisms

d:(z2y)0 (@ ey — (rar) ey,
d:zey)e@ey) -z {yay),

that are defined for objects x and ', y and y' of D. and D respectively. The
distributive maps are required to be maps in the category D.go and also to
satisfy the coherences (a.1) — (a.5) where they make sense. We name these
conditions (b.1) — (b.5). In addition, given g : © — y and ¢ : ' — ¥
morphisms over [ : ¢ — , then we require the existence of a morphism
gPg x@x’ — ydy defined in a natural way; that is, if we have morphisms
h:y—zandh' .y — 2 over f': ¢ — ", then the following diagram is
commutative

r@®x (b.6)

) hoh)@(h'og')
g@yl

Yoy Gz @7,
In the case that f = id : ¢ — ¢, then ¢ ® ¢ = g B, ¢'. Also, we require this



addition to be associative; that is,

ged)ed" =g (d®g") (b.7)

for morphism g,q" and g" over f. Moreover, we need the following diagram to
commaute

@2 Ly @y (b.8)
W?i 78
g'®g

¥ or——=y dy.
Finally, for each morphism f :c — ¢ in C we can find a morphism Oy : 0, —
0w over f, defined in a natural way in the sense that if f': ¢ — " is another
morphism in C then Op 0 0 = Opop and the Of satisfy that

g0 =g=0rdyg. (b.9)

If f =1d:c—c, then 0,y = idy,. Note that the naturality of the distributivity
morphisms d' and d” means that given g : x — x1 and g’ : ¥’ — 2} morphisms
over f:c— ¢ and a morphism h : y — ' over f' . d — d', then the following
diagram is commutative

rQyer Qy—L (o) 0y (b.10)
g®h@g/®hl J{(g@g’)ééh

T @y D) ®y17>(:c1 ® ) @y
and similarly for d".

Remark 7 A fibered bipermutative category over the trivial category is just a
bipermutative category as defined above.

For symmetric bimonoidal categories, it is well known that every symmetric
bimonoidal category is equivalent to a bipermutative category. In our case this
is also true; that is, every fibered symmetric bimonoidal category is equivalent
to a fibered bipermutative category. We show this in the following theorem.

Theorem 8 Given a fibered symmetric bimonoidal category A : D — C, we
can find equivalent categories D* and C* together with a functor A* : D* — C*
that is a fibered bipermutative category. Moreover, there are equivalences @' :
C — C® and © : D — D* that are symmetric monoidal functors, and such
that the following diagram is commutative

D5 ps

Ai lAs

C?Cs.



Proof: To begin, let us replace the symmetric monoidal category C by an
equivalent permutative category C°. This is an standard construction in cate-
gory theory. The objects of C® are formal products of the form

c=cX---Keg,,

where n > 0. When n = 0, ¢ = () is the empty product. Given such a sequence
we define
(I)<61|Z|...X|Cn) :Cl®("'®(cnfl®cn)"'>

for n > 0, and for n = 0 we define
o() =1.

Here 1 is the unit of the symmetric monoidal category (C,®,1,~7%®). The mor-
phisms of C* are defined in the following way. Suppose

c=cX---Keg,,

d=d;X---Xd,
are two objects of C®*. Then a morphism f : ¢ — d in C® is a morphism
in C f: ®(c) — ®(d). This way we obtain a category and ® : C* — C is
an equivalence of categories. The inverse ®' : C — C* is defined on objects
by ®'(¢) = ¢, where on the right ¢ is the string of objects of C of length 1.
Similarly @’ is defined on morphisms.

Note that C® is a permutative category. Indeed, the product X is given by
juxtaposition; that is, given ¢ and d objects of C® as before, then

cRd=c;X-- K¢, Kd; X---Kd,.
Similarly, if f: ¢ — ¢ and g : d — d’ are two morphisms in C*%, then we define
fRg:c®d—Xd
to be the following composite in C
D(cHd) > ) ® D(d) X o(d) @ o(d) S o(d R ).

Here the outer isomorphisms, are the coherent isomorphisms in C arising from
a rearrangement of parenthesis in a given product.

Before continuing we introduce some notation. Given a formal sequence
g = xl & . e & xk
of objects of D, then we denote

Alz)=Ar K- - Nap) =2, 0 (- @ (xp_1 Q@ap) - ).

10



Thus Az X---Xxy) is the object of D obtained by multiplying the elements
1, ..., T 1IN & consistent way.

On the other hand, since A : D — C is a fibered category, as explained in
Theorem 13, for every morphism f : ¢ — ¢ we can correspond a functor
f*: Dy, — D,. in such a way that the correspondence ¢ — D., f — f* is
a contravariant lax 2-functor C — Cat. We will fix from now on such an
assignment.

Now we want to replace the category D by an equivalent category D°. The
objects of D* will be the set of formal sequences of the form

X=X -Key,, (z,, f1)B---B(zm, fm))s
where n > 0, m > 0, each z; is a formal product
2, =z K- Wy,

and
fit®(aX---Ke,) — A(A(z;))

is an isomorphism in C.
For an object

X=X -Kep, (g, 1) BB (2, fn)),
of D* we define ©(X) in the following way. If m > 0,
OX) = fi(Alz1) & (- & (fr1 (Alzn-1)) & [ (Alzn))))-
When m =0 and n > 0, then X = (¢; K- -- K ¢,,) and define
O(X) = 0a(g)-

Finally, in D* we have an object of the form X = ((),1) which will be the
multiplicative unit and we define

o(0,1) =1,

the unit of D.

Note that ©(X) is a well defined object in D, this is because for every 1 <i <
m, each f;(A(z;)) is an object in Dg(,) and addition is well defined on fibers.
To define the morphisms of D® we use O as follows. Take two objects in D*

X=( XNy, (2, f1) BB (@, fn)),
Y = (dl&"‘&dm<g1agl)E"'E(gsng))'

Then a morphism f : X — Y in D*, is precisely a morphism f : ©(X) — O(Y)
in D. In this way we obtain a category D* and we trivially see that © : D®* — D

11



is a functor. It’s easy to see that the © : D° — D defines an equivalence of
categories with inverse © : D — D? the functor that for an object = of D,
corresponds ©'(z) = (¢, (x,id,.)).

We continue now with the definition of the functor A% : D¥ — C*. Given an
object of D?

X:(Cl&"‘&Cm(ﬁl,fl)E"'E(lm>fm))a

define

NX)=c K- K,
If f:X — Y is a morphism in D*, then f : O(X) — O(Y) is a morphism
in D and thus A(f) : A(O(X)) = ®(A%(X)) — A(O(Y)) = &(A%(Y)) is a
morphism in C. We define then

We want to see that A® : D* — C* satisfies the required properties. To begin,
note that by the definition we can easily see that

DLDS

Ai iAs

C?Cs

is a commutative diagram.

Our next step is to show that each fiber D; has the structure of a permutative
category. Suppose then that

X=X KWep, (z, f1)B---B(z,,, fm)),
Y = (Cl&"'&Cru(ylagl)E"'E(gsags))

are two objects in the fiber D;. Define
XEE‘QY = (Cl X "'&Cn7($17f1)EE‘"'EE‘(&mafm)Ba(ylagl)aa"'aa(ysags))-

We want to see that this defines a permutative category on D;. First of all, it
is clear that H, is strictly associative. In addition, if we denote by

0. =(aX---Hep,)

then it is clear that 0. is strict unit for BH,. We need to find a symmetry
isomorphism Y. Given objects X and Y in the fiber D} as before, then we
define a symmetry isomorphism

Y X8 Y Y B X

12



to be the composite

2]
701@("'(07171@070)
—

O(XH,Y) = 6(X)®0(Y) O(Y)®0(X) = Oy B, X)

where the outer isomorphism are the coherent isomorphisms in Dg(.) coming
from the associativity of @g(). Then using some coherent theory it follows
that each (Dg, B, O, 7953) is a permutative category.

Let us show now that the category D?® has the structure of a permutative
category under a product X. We begin by defining the functor X. Suppose
then that

X = (Clg"'&cny(ilafl)EE"'EE(lmhfm))?
V=(d®---Rd,,(y,0)B---B(y,,9)

are two objects of D* with n,m,r,s > 0. We define
XKXY =
(CI®~'-®cn|Ed1IZ]--~IEdT,(g1@gl,fl&gl)EB-~~EB(@1®QS,f1®gS)EH

Here, if

=y K- DRy,
gj:yjllg”'lgyjtj
then
L’gyj =z K- oy, gyﬂ@“'@yﬁj;
and f; X g; is defined to be the composite in D

(cBd) S0(c) @ ®(d) " A(A(x)) ® AA(y,)

A(A(z) © Aly) 2 AA(z, By)).
The outer maps are the ones obtained by a rearrangement of parenthesis. Also

we we define

(0, D)RX =X =XK((),1)
for all objects X of D®. Finally, if X is any object in D, then

04 XX = Ogxe
X X 04 = 0c=q4-

In a similar way we define X on morphisms of D?.
Let us show that this defines a permutative category on D®. We begin by

13



checking the associativity property. Suppose that

(Cl X &CTH(@lafl) B | (gmafm))a
(i ®---Kd, (y,0) BBy, 95),
(e1 X+ Key, (21,h) BB (24, ha))

X
Y
A

are three objects of D®. Then by definition we have that

(XRY)RZ = (cRdRe(z, By, Bz, (fi K gr) K hy)E
--~EE(gm®g5®ga,(fm®gs)®ha)),

XNYKZ)=(cRdNe, (2, Ky, Kz, fi W (g1 W h))H
"'EH(gmlggsggwfm&(gs&ha)))

so the only question to be answered is whether or not (f, X g¢,) X h, and
fuX(g,Xh,,) agree for all u, v and w. But these morphisms agree by coherence.
Thus X is strictly associative. By definition , ((), 1) is a strict unit for X.

We construct now a symmetry isomorphism 7% : X XY — Y K X. To do so,
take objects of D¢ of the form

X= (R Ky, (z,f)),
V=K Xd,(yg9)

where

- -
yn R Ry,

NSNS
Il

We will define first the symmetry isomorphism in this case
AHXRY - Y KX,

By definition, we have that

We want to define a natural isomorphism

7 (fRg)(A@Ry) — (98 f)"(A(y R z)).

14



By definition of a fibered category, there is a unique morphism 7%9 making
the following diagram commutative

(f&g)(AxzBy) — Az Ry)
T~ \’Yf\,g\ A(Wg)
(98 )" (A(yR ) WL Ay W z)
O(c M d) MJ A(A(z R y))
K l (A(2))
B(dN ) = A(A(y R z))

Because of the uniqueness condition, the morphism v}gjg is natural and satisfies
the required coherences. We extend the definition of the 4% to all the objects
of D? in the following way. Suppose that

X :(Cl &"'&Cn;<£17fl) BB (£m7fm))7
V=(d®---Rd,,(y,,01)B---B(y,,9:)

are two general objects of D*. Then we define v¥ to be the composite

PMED IR/
H

OXEY) =33 (B g) (Alz Hy,)

33 (0 B A (Aly, Br) = 330y B ) (Aly, B)
—O(Y K X)

Here by >, 25:1 x;; we mean the sum with a consistent way of inserting
parenthesis as before and the unlabeled isomorphism is the isomorphism ob-
tained by rearranging the terms of summation using the isomorphism v®. This
way defined we see by using some coherence theory that (D%, X, ((), 1), %) has
the structure of a permutative category.

Our next step is to construct distributivity maps

d:(XRY)B(X'KY) - (XBX)XY,
d(XRY)BXKY) - XK (YBY),

wherever they make sense; that is, for objects X and X’ of D} and Y and Y’
of Dj. By a straight forward computation we can see that

d=id: (XRY)B(X'XY)=(XBX)XY.
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On the other hand, if we write

X=(a® e, (21, f1) B B (2, fin)),
V=X Rd,(y,q) BBy, 9)),
V= R---Rd, (y,9)B--- B, 95))

then we have that

XRYBXRY =
(cXd(z; Xy, iRg)B-- - B(z, Xy, frn X gs)
B (2, Xy, iRg) B Bz, Xy, fnXgy))

and

XR(YBY')=
(cXd,(z, @gl,ﬁ Xg) 8- B (z @g’snﬁ )
B (2, Ry, iRg)B Bz, Xy, fnHgy)).

Thus we define
d:(XXY)BXXY') - XX(YHY)

as an iteration of fyg%d. By a trivial but long computation one can see that
these distributivity maps are natural and satisfy the coherences of a fibered
bipermutative category as in Definition 6.

To finish we need to show that we have addition on morphisms in D? over the
same morphism in C*. Thus suppose that o : ¢ — d is a morphism in C* and
G:X =Y, 0: X — Y are two morphism in D? over f, where X, X’ are
objects in Df and Y, Y’ are objects in Dj. As noted before, we have a natural
coherent isomorphism -

pxx  OX B, X') S 6(X) @ 0(X).
This isomorphism is obtained by rearranging the parenthesis in the summa-
tions. With this in mind, we define o B 3 to be the following composite
ox @, X)) " o)z o) Yo )ser) X or ®, v).

This way defined we see that H is strictly associative and that

X\, X ymy

78 Vi

X'\ X By my
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is a commutative diagram.
In addition, note that by definition ©(0.) = 0Op() and we have a coherent
morphism Oy : Op() — Op(g) in D, therefore we define a morphism Oy : 0, — 0Oqg
in D® to be the morphism 0 : 0g() — Og(g) in D. The coherences satisfied by
O in D imply that

Oy Ha=a=al0;.

Finally, since A : D — C is a fibered category, it follows easily that A® : D®* —
C® is also a fibered category. We conclude then that A® : D% — C® is a fibered
bipermutative category. This proves the theorem. O

3 Fibered categories

In this section we review briefly some aspects of fibered categories. In particu-
lar, we recall the fact that there is a one to one correspondence between fibered
categories and contravariant functors to the category of small categories. We
use this construction as motivation for our study of fibered bipermutative
categories. Indeed, as mentioned before, using this correspondence, given a
fibered bipermutative category A : D — C we can assign a functor C? — P.
However, this functor does not capture all the information present in a fibered
bipermutative category and because of this we need to enlarge the category
C°P. Thus we show that for a given fibered bipermutative category A : D — C
we can correspond a functor ¥ : A — P, where A is a wreath product for a
functor (C°?)* : Inj — P. The category C° canonically includes into A4 and
under this inclusion, the functor ¥ recovers the construction for fibered cate-
gories. Moreover, the functor ¥ recovers the multiplicative structure on D.
The goal of this section is to construct the functor W. We begin by recalling
the definition of a fibered category.

Definition 9 If F : D — C is a functor and c an object of C, we denote by
D, the fiber F~1(c); that is, the subcategory of D whose objects are the objects
d such that F(d) = ¢ and the morphisms are the morphisms mapping to the
wdentity of c.

Definition 10 A fibered category over C is a functor F' : D — C that satisfies
the following properties:

e for any morphism f :c — ¢ in C and any object d' of Do, we can find an
object d of D, and a morphism g : d — d' such that F(g) = f,

e given any pair of morphisms g :d — d and g’ : d" — d in D, let f = F(g) :
c—c and f': F(¢'): " — ¢ their image in C. Then for any f:d —>¢
such that ff = f', there is a unique morphism §: d — d" such that g§ = ¢'
and F(g) = h.
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In general for a functor F' : D — C there is the possibility that there is
an isomorphism f : ¢ — ¢ with D, and D, not equivalent categories. This
does not happen in the case of fibered categories as any such isomorphisms f
induces an equivalence of categories f* : D, — D..

Definition 11 Let F' : D — C be a functor and g : d — d' an arrow in D.
Take g - d" — d in D, and let f = F(g):c—, f'=F(¢): " —  their
image in C. We say that g is a cartesian arrow if for any f : " — ¢ such
that ff = f', there is a unique morphism § : d" — d such that g = ¢ and

F(g) = h. Such a cartesian arrow g over f is called a pullback of f.

This definition is summarized by the following diagram

/

Tt
I g *de/

Thus a fibered category over C is precisely a functor F' : D — C such that
given any morphism f : ¢ — ¢ in C and d’ any object in D, there exists an
object d in D, and a cartesian arrow g : d — d’ such that F(g) = f.

Example: If u is an object of C, then the comma category C/u is fibered
category over C by considering 6, : C/u — C defined on objects by 6,(f : v —
u)=vandif ¢: (g:w — u) — (f : v — w) is a morphism in C/u; that is,
¢ :w — v is such that f¢ = g, then 0,(¢) = ¢.

Definition 12 If F : D — C and G : £ — C are two fibered categories over
C, then a morphism of fibered categories, ¢ : D — &, is a functor such that
F =Go¢ and ¢ sends cartesian arrows to cartesian arrows.

Given two fibered categories F' : D — C and G : & — C, we denote by
Home(D, E) the category whose objects are the morphisms of fibered cate-
gories ¢ : D — E.1f ¢,1) : D — & are objects in Home(D, ), then a morphism
a : ¢ — 1 is a base point preserving natural transformation; that is, a natural
transformation « such that for every object d of D over ¢, the morphism ay
is a morphism in the category &..

Note that the definition of a fibered category over C states that given any
morphism f : ¢ — ¢ and any object d of D, then we can choose an object
f*d over ¢ and a morphism 7 : f*d’ — d' over f. We call such a morphism
a pullback of f. The morphism 7 is uniquely determined up to composition
with an isomorphism in the fiber D.. So for each f and each object d’ over ¢
we can fix such a pullback 7 over f. Also, if a: d’ — €’ is a morphism in D,
then by the uniqueness part in the definition of a cartesian arrow, we see that
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there is a unique morphism f*«a in the category D. such that the following
diagram commutes
f* d na’ d
ffa a
e e o
This defines a functor f*: D, — D,. Notice that if f and g are composable
morphisms in C, then (fg)* does not necessarily agree with ¢g* f*. However, we
can find a canonical isomorphism between (fg)* and ¢g* f*. Thus for a fibered

category F': D — C, and a choice of pullbacks for each morphism f in C, we
can associate the following correspondence:

e for an object ¢ of C we associate the category D.,
e for a morphism f : ¢ — ¢ we associate the functor f*: D, — D..

At a first glance it would seem that this defines a functor C? — Cat, but as
we just pointed out, this is not the case. However, Cat has the structure of
a 2-category and the previous assignment gives rise to a lax 2-functor and we
have the following theorem.

Theorem 13 The above assignment defines a one to one correspondence be-
tween isomorphism classes of fibered categories with a choice of pullbacks and
1somorphisms of contravariant laz 2-functors C — Clat.

Proof: See (16, 3.1.2 and 3.1.3). O

In fact up to isomorphism, we can replace any given fibered category F' :
D — C with an isomorphic fibered category F’ : D' — C such that the
corresponding assignment C? — Cat is indeed a functor. Conversely, given
any functor C? — Cat, we can associate a fibered category F' : D — C. This
defines a one to one correspondence between isomorphism classes of fibered
categories and isomorphism classes of functors C? — Cat. We show this in
the following theorem.

Theorem 14 There is a one to one correspondence between isomorphism
classes of fibered categories and isomorphism classes of functors C°? — Clat.

Proof: We only sketch the proof of this theorem. For the details we refer
the reader to (16, Chapter 3). Suppose first that F' : D — C is a fibered
category. We want to define a functor f : C°? — Cat. For an object u define
f(u) to be the category Home(C/u, D). Given a morphism g : v — v in C, by
composing with g we obtain a morphism of fibered categories g, : C/u — C/v.
This induces f(g) : Home(C/v, D) — Home(C/u, D). It follows easily that
this defines a functor f : C°? — Cat. On the other hand, given a functor
f : C? — Cat we can construct a fibered category F': D — C in the following
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way. The objects of D are the pairs (z, c), where ¢ is an object in C and z is
an object in F(c). If (z,¢) and (y,d) are two such pairs, then a morphism in
D from (z,c) to (y,d) is a pair («, f), where f : ¢ — d is a morphism in C and
a:x — F(f)y is a morphism in the category F(c). If (o, f) : (z,¢) — (y,d),
(8,9) : (y,d) — (z,¢€), then

(8,9) 0 (. [) == (F(f)(B) oa,go [): (x,¢) = (2,¢€).

It’s easy to see that this defines a category. In addition we have a functor
F : D — C that sends a pair (z,c¢) to ¢ and a morphism («, f) to f. This
makes D into a fibered category over C whose fiber D, over an object ¢ of C
is naturally isomorphic to the category f(c). We leave to the reader to show
that this is indeed a one to one correspondence. O

We can apply this procedure to a bipermutative category on fibers A : D — C.
This way we obtain a functor f : C°? — Cat that has the further property
that each f(u) has the structure of a permutative category and the functor
f can be seen as a functor f : C? — P. However, this functor does not
behaves well under the multiplicative structure on D. We show however, that
the fibered category A : D — C determines and is determined by a functor
¥ : A — P that behaves well under multiplication. Here A is a category that
is obtained as a wreath product Inj [(C)* for a functor (C?)* : Inj — P.
The category C naturally embeds into A and under this embedding we recover
the functor f : C°? — P arising from the fibered category A : D — C. After
the construction of the functor ¥, we show in theorem 26 that it satisfies
conditions (c.1) — (c.14) of theorem 25. We will explain how to construct the
functor ¥ : A — P in what follows.

We begin by constructing the category A. This is a straight forward general-
ization of (4, Definition 5.1). Let us denote by Inj the category whose object
set is the set of integers n > 0, where we identify the integer n with the set
n = {1,...,n}. The morphism set from n to m is the set of injective functions
from n = {1,...,n} to m = {1,...,m} with composition the composition of
functions. Define the functor

(C?)* :Inj — P

such that (C?)*(n) = (C?)". If ¢ : n — m is a morphism in Inj; that is,

¢ : n — m is an injective map, then (C)*(q) : (C?)" — (C°?)™ is the functor

that for an n-tuple u = (uy, ..., u,,) corresponds g,u = (u}, ..., u! ), where

.oy m

o u; if ¢71(5) = {i},
1 if g7 (5) =0,
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and if f = (f1,..., fn) : & — v is a morphism in (C°)", then C*(f) = f' :
¢:u — q.v, where [ = (f1,..., f},) and

, ) f it ) = {i}

Then associated to this functor, there is a wreath product category A =
Inj [(C°P)*. More explicitly, the objects of A are the sequences of the form
(ug, ..., uy) where n > 0 and a morphism from u = (uy, ..., u,) tov = (vy, ..., v,)
is a pair (¢, f), where ¢ : n — m is an injection and f : qu — v is a
morphism in (C°?)". Note that A is a permutative category by concatenation.
Indeed, for objects u = (uq, ..., u,) and v = (vy, ..., vy, We can define u © v =
(Ui, weey Up, V1, -y Uy ) and similarly on morphisms. The unit of A is the empty
tuple ().

Suppose that u = (uq, ..., u,) is an object of A. We will denote by C/u the
product category C/uj X - -+ X C/u,. We can see C/u as a category over C by
defining the functor 6, : C/u — C as follows. Given objects f; : w; — u; in
C/u;, then 0(f1,..., fn) = w1 ® -+ @ w,. Also, if ¢; : w; — w) is a morphism
in C/u;, then 0(¢1,...,0,) = ¢1 @ -+ - ® ¢,. As explained above, this makes
0., : C/u; — C into a fibered category in the case where n = 1. This is not
the case in general for n > 1. When u = () is the empty tuple, then we will
understand by C/() the trivial category with only object id : 1 — 1 and over
C. With this convention then the category Hom¢(C/(), D) is isomorphic to the
category D;. Note that since we are assuming that every morphism in C is an
isomorphism, then a morphism of fibered categories C/u — D is just a functor
F :C/u — D such that Ao F' = 0,.

Let us construct now the functor ¥ : A — P. Take u = (uyq, ..., u,) an object of
A. Define ¥ (u) to be the category whose objects are the functors F': C/u — D
such that ® o F' = 6,, and such that F' is of the form

F=%F1® - ®Fq,

=1

where each F}; is an object of Home(C/u;, D). This means that given an object

f="(f1,..., fn) in C/u, then
F(i) :Fn(fl)®®F1n(fn)@@Frl(fl)@)@Frn(fn)

and given ¢ = (¢1, ..., ¢,) a morphism in C/u, then

F(¢) = Fi1(¢1) @ -+ @ Fin(¢n) © -+ @ Fra(d1) @ -+ @ Frn(@n)-
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This defines the objects of ¥(u). Given

F=YF®  ®F,and G=)Y G1® - ®Gj,

i=1 j=1

two such functors, then a morphism « : F' — G in ¥(u) is a base point pre-
serving natural transformation F' — G; that is, a is a natural transformation
such that for an object f of C/u, with f; : w; — w;, then ay : F(f) — G(f) is
a morphism in Dg,,,. As the composition of a base preserving natural transfor-
mation is also a base preserving natural transformation we obtain this way a
well defined category W(u). When u = () is the empty tuple, then ¥(()) is then
the category whose objects are functors F' : C/() — D such that F' = Y} F;
with F; an object of Hom¢(C/(), D) and with morphisms the base preserving
natural transformations. This category is canonically isomorphic to D; under
the isomorphism F' +— F(id: 1 — 1).

We want to show that if A : D — C is a fibered bipermutative category, then
the category W(w) has the structure of a permutative category. To do so, we
need to define a functor @ : U(u) x W(u) — W(u) and show that is satisfies
the respective coherences. Suppose then that F' = 7 | Fj; ® --- ® F}, and
G=351Gj1® - ®Gj, are two objects of W(u). Define

FOG=) Fu® - @F,®) Gu® - ®Gj.
i=1 Jj=1

This way defined we see that given f an object in C/u

(FoG)(f)=F(f) o G(f).

Given ¢ = (¢1, ..., ¢n) : f — f" a morphism in C/u, then

(FeG)(¢)=F(@)eG@): F(f)eG(f) = F(f)eG([f)

is well defined as both F(¢) and G(¢) are morphisms over ®¢; and we can
add two such morphisms. It is easy to see that since the sum of morphisms
over ®¢; is natural then F' @& G is also an object of W(u). This defines & on
the objects of ¥(u). Suppose now that a : FF — G and §: H — K are two

morphism in ¥(u). Given f an object in C/u, define

(0@ f)y =a; @B F(f)® H(f) = G(f) @ K(f).

It follows at once that this way defined, a & [ is a base preserving natural
transformation and that @ : W(u) x U(u) — ¥(u) is a functor. We claim that
@ is strictly associative. Indeed, if F, G and H are objects of ¥(u), then both
(F®G)@ H and F & (G @ H) agree as functors as by assumption each @, is
strictly associative and the addition of morphisms is also strictly associative.
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Next we define an additive unit. We need to define an object O, of C/u. To
do so, given u an object of C we define O, to be the object of Hom¢(C/u, D)
defined by as follows. If f : w — w is an object in C/u, then O(f) = 0,,, where
0, is the unit of the permutative category D,,. If ¢ : w — w’ is a morphism
in C/u then O(¢) = 04 : 0,, — 0, is the coherent morphism over ¢ as whose
existence is guaranteed by hypothesis. Then we define O, = 0,, ® --- ® O,,,,.
This way defined O, is an object of W(u). We claim this is a strict unit; that
is, we want to see that for every F' object of W(u)

FOO,=F=0,®F.

Indeed, if f is an object of C/u, then by definition

(F®04)(f) = F(f) ©0u(f) = F(f) @ Oguw; = F(f)
(0 @ F)(f) = 0u(f) ® F(f) = Osw, ® F(f) = F(])

and similarly on morphisms.

We also need to construct a symmetry isomorphism. Suppose then that F' and
G are two objects of U(u). Define v : F®&G — G@ F to be the transformation
that for each object f of C/u assigns

Vs = Ve, () @ G(f) = G(f) @ F(f).

This is a natural transformation as addition commutes with the different &
and is base preserving by definition. In order to conclude that (V(w),®,)
is a permutative category we need to verify that the following diagrams are
commutative

Fod = FodG
S A
GaF,
FoGaoH 2 HoFaoG
id®ry y®id
FOoH®G.

But the commutativity of these diagrams follows as we have the commutativity
of the corresponding diagrams when we evaluate on objects and morphisms,
therefore W(v) is an object of P.

We now want to show that we can extend the definition of W as to get a
functor ¥ : A — P. To start, for a given morphism f : u — v in C we define a
functor

f*: Home(C/v, D) — Home(C/u, D)
F— f"F

a— ffa.
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The functor f*F is defined as follows. For an object g : w — uof C/u f*F(g) =
F(fog) and if ¢ : f — [’ is a morphism in C/u then ¢ can be seen as a
morphism in C/v between f o g and f’ o g, thus we define f*F(¢) = F(¢).
Similarly we define f*« for a base preserving natural transformation o : F' —
G. Suppose now that u = (uq,...,u,) and v = (vq,...,v,,) are two objects of
A and that (g f):u—>vlsamorph1sm1nA thus f 1 qu =v — visa
morphism in (C"p)m that is, f; : v; — w} is a morphism in C. We want to
define a lax, map ¥(q, f) : ¥(u) — ¥(v). Suppose first that m = n and thus
q =0 :n — nis a permutation. Then each f; : v; — u,-1(;) is a morphism in
C. Take

F=> F1® - ®F,

=1

an object of C/u, where each Fj; is an object of Home(C/u;, D) . Define

(o, ))F Zf1 io-11) ® <+ @ frFig-1(n)-

By definition it is clear that this is an object in W(v). Suppose now that
a: F — G is a morphism in ¥(u), where

F:ZE1®--'®Fm and G:ZGﬂ@"‘@Gjn'

i=1 j=1
Then we need to define
U(o, fla: ¥ (o, [)F — ¥(o, f)G.

For each 1 < i < n, the symmetry isomorphism 7% determines a coherent
natural isomorphism

Ta,fl*wal(l), I Fiomt(ny * f1 io—1( ® ®f Ecr 1( _>f zl® ®fa’(n in

and similarly for G. Since ® is assumed to be a strict map, then for each object
g=1(91,---,9n), With g; : w; — v; of C/v the morphism

To, 1 Fig=1(1yr o fi Fio—1(n) (9)
T Fe11)(91) @ -+ @ fraFio-1n)(9n) — [1 Fie1)(go) @ -+ @ [ Fiotm)(o(n))

is a morphism over T, w, 1 W1 @ @ Wy — We(1) @ *++ & We(ny Which is
the coherent isomorphism in C provided by ~®.

24



Then we define (¥(a, f)a)y, by the following commutative diagram

22:1 ffﬂa*l(l)(gl) K@ f;ﬂafl(n) (gn)
Y(o,fe)g

al Yi fiGio1y(91) @ @ [1Gjo-1(n)(Go(n))

i1 f Fi (go )) Q- ® f m(go(n)) b

%\

Zj:l f:(l)Gjl(ga(l)) Q& f:(n)Gjn(ga(n))

Here

T

—1
b= (Z T 1 Gyt )i Gw_lw)(g)-

=1

The naturality of ¥(o, f)a follows by the naturality of a and the maps

TofiFityonfiFin A To prGoy L frGy,-

We need to check that ¥(o, f)a is base point preserving. To do so, note that

A(((a, f)a)g) = Tomwon © Toon,wn, = 1d, and thus (¥(o, f)a), is a mor-
phism in the category Dgy,. This defines ¥(q, f) : ¥(u) — ¥(v) in the case
that ¢ : n — m is an isomorphism. Let us define W(q, f) for the case where
¢ : n — n + 1 is the injective map that misses the value n+1, v = (Upy ooy U, 1)
and each f = id. Thus in this case u; = u; for 1 <¢ <n and u,,, = 1. Let us
fix I : C/1 — D a morphism of ﬁbered categories such that 7(id) = 1. Then

for an object

F=) Fu® - ®Fn

i=1

of U(u), we define

\I’(q7i)F:ZE1®'--®En®].

=1

This way defined we see that W(q, f)F is an object of W(v). On the other
hand, if a : ' — G is a morphism in the category ¥ (u), where

F=)F1® - ®@F, and G=) Gi1®- - @ Gjy.

i1 j=1
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then we define ¥(q, f)a to be the morphism defined in the following diagram

ST Fa® @ F el Gy Ghe- 0G0l

~l l~

( ;:1Fi1®"'®Fm)®IW(Z§=1G]'1®“'®GW)®L

where the vertical arrows are obtained by application of the distributivity
maps in D. It is easy to see that this way defined W(q, f)o is a base point
preserving natural transformations. This defines W(q, f) in this case. Note
that any morphism in A can be factorize into a composition of the previous
form, hence this way we define ¥(q, f) for every morphism (¢, f) in A. By a
direct inspection, we see that W(o, f) is a lax, map, in fact it is a strict map.
We conclude then that ¥ : A — P is a functor. Thus we have proved the
following theorem.

Theorem 15 To every fibered bipermutative category A : D — C we can
associate a functor ¥ : A — P. The functor determines and is determined by
A :D — C up to canonical isomorphism.

In Theorem 26, we will show that the functor ¥ : A — P has special properties
arising from the multiplicative structure of the fibered bipermutative category
A : D — C. The functor ¥ motivates the study in general of functors out of
a permutative category to the multicategory of permutative categories or in
general to a multicategory. We show in the next section that we can give such
functors the structure of a multicategory.

4 Multicategories and general construction

In this section we review multicategories. Roughly speaking a multicategory
or colored operad, is a generalization of both operads and symmetric monoidal
categories. Our main goal in this section is to show that given a permutative
category (€£,®,1) and a multicategory M, we can give the structure of a
multicategory to the category of functors & — M.

Definition 16 A multicategory M consists of the following:

(1) A collection of objects which we usually denote Opy.
(2) For k >0 and any (k + 1)-tuple of objects ay, ...,a; and b, a set

M(aq, ..., ax; b),

called the set of “colored” k-morphisms.
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(3) A right action of ¥y on the collection of all k-morphisms, where for o €
Y
" M(ay, ..., ap; b) — M(asq1), -y Qo) b)-
(4) A 1-morphism 1, € M(a;a) called the unit, for each object a of M.
(5) A multiproduct function

Cpag: M(by, oy by ¢) X M(aqq, -y arjy301) X oo X M(ana, ..., Gnj,; by)
—>M(a11,...,anjn;c)

that satisfies properties Multi(1)-Multi(4) in (4, Definition 2.1) that generalize
the properties of an operad as in (12, Definition 1.1).

As mentioned before a multicategory is a generalization of both operads and
symmetric monoidal categories, to be more precise, an operad can be seen as
a multicategory with only one object. Also, if (£, @®,0) is a symmetric permu-
tative category, we can see £ as a multicategory by considering as objects the
objects of £ and for ¢y, ..., cp, d objects of £, the set of k-morphisms

8(61, ,Ck,d> = 5(01 D Ck,d).

Here ¢; & - - - @ ¢, means the iterated application of & by inserting parenthesis
in a consistent way.

In (4), Elmendorf and Mandell gave the category P the structure of a mul-
ticategory. To describe the k-morphisms of this multicategory we need the
following definition.

Definition 17 Let Cy,...,Cx and D be small permutative categories. A functor
f:Cix---xC,—D

is said to be a k-linear map, if f(cy,...,ck) = 0 whenever ¢; = 0 for some
1 < i <k and in addition, we have natural transformations 6¢, for 1 <i <k,
that are thought of as distributivity maps,

0p = 06" fler, oGy i) @ fC1, oy ooy ) = fC1y oy i B ).

These transformations are such that 6° = id whenever either ¢; or c; is 0, or
if any of the other c;’s are 0. In addition, these natural transformations are
subject to commutativity of a suitable collection of diagrams as in definition

(4, 3.2).

If Cy,...,C, D are small permutative categories, then P(Cy, ...,Cy, D), the set
of k-morphisms in the multicategory P, is precisely the set of all k-linear maps

FiC X% Cy—D.

27



The k-morphism set P(Cy, ..., C, D) forms a category. If
frg:Ci x---xCp—D

are two k-linear maps, then a morphism « : f — ¢ is a natural transformation
such that a(cy, ..., ¢x) is the identity map whenever ¢; = 0 for some i and also
the following diagram is commutative for each 1 <7 < k

5t
f(clv ooy Ciy Ck) 2 f(cla ---7027 "‘Ck>*f>f(clu e G D C;7 Ck:)

a@ai la

glc1, .o Ciy o) ® g(eq, ..oy ...ck)?g(cl, ey G Dy k).

Throughout this paper we will be dealing with functors and multifunctors
in a setup where the two concepts make sense (and are different). To avoid
confusion we will start by setting up the notation that will be used through this
paper. In this section M and N will denote general multicategories enriched
over Cat and (&£, ®,0) a general permutative category. Note that as explained
before we can see £ as a multicategory and also we can see M as a category
by consider the objects and 1-morphisms and forgetting the rest of the data.

Notation:

e We will denote by F(&£, M) or M¢ the category whose objects are functors
& — M and the morphisms are the natural transformation between them.

e Also, we will denote by M(E, M) the category whose objects are multifunc-
tors £ — M and the morphisms the natural transformations preserving the
multiproduct.

e Finally, by M F5(M, &; M) we mean the category whose objects are assign-
ments F': M x & — N that are multifunctors in the first component and
are functors in the second component and the morphisms are the trans-
formations preserving the multi-structure in the first component and are
natural transformations in the second component.

Remark 18 As categories, M(M,N¥) and My Fy(M,E;N) are naturally
isomorphic. In what follows, we will identify those two categories without fur-
ther comment.

We will denote by Og and Oy, the object sets of £ and M respectively. We
are interested in studying the functors

E—-M

and want to construct a multicategory M, whose objects are precisely those
functors. The goal of this section is then to prove the following theorem.
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Theorem 19 There is a multicategory M whose objects are the functors
& — M. This multicategory is enriched over Cat if M is enriched over Cat.

Before proving this we need some remarks and definitions. First of all, note
that given a functor G : &€ — M and any k£ > 0, we can see G as a functor
G : EF — M by considering G(cy, ..., cx) = G(c; ® - - @ ¢). With this in mind

we can give the following definition.

Definition 20 Suppose that Fi,...,Fy,G : € — M are functors. A k-linear
natural transformation from Fi, ..., Fy to G, is an assignment that for each
k-tuple cq, .., c, € Og, corresponds a k-morphism

satisfying the naturality condition described below.

The naturality condition that we require is the following: suppose that f; :
¢; — ¢, is a morphisms in £ for 1 < ¢ < k, then we have 1-morphisms
Fi(fi) : F(e;)) — F(c) for 1 < i <k and G(®L, fi) : G(@11¢:) — G(@c)).
The multiproduct I'y of M gives maps

L :M(G(R]1¢:); G(®F16;)) X M(Fy(cr), ..., Fi(cr); G(OF,¢:))

— M(Fi(c1), ..., Frler); (R, ),
Cat - M(FL(A)), o, Fir(6); G5, 6))) x [T M(Fi(ei); Fi(c)))

=1

- M(Fl(cl), cey Fk(Ck); G’(®lec;))

We require that

Remark 21 Note that if we take k = 1 in the previous definition, then a
1-linear natural transformation ¢ : F — G, is an assignment that for ¢ € Og,
a 1-linear map ¢. : F(c) — G(c) and for each morphism f:c— ¢ in &

Cum(G(f); #e) = Tm(de; F(f))

This means that ¢ : F' — G is a natural transformation such that ¢. is 1-linear
for each object ¢ of £.

Proof of Theorem 19. To prove Theorem 19 we need to define a class of objects,
a set of k-morphisms for £ > 0, a right action of ¥ on the set of k-morphisms,
a unit 1 for every object F' of M¢ and a multiproduct such that properties
Multi(1)-Multi(4) of (4, Definition 2.1) are satisfied.

The objects of M¢ are the functors F : £ — M. To define the k-morphisms
in M¢, suppose that Fy,...,F,,G : & — M are objects in M®. Then a
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k-morphism in M&(Fy, ..., Fy;G) is a k-linear natural transformation from
Fy, ..., Fi to G. When k = 0, then a 0-morphism in M¢(, G) is a O-morphism
in M(, F'(1)), where 1 is the coherent unit of £.

The multicategory M¢ will be an enriched category over Cat whenever M
is enriched over Cat. Thus for objects Fy, ..., Fy, G in M&, ME(Fy, ..., By, Q)
is the category whose objects are the k-linear natural transformations from
Fi, ..., F to G. If ¢, are two such transformations, then a morphism f : ¢ —
¥ in ME(F, ..., Fy,, G), is an assignment, for objects ¢;, 1 < i < k, a morphism

777777777777777

Let’s define the multiproduct on M¢. Suppose that ¢* € ME(Fyy, ..., Fij,;; Gi)
is a j-morphism for 1 < i < k and that v € M®(GY,...,Gy; H) is an k-
morphism. We want to define I'ye(v; ', ...,0F) € ME(Fu, ..., Fy;; H), a
(71 + -+ + jr)-morphism. To do so, take ci1, ..., cxj, € O and define

41 k _ o1 k
Caee (630", s Fen s, = Doy o Bhrocrs o S, )

This definition readily extends to morphisms in the case that M is enriched
over Cat. We need to show that I'ye(¢; !, ..., ¢F) satisfies the naturality
condition. Since M is a multicategory, then by definition we have that

Padon,

) a1 k )
j . _
Loctr @ opp? ¢611 ----- c1jy ¢Ck1 ----- Chjp,

is a (j1+- - -+ jg)-morphism. Suppose then that we have morphisms f, : ¢, —
a,in& forl <r <kandl<s <j. The multiproduct of M gives us the
maps

FM :M(H(®r,scrs>; H(®T‘,SC;S>> X M(Fll(cll>7 sy ijk (ijk); H(®r,scrs))
— M(Fui(cin), -, Frj (g ); H(®r5075))
['m :M(Fll(clll)a ey Fej, (C;cjk)v H(®r8dﬂs)) X HM(FTS(CTS)v FTS(C’II’S))

— M(Fu(en), -, Fijy (crjp ), H(®r5014))-

We need to check that

On the one hand by definition and property Multi(1) for M we have

F/\/l (H<®r,sfrs); FMS (wa (bla ) (bk)Cll vvvv Ckik>
:FM (H(®r,sf7“8); FM (w®11:
:F./\/l (FM(H((X)T,Sfrs); w@ilz

. . AL k ))
J ¢ e (25 _
1Clrsees® klckr, Cllseeey C1jy 7 T Ck1ye5Chyy,

r=

ko )i Pe o )
J e _
1CLr ey ®F e €L CL ) T W R Chigy,
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but as v is an k-morphism in M¢, we have that

FM (H<®r,sfrs) ) 1/1®11

Jk ) -
—1Clrseees ®T:1ck'r

I'm (1/}@11:1% ..... ®Z’;1cgw; G1(®8f18>’ " Gk(®sfk'8))

hence
D (H(@rsfrs)i Tove (0301, oo 0F)enr ncry,) = (1)
FM(FM(I/)@?LIC& ...... ®il€:10;€T’G1(®Sf1$)7’Gk}<®8fk5))’¢ill ..... 01]'17"" lgkl ..... ijk)'

On the other hand, again using the definition and property Multi(1) for M
we have

:FM(FM<¢®,{1:16/1T 77777 ®Z'k:10;cr’¢i,11 ,,,,, C,1j17~-~, l;;gl .... C;Wk)7F11(f11)7,Fk]k(fk]k))
:FM (¢®i1:10/1r """ ®ik:16;m"; a17 Y ak)’

where '
@ = Dy, er, s Fa(fir) oy Figi(figh):
But as each ¢’ is a j-morphism, by definition we get that

& = FM(G(®SfZS)’ f:,-l ) - FM( 221,_,,704 la El(f’il)a L) E]z(fl]z))’

7777 Cij, ij

therefore

FM(FM(Q/}@iI:lC,M ..... ®iICZIC;€T;G1(®sfls)>...,Gk<®sfks>>;¢(13n Cljl""7¢]§k1 ijk>

..........

By (1) and (3) we see that Ty (1; @', ..., ¢F) also satisfies the naturality con-
dition.

We define now a right action of ¥, on the set of all k-morphisms. Suppose
then that ¢ € ME(Fy, ..., Fy; G) is a k-morphism in M¢ and o € ¥. Define
o*p € ME(Fyqy, ... Fyry, G) as follows: for objects ¢y, ..., ¢ of €, define

Here
To,c1yen, ck:Cl®"'®ck_>CU(1)®"'®Co(k)a
is the natural isomorphism in £ and
o M(Fi(c1), ...,Fk(ck),G(®lecU(i))) —
M(Ey1)(Co(1))s -os Fogiy (Coy)s G(®F_1 (i)
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is the action of ¥ on the k-morphisms of the multicategory M. By a similar
argument as in the definition of the multiproduct, it follows that this way
defined, o*¢ satisfies the naturality condition and thus o*¢ is well defined.
This definition extends easily to morphisms in the category of k-morphisms
when M is enriched over Cat. This indeed defines an action as ¥; acts on the
right on the set of k-morphisms of M. If F' : £ — M is an object of M¢, then
the identity 1p € ME(F; F) is the 1-linear natural transformation 1g, such
that for each object c of £, (1p). = 1p() € M(F(c); F(c)). 1 clearly satisfies
the naturality condition and thus it defines a I-morphism in M¢(F; F') that
is clearly a unit.

Let’s check now that this data defines a multicategory; that is, we need to check
the conditions Multi(1)-Multi(4) of (4, Definition 2.1). Conditions Multi(1)
and Multi(2) are satisfied pointwise as M is a multicategory and thus these
conditions hold for M¢. Let’s check that condition Multi(3) is satisfied. To do
so, take Fj,, G; and H objects in M¢ for 1 <i <k and 1 < r < j;. Also take
o € Y. We need to show the commutativity of the following diagram

Mg(Gl, . Gk; H) X Héc:l Mg(ﬂl, 7F‘Z]1,Gz)

Gl ®

o*xo~! ME(Flla“kajk;H)

ME(G o1y, ooy Gogrys H) X TTE; ME(Fyiy, coos B s Goti))  [O<ioqydoum>)"

et

ME(Foyr; s Fohyjpi H)-

o (k) ?

To show the commutativity of this diagram, take objects ciy,...,cy; of &,
¢ € ME(Fy, ..., Fyj;Gy) for 1 < i < k and v € ME(Gy,...,Gy; H) an k-
morphism. Then by definition we have that

k
((J<j0(1),...,ja(k)>>*F<w7 ¢17 B ¢ ))Cg(1)17~--,co(k)j(,(k) =
(O-<jo'(1)r“7jo'(k)>>*F<H(TO’Cll""’ckjk); F(¢7 (bl? e (bk)clla“-:ckjk) =

. ) a1 1
(0-<jo'(1)7"'7ja(k)>)*F<H(T070117~~7ijk )7 F(w®zlzlcliv"'7®gilcki7 ¢0117---701j1 )t ¢Ck1,...,ck]‘k ))

On the other hand

_1 el k -
F( o X o )(¢7¢ 7"'7¢ ))Ca(l)l""’ca(k)jv(k) B
. 1 k: -

T

* ) . . 1o(1) o) B
F(U w@ji(ll)c0<1)¢,...,®21(1k>c(,(k>i’ ¢Cg(1)1’~~-vca(1)j0(1) LA gbc“(k)l’“ch(k)jd(k)) N

) o L o) o
F(U F(H(Ta,cuv sy ck]k)’ Qp@gilcu,..,,@gilcki)’ ¢Co(1)17---7co(1)jo_<1) ’t ¢Ca(k)17"'7co‘(k)ja(k) )
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Since M is a multicategory, by property Multi(3) we get

F(U*F(H(Td,qn s ijk); w®61i,--~,®cki); ¢g§<11)>1,..., e ¢gg(£€,3)1,...,c[,(k)jo(k>
- F((U* X 0-_1)<I‘(H(T0',3117 Tt Ck]k’ ¢®Cli7-~~7®cki); ¢(1211,...,Clj17 Tt gbikl:mvckjk)))

= (0<j(,<1),...,jg(k)>)*F(F(H(7—076117 o5 Chjps ¢®Cli7-~~7®cki); (1:11,...,c1j1> Sa) ¢<1:k1,...,ck]-k))7

CU(l)jU(l)7

but again using the fact that M is a multicategory, by property Multi(1) we
get that

F(F(H<T0’70117 e Ck]lw ¢®Zi1cli 77777 ®]k10kz)7 qsill,.“,cljl 7ttt gbiklrwckjk ))

=

= F<H(To,cl1,...,ckjk )7 F(¢®gilcliw':®gi1cki; ¢i11,...,61j1 )t gbtllkl,...,ckjk ))

Thus diagram Multi(3) commutes. In the case that M is enriched over Cat,
a similar argument shows that the respective diagram commutes on mor-
phisms. The commutativity of diagram Multi(4) is similar. This proves The-
orem 19. 0O

Example: Our main application of the previous theorem is the case where
M = P. Explicitly, the multicategory P, has objects the functors

E— P

If Fy, ..., F}, and G are objects in P, then the k-morphism set, P (F, ..., Fy; G)
forms a category, its objects are the k-linear natural maps; that is, the assign-
ments ¢ that for each cq, ..., ¢ € Og¢ correspond a k-linear map

Ger, o, P Filer) X oo X Fi(ep) = G(e1 @ ... ® )

such that ¢ satisfies the naturality condition as described before. If ¢ and
are two objects in P (FY, ..., F}; G), then a morphism « : ¢ — %) is a morphism
of natural k-linear transformations; that is, for ¢y, ..., ¢

Oécl,‘..,ck . ¢C1,.-.,Ck - 77bc1,.4.,ck

is a natural map such that the following diagram is commutative

Seq o
By (T1y oy Ty ooy Tp) DB By (X1, oy Ty oy ) ey o (T, oy 0 B Ty )

Qey,..., ck@acl ,,,,, ckl iacl 77777 K
/ /
¢C1,...,ck(x17'”7xi7“'7xk) @¢C1,...,Ck(‘rl7"‘7371'7"'71-]4321' > 1/101 ..... Ck(xlw"ax’i@xiu“ka)‘
’l/)cl ..... cl
) () :
Here, 5¢,C1 ,,,,,, and oy, are the structural maps of the k-linear maps ¢., .,
and Y, ¢,

The action of ¥}, on k-morphisms, is defined in the following way. If o € ¥ and
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¢ € PE(Fy, ..., Fy,G). For ¢y, ...,c;, € Oc, define T Pe,
map making the following diagram commutative

,,,,, cor 18 the k-linear

U*¢ca(1) ,,,,, Co(k)

I Foy(cowy) == G(®K o))

Ull TG(TG',CI,.”,C'IC)'

[T} File:)  —5 G(®yci)

Here 7,., . .. is the coherent isomorphism c¢; ® --- ® ¢4 = Co(1) @+ + @ Cor)
in £ obtained by iterated applications of v. On the other hand, the multi-
product in P? is defined as follows: suppose ¢' € P¢(Fiy, ..., Fi;;; Gi), ¥ €
PE(GY, ...,Gy; H). For any objects ¢, of £, for 1 <i < n, 1 < s < j;, define

1 1
F(lﬂ,(b 7"'7¢n)011 ~~~~~ Cnjn w011®-"®c1j1 ----- Cn1®"'®cnjn( C11,-,C15q ) "-7¢Zm ann)'

..........

Suppose now that M; and M, are two multicategories and that F : M; —
M, is a multifunctor. Then F induces a functor F, : M{ — M$ defined by
composition with F. This functor preserves the multicategory structure; that
is, F, is a multifunctor. In the case where that both M; and M are enriched
over Cat and that F is an enriched multifunctor, then F, is also enriched. We
prove this in the following theorem.

Theorem 22 The functor F, is a multifunctor that is enriched if My and
Moy are enriched over Cat and F is an enriched multifunctor.

Proof: Suppose that F1, ..., Fj,, G : £ — M are objects in M§, then F,(F}) =
FoFy,..Fu(G)=FoG:E — M,. Take ¢ € M{(F, ..., F},,G). Thus given

.....

.....

Fu(9) € ME(Fu(FY), ..., Fu(F1); Fu(G))

Ful@ersen = F(Percr) € Ma(Fu(F1) (1), ooy Ful Fie) (0); Fu G)(®1s 1)),

We need to show that F.(¢) satisfies the naturality condition; that is, if we
are given morphisms f; : ¢; — ¢, in E, we need to show that

F(f*<G)(®fz)7f*(¢>cl ..... ck) = F(]:*<¢>c/1 ..... cje;f*<F1)(f1)7 ,f*(Fk>(fk))
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Applying F to both sides and using that F is a multifunctor we see that

-
N
a
&
s
N
=
3
5

I
B
o)
«Q
&
=
=
o
2

f(r(gbc’l ..... C;€7F1(f1)77Fk‘(fk))) :F(f*(qb)c/l ..... c%;f*(Fl)(flx,f*(Fk>(fk))7

which proves that F,(¢) also satisfies the naturality condition.

Let’s show now that F, respects the multiproduct. To do so consider Fj,, G;
and H objects in /\/l‘lg for 1 <i < kand1l < 7r < j;. Also consider ¢’ €
ME(Fy, ..., Fyj,, Gi) and ¢ € M§(Gy, ...,Gi, H) for 1 < i < k and ¢;, objects
in £. Then by definition

(f*F(w7 (bl? tt ¢k))cll ----- ckjk = f*F(w®]17 , ®ik:16kr; (bill ..... Clj17 ey (b];kl ..... ijk>
TED ot e S F e
S (PED) Fol0D) o Fl 6 e

and thus F, preserves the multiproduct. On the other hand, it’s trivial to show
that F, preserves units. We still need to show that F, is compatible with the
action of Y. Thus take o € ;. We need to show that the following diagram
is commutative

Mg(F*(Fa(l))> -"’F*(Fa(k));F*(GD'

F

(
()

This proves that F, is a multifunctor. In the case that M, My are enriched
over Cat and F and enriched multifunctor, then by a similar argument we
see that F, is a multifunctor. O

In (4) Elmendorff and Mandell constructed a multifunctor K : P — 3S. Using
this multifunctor and the previous theorem we get the following corollary.

Corollary 23 The multifunctor K : P — X8 induces an enriched multifunc-
tor K, : P — ©8¢
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5 Multifunctors to P¢

In this section we study the multicategory P?; that is, the multicategory ob-
tained by taking M = P in the previous construction. In particular we char-
acterize the multifunctors to P out of certain parameters multicategories 3,
and £, that are defined in this section. In (4) Elmendorf and Mandell proved
that multifunctors X, £, — P are determined by additional structure on the
image of the only object of ¥, and EY, respectively. Following their idea, we
show that multifunctors from 3, and EY, to P€ are determined by additional
structure on the fibered category associated to the functor &€ — P that is the
image of the only object of ¥, and EX,.

We will denote by Y, the associative operad; that is, >, is the operad whose
value at £ > 0 is the symmetric group Xj. This operad is relevant as its
algebras on a symmetric monoidal category are the associative monoids. We
regard Y, as a multicategory with only one object. The goal of this section is
to give an explicit description to the multifunctors

Sy, — PE

Such a multifunctor maps the unique object of ¥, to an object F of P. The
multifunctor ¥, — P¢, then factors through the multicategory generated by F
in P¢. Suppose we have such a multifunctor ¥, — Pf mapping the only object
of 3, to F. Consider 15 € Y5 the identity element. This is a 2-morphism in the
multicategory Y., hence it is mapped to a 2-morphism ® € P*(F, F; F). This
operation is strictly associative, there is a unit 1 that is an object of F(1¢).
The operation ® and the unit 1 satisfy similar coherences as in (4, Definition
3.3). To be more precise, we have that ® € P*(F, F; F), this means that for
every pair ¢y, co € O¢ we have a 2-linear map

® : F(c1) X F(ez) = F(e1 ® ¢3)

C1,C2

Each ® comes equipped with distributivity maps

C1,C2

Aoz @ )o@ ®y —(eor) © y,

C1,C2 C1,C2 c1,C2
de oyt (2 @ Y& @ yY)—r @ (ydy)
c1,C2 Cc1,C2 C1,C2

that are the identity whenever x or 2’ equal 0., or whenever y or y' equal 0, .
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By the definition of a 2-linear map the following coherences are satisfied.

(z@yeo@ @ yse@E" QY Y1q®9 (2@ o) B ye@ ®y) (1)
id@dlclmi ldlcm
@y o) @y (ror@r") ® vy
C1,C2 C1,C2 1,02 C1,C2

is a commutative diagram and there is a similar commutative diagram for

e o
Also
]
(r @ Y@@ @y he@ed) oy (c.2)
C1,C2 C1,C2 Cc1,C2
—yﬂ}l 'YeB@cl,chd
@ @y ey @ér) @y
C1,C2 C1,C2 (leLC2 C1,C2

is a commutative diagram and there is a similar commutative diagram for

. ..

C1,C2
We also need the following diagram to commute

(z @ (oY) o @ ®yoy)) (c.3)
d;%/
zoyo@ey)e@@ @ yo@E @) ey ey
C1,C2 C1,C2 C1,C2 C1,C2
iden® @id (z @) 0%2(3/ ®Y).

1 l
dm

(r2) @ y)@(zd2) @ ¢)

C1,C2 C1,C2

In addition, we require that ® vanishes whenever one of the inputs is zero,
more concretely, we require that

O, ® T = 0¢00, (c.4)

C1,C2

s ® 002 = 061@)62.

C1,C2

Diagrams (c.1), (c.2), (c.3) and (c.4) say that each ®, ., is a 2-linear map. In
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order for ® to be a 2-morphism in the multicategory P¢ we need the naturality
condition to be satisfied; that is, given morphisms f; : ¢; — ¢, in € for i =1
and ¢ = 2, then the following diagram is commutative

F(e1) x Fleg) ZIVER by 5 F(e) (c.5)
2 %
c1,c2 [CARA

F(Cl X CQ)WF(CII & 0,2)

We need this diagram to be a commutative diagram of 2-linear maps; that is,
given = and 2’ objects in F'(¢;), y object in F(cz) we need the maps (x) and
(x%) to be the same

d,
F(fl)xcﬁgi/ F(f2)y @ F(fi)' B F(fh)y =° F(fi)ze® F(fi)2 B F(f2)y

()
MW (F(f) @) © F(fy,

C1,Co

F(he e @ y) @ F(he L) @ y) 2" ()

sC2

F(fi®f2)(dL; c,)
F(ho ) ® yod @ y) = " Ffiefh)(zor) © y)

C1,C2 1,C2 c1,C2

that is, we have that

Aer) © du o = F(f1 @ fa)(de, ) © Ar(pop), (c.6)

and a similar condition is satisfied for df, . .

Also we have that 1, which is an object of F'(1¢), is a strict unit, in this case
this means that

lpr=r=z1. (c.7)
1,c c,1
We also need strict associativity, which in this case this means that for every

objects ¢1,co and ¢z of &, and every objects x,y and z of F(c;), F(cy) and
F(c3) respectively, we have

r®y @ z=2 & (yQ 2). (c.8)

C1,C2 c1®c2,c3 €1,c2Qc3  €2,C3

In addition we need the following diagram (c.9) to commute and a similar for
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d’/‘

2 ® (ool © (yo-2) (c.9)
C1,c2@c3  €2,C3 €1,e2@c3 2,3
(r @y ® 200(( 7y ©@ 2) de; er®es
C1,C2 c1®c2,c3 C1,C2 c1®c2,c3
! (@) @ (y @ z).

c1®cg,c3 c1,c2®c3 C2,C3

(z@yeai ©y) © 2

€1,C2 €1,C2 c1®c2,c3

l .
d01702 ®Cl$

(&) ® y) @ =z

C1,C2 c1&®c2,c3

Finally we need the diagram (c.10) to be commutative.

(r@y © 20(z®y) ® Nfuuu(z®yo@Eoy) © 2

c1,C2 c1®c2,c3 C1,C2 c1®ca,c3 c1,C2 c1,C2 c1®ca,c3

l ldzl,%@q@@,%id

@ ®@ (y®2)d@ & (Y Qe 2)) (z ®(yoy) © =
c1,c2Qc3 c2,C3 c1,c2@c3 c1,C2 c1®ca,c3

s
dcl ,C9 ®Cgl l

T @ (y® )oY 8 2) r @ (yoy) @ 2).

c1,c2®c3 €2,C €2,C3 id®cl,02®C3di2 o5 c1,c2®c3 €2,C3
;

(c.10)

We have the following theorem.

Theorem 24 Having a multifunctor ¥, — P¢ mapping the only object of ¥,
to a functor F : £ — P is equivalent to having a functor F : & — P, a functor

® : F(c1) X F(ey) — F(eg ® )

C1,C2

for each pair ci,co € Og, a unit 1 which is an object in F(1g) and distributivity
maps

Ao,z @ o ©y —(eor) ©y,

C1,C2 C1,C2 c1,C2
de ey (2 @ Y& @ Y)—z @ (YDY)
c1,C2 c1,C2 C1,C2

satisfying conditions (c.1) — (¢.10).

Proof: First suppose that we have a multifunctor S : ¥, — P¢. Then S
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factors through the multicategory generated by F': & — P, for some F'. Thus,
we may regard S as a multifunctor S : ¥, — {P(F, ..., F; F)}, sending the
only object of ¥, to F. Let 1, € ¥, be the identity element. Then 1, is a
2-morphism and we let @ = Sy(15) € P¢(F, F'; F). Unraveling the definitions,
we see that ®, ., is 2-linear map for every c;,cy € Og. Therefore conditions
(c.1) — (c.4) hold. In addition, properties (c.5) and (c.6) hold as ® satisfies
the naturality condition, this follows from the fact that ® is a 2-morphism
in the multicategory P¢. Consider 1, € %,. This element is mapped under
Sy to a 0-morphism in P?(; F). By definition, this is just an object in the
category F'(1g) which we define as the unit 1. Condition (c.7) follows from
the fact that, in X, we have the equality 'y, (12; 11, 10) = 1; = I's, (12; 19, 11).
Property (c.8), the associativity property, follows from the fact that in the
multicategory Y., we have I'y, (19; 12, 11) = 'y, (12; 11, 15), thus we have that

[pe (®;®, 1p) = I'pe (®; 15, ®).

The previous equation implies condition (c.8). Note that both I'pe (®; ®, 1)
and I'pe (®; 1, ®) are 3-morphisms in P€. Therefore, for every triple ¢y, ¢z, c3 €
Of,

F]Pg (®7 ®7 1F)01,CQ,C3 and F]I"g (®7 1F7 ®)cl,cz,037
are 3-linear maps that agree, in particular their structural maps 6° must agree.
This shows that conditions (c.9) and (c.10) are satisfied.

On the other hand, suppose we have a functor F : £ — P, a collection of
2-linear maps ®, ¢, for each pair ¢; and c¢; € Og and a unit 1 that satisfy
properties (c.1) — (c.10). We want to define a multifunctor S : ¥, — Pf. To
begin, we define S evaluated on the only object of ¥, as F.

Note that conditions (c.1) — (c.4) say precisely that ®., ., is a 2-linear map

® : F(c1) x Fcp) — Fler ® ¢a),

C1,C2

with structural maps d., ., and dZ, ., for every pair ¢; and ¢; € O. In addition,
by properties (c.5) and (c.6) we see that ® satisfies the naturality condition,
therefore ® is a 2-morphism in P¢(F, F'; F). We claim that properties (c.7) —

(c.8) imply that, as 3-morphisms in P¢(F, F, F; F),
I'pe (®; ®,1F) = I'pe (®; 17, ®). (5)
Indeed, for ¢y, ¢y and c3 € Og we have

FPS<®; ®7 1F>C1,02703 = ® O( ® XidF(Cg))7
c1®c2,c3 c1,C2
FP5(®; Ip, ®)61,C2763 = ©® o(idF(Cl) X ® )
c1,c2Qc3 C2,C3
By equation (c.8), I'pe (®; ®, 15) ey cp.c5 a0d T'pe (@5 15, @)y 00,05 agree as func-
tors. On the other hand, the 3-linear map I'pe (®; ®, 15)c; 0,05 has structural
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maps ', 02, 6%, where ! is given by

5= (dl Qe @ea,es id) © dfq@@,@,' (6)

C1,C2

Similarly we can find equations 62 and §°. On the other hand, the 3-linear
map [pe (®; 15, ®) e 0.0 has structural maps 67, 62, 62, where 4} is given by

LA D

(Si = d531702®c3' (7>

Similarly we can find equations §? and 3. By diagram (c.9), we see that (6)

and (7) agree. The same statement is true for dy, 43 and 62, §2 and it follows

by conditions (c.9) and (c.10).

To construct the multifunctor S, we need to define for £ > 0 a functor
Sp e — PY(F, ..., F; F)

that respects the action of ¥;, and the multiproduct. As ¥, is a discrete cat-
egory, it suffices to define Sy(o) for all o € X;. We will define first Si(1;) for
k > 0. For k = 0 we define Sy(1p) = 1. To define Sk(1x) for & > 1, we will use
the following notation. Suppose that cq,...,cx € Og and that x; is an object
in the permutative category F'(¢;), for 1 <i < k. Define

k=01 Q - Qrg=(-((r1 ® 3) ® x3)--- ® Tp).

C1,C2 c1®c2,c3 1R QCk—1,C

geeey

Note that by condition (c.8), this is well defined and equals any rearranging
of the parenthesis using the respective operations ®. With this in mind, define

Sk(lk)cl,...,ck(l.l; cey xk) =T ®:® T = X1, k-

We need to define the structural maps of the Si(1x)e,... . s in order for it to
be a k-linear map. To do this, note that by condition (c.8) we have that

Sk(Lk)er,en (@15 oy Tp) =21, 6 = T1,im1 @ T @ Tig1, k-

Then we define

8 S (1) ey s (T1, ooy Ty ooy T1) D Se(L) ey (T1 oy Ty oy )
=110 QTit1, DTy ;-1 T ® Tit1,...k
— Ty i1 ® (x; D JE;) & Tig1,.. &
=Sk(1k)eyer (T1, oy T D T, ooy ),
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to be the diagonal map in the following commutative diagram

777777777777

...............

/ o
T, o1 @ (T @ Tiga, x DT, @ Tig1, k) d"®id
id®d
/
T, 5m1 @ (2 @ 1)) @ Tigr,.k

The previous diagram is commutative by condition (c.10) and by a direct

computation we see that the condition of commutation with @ for §° is satis-
fied.
In general, we define for o € ¥,

This way defined, Sy, is clearly respects the ¥ action. Let’s see that it respect
the multiproduct. To do so, take ¢; € X;, for 1 < ¢ <k and o € ¥;,. We need
to verify the equality

Sivttin T2 (051500 0)) = Tee (Sk(0); 5jy (1), -, 55 (D1))-

In ¥, the multiproduct is defined by

Here, ¢1 @ - - - & ¢, means the image of ¢, ... under the canonical embedding
Ejl X - X E]‘k — Ej1+"'jk’
By definition we have

Siiteti(Us. (0301, 0k)) =T, (0501, 0, 1)) Syt (L)
:<U(j1 ,,,,, j) © ((bl G- ¢k>>*5j1+"'+jk(1j1+"'+jk)'

On the other hand,
Ipe (Sk(0); 550 (1), -+, 95, (@r)) = Tpe (07 Sk(Ln); 0155, (11), -, 9155, (15,))-
Using properties Multi(3) and Multi(4) in the multicategory P, we obtain

Tpe (Sk(0); Sy (¢1), -5 Sji (D1))
= (0j1,gi) © (01 D - @ k) Tpe (Sk(11); Sjy (15), -5 S, (15,))-
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Thus it suffices to show that

Sj1+"-+jk(1j1+-"+jk> = FIP’S(Sk(lk); Sj1 (1j1)7 ) Sjk(ljk))'

But this follows by induction and equation (5). Since S respects identities by
definition, we see that .S is a multifunctor mapping the only object of 3, to F.
Finally, the fact that these correspondences are inverses of each other follows
by a direct computation. O

We now discuss the case where the operations ®., .,, satisfy some sort of
commutativity up to coherent isomorphisms. Let’s denote by E, the category
valued operad that for each j, corresponds E3); the translation category of X;;
that is, the object set of 'Y, is ; and there is exactly one morphism between
any pair of objects of E3;. We can see I3, as a multicategory with only one
object and that is enriched over Cat. In the same spirit as in the previous
theorem, we want to give an explicit description to the enriched multifunctors

S:EY, — P,

Such a multifunctor maps the unique object of EX, to an object F of P*. The
multifunctor EX, — P¢, then factors through the multicategory generated by
F in P. We can see each %; as the trivial category with only the identity
morphisms. Thus we have an inclusion functor i; : ¥; — E%; for every j > 0.
The collection of all ¢; gives rise to a multifunctor

72, — B,
This multifunctor is trivially enriched over Cat. By composing S with i, we
see that for F' conditions (c.1) — (c.10) are satisfied. In addition, we also

have the following properties. Let £ € ¥y is the map that permutes the two
elements of {1,2}. Then we can find a map of 2-morphisms

B ®— £®;
that is, for each pair of objects ¢; and ¢y of £, we have a map of 2-linear maps

Heyep =T ® y— F(TE,C2,61)(y ® I)

C1,C2 C€2,C1

satisfying the following coherence diagrams

xcigz):g OC2 MF(TE,CLQ)(OCQ ® ZL‘) (C.].].)
) c2,C1
001 ®co = F (Té,CQ ,C1 ) (002®01 ) )
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TRyt P, )(y © ) (c.12)

Cc1,C2 Cc2,C1

= lF(TS,CQ,cl)(H‘CQ,Cl)

F(Tﬁ,cz,q)F(TE,Cl,Cz)(w Ci%z y)>

(@) ® y

C1,C2
}//
c1,c¢

(z @ y)@ (2 ® y) Her.co
Cc1,C2 C1,C2
Hey,coBlicy e F(Tﬁ,cz,m)(y 05901 (1’ S zl))a

F(Teere)y ® 2) & F(Teore)y ® )

Cc2,C1 Cc2,C1 F(Tﬁ,cz,cl)(dgz,cl)

>\F(7§7C2’Cl)

F(Teere )y © )@ (y ® 7))

C2,C1 C€2,C1
(c.13)
id & feyes
r ® (y ® Z) c1,c28¢3 r ® (F<T§,63,C2)Z ® y)
C1,c2R¢3  €2,C3 c1,c2Rc3 €3,C2
(z®y @ =z Fl®Teepe)( ® (2 @ y))
C1,C2 c1®c2,c3 €1,c3Q¢c2  €3,C2
ﬂcl®62,c3 =
Fltecseoa)z_© (@9 ) P18 7ena)(@ ® ) © )
= F(id®7-5,037c2)(u61,63)®id

F(TE,C3701®02)((2 & ZE) ® y)—:>F<1®T§,C3762)<F(T€,C3761)(z & I) ® y)

c3,C1 c3®cy,c2 C3,C1 c1®c3,c2

(c.14)

The equalities in the previous diagram are obtained by applying the natural-
ity property of ® and the associativity property of ® which are satisfied as
conditions (c.1 — ¢.10) hold. We have the following theorem.

Theorem 25 Having a multifunctor EX, — P¢ mapping the only object of

EY, to a functor F : £ — P is equivalent to having a functor F' : £ — P, for
each pair cq,cy a functor

® : F(e1) X F(ez) — F(eg ® ¢),

C1,C2
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a unit 1 which is an object in F(1lg), distributivity maps

)= (zea) ®y

C1,C2

Aoy (@ @ )@ (2 ®

C1,C2 y
c1,C2 C1,C2
d. .z @ydxey) -z YDy

C1,C2
’ c1,¢2 C1,C2 C1,C2

and a natural transformation

Heyeo ©T & Y — F(Qmm)@ ® :U)

C1,C2 €2,C1

satisfying conditions (c.1) — (c.14).

Proof: Suppose that S : EY, — P is an enriched multifunctor sending the
only object of EX, to a functor F' : € — P. Let ® = S3(13), p the image of
the unique morphism in E3; between 1, and £ under S5 and 1 the image of 1
under Sy. Then we see by the way we derived conditions (c.1) — (c.14) that
these are satisfied by F, ®,&, 1.

On the other hand, suppose we have a functor F : £ — P, a collection of
2-linear maps ®, .,, natural transformations ., ., for each pair ¢; and ¢y €
O¢ and a unit 1 that satisfy properties (c.1) — (c.14). We want to define
a multifunctor S : EY, — P¢. To begin, note that in particular conditions
(c.1) — (c.10) are satisfied and thus by Theorem 24 we have a multifunctor
S : ¥, — P¢ sending the only object of ¥, to F. We want to see that this
multifunctor extends to a multifunctor S : EX, — Pf. We claim that the
natural transformations { ., ., }, form a map of 2-morphisms from ® to {*®.
Indeed, if ¢; and ¢ € Og, and z; is an object in the category F'(¢;) for i = 1,2,
then (i, ¢, is a natural map

MC1,62($175E2) 1T ® Ty — (5* ® )(IB1,£L’2).

c1,C2 C1,C2

Also, e, (21, 22) is the identity whenever z; or z is zero. This is a conse-
quence of condition (c.11). In order to conclude that s, ., is a map of 2-linear
maps, we need to show that the following diagram is commutative

/ dl. .
T @ Ta@a] ® 29 v (1,0 7)) @ X9

C1,C2 C1,C2 C1,C2

HCLCQ@HCI,CQl l#cl,cg

(€ @ ), 22) B (€7 ® ), 22) (€7 ® )21 @ 7, 75)

o1 C1,C2
£*®cq,cq ’

and a similar one for 62*®Cl ., But by definition,

6é*®cl,C2 - F(Tﬁ,c%ﬁ)(dzg,q) o )\F(Tg,c2,cl)7
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and thus the commutativity of the previous diagram follows from condition
(c.13). We need to define a functor Sy : EX, — PE(F, ..., F; F). Suppose
p,o0 € X and f : p — o is the only morphism in EYj from p to o. Using
the action of ¥; we only need to define Si(f) in the case of p = 1j. Thus
we need to define a morphism on the category P¢(F, ..., F'; F) from Si(1;) to
Sk(c). Let’s consider first the case where o is a transposition. Thus assume
o = (m,n), where 1 < m < n < k. Take ¢1,...,cx € Og and z; an object of
F(¢;) for i =1, ..., k. By definition we have

-----

...............

-----

77777777

By condition (c.14), this is well defined and agrees with any other composition
of maps obtained by applying x to a sequence that starts in z; _; and finish in
F(Tocy,..00)(To(1),...o(k))- As any element of 3, can be obtained by composition
of transpositions, we see that we can extend this definition by using the >,
action. This way we define Si(f), where f is a morphism in EY from 1, to
0. Using the ¥, action we can extend the definition to all the morphisms in
EY;.. We need to verify that this way defined, we obtain functors

Sp: EXy — PY(F, ... F; F).

This is done by induction on k. For £ = 0 and £ = 1 it is trivial as EY; is a
discrete category. For k = 2 there are only two morphisms that are not the
identity, namely, f : 15 — & and its inverse. By condition (c.12) we see that
So(f)oSa(f1) = Sa(f1)0Sa(f) = id. The case where k > 2 follows easily by
induction using condition (c.14) and is left for the reader. We are left to prove
that S respects the multiproduct on the level of morphisms of the categories
EY) and P (F, ..., F; F). To see this, note that by the ¥, action and using
properties Multi(3)-Multi(4) as in Theorem 24 we only need to prove that

Ppe (S1(9); 551 (F1)s 05 S5 (Fr)) = St Crw. (65 frs - fr))

in the case where f; : 1;, — 0y, and g : 1, — p. But for each ¢;, € O, for
1<t <kand1<r <y we have that both
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are obtained by successive applications of u starting and ending in the same
place. By (c.14) it follows that these morphism have to agree.

Finally, the fact that these correspondences are inverses of each other follows
by a direct computation. O

The application of Theorem 25 that we are looking for is the following theorem.

Theorem 26 If A : D — C is a fibered bipermutative category then for the
associated functor W : A — P, we can find functors

P (u) x V(v) = V(uow)

‘@®

for each pair u and v of objects of A, a unit 1 which is an object in ¥(()),
distributivity maps

dy,: (FRG)&(F @G- (FeF)8G,
dyy  (F® G) & (F quHFg(G@G')

satisfying conditions (c.1) — (c.14) of Theorem 25.

Proof: Let’s begin by defining ®,,,. Take u = (uy, ..., u,) and v = (vq, ..., V)
and . )
F:ZFﬂ@@En; and G:ZGﬂ@@Gjm,
i=1 =1
objects of ¥(u) and W(v) respectively. Define

®

0 G = SN Fy @ F Gy @ © Gy

Jj=1:=1

e
e

In the case where v = (), we define

F oG = S Fae® (Fa o).

j=11=1

Note that every object of C/u ® v can be written in the form f ©® g =

(fiss fns G15 s 9m), where f = (fi,..., ) is an object of C/u and g =
(g1, ..., gm) and object of C/v. Then using the distributivity maps d' and d" of
D we can obtain a coherent isomorphism

Mg F(f)®Glg) = (F & G)(f©g).

\ﬁ
\e
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For morphisms o : F'— F’' and §: G — @', define a ® 3 to be the base point
preserving natural transformation defined by the following diagram

Using the coherence of the distributivity map and the fact that these preserve
the base point, we see that this way defined av ® [ is a base point preserving
natural transformation. This defines the functor ®,,.

We also need to define the distributivity maps

dy,: (FRG)&(F®©G) —(FoF)®G,
dyy  (FRG) O (FRG) = Fe(God)

Given an object f ® g of C/u® v we define (d., ,) jo, by the following diagram

F(f)® Glg) & F'(f) ® Glg) (F(f) @ F'(f) ® Glg)

We define dj, , in a similar fashion.
This way defined ®,,, satisfies conditions (c.1) — (c.3) as similar conditions
are satisfied in D. We also have that for any objects

F=YF1® - QF, and G=) Gy ®-- QG

i=1 j=1
of U(u) and ¥(v) respectively, we have
F®®QZZE1®”'®FM®@U1®"'©vm :@gé)y
@ i=1

0,0G=>0,0 00, ®G1® " Gjm = Quop
j=1

w,v

and thus condition (c.4) is satisfied.
We want to show next that if (¢, f) : u — v’ and (p, g) : v — v’ are morphisms
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in A, then the following diagram is commutative

W (o,f)x¥(p.g)

U(u) x ¥(v) = "V¥(u) x V()
® ®
Vo) googe; YW o),

where p ©® ¢ : n+m — n' +m/ is the injective map that acts as ¢ in the first
n-elements and acts as p in the last m-elements. To show the commutativity of
this diagrams suppose first that ¢ = 0 € ¥,, and p = p € ¥, are permutations.
Take

F:ZE’1®"'®Fm and G:ZG]'l@"'@Gjm
i=1 =1
objects of ¥(u) and W(uv) respectively. Then by definition we have

V(o f)F 2 ‘If(p,g)G

= (Z fiFio-1)® -+ ® fiF’z‘wl(n))
=1

=> > (ffﬂa*l(l) Q@ faFig1n) ® G1Gp 1) @ -+ ® QZGz‘pfl(n)) :

j=1i=1

® <Z GG @+ ® QZGw—I(m)
=1

u,v

On the other hand, we have

/

e\

Mﬁr

V(eop fOg) (F G)

s

:\If((f@P»i@g ( Fi®- En®G]1®®GJm)

j=111=1

:ZZ(fwa‘l( @ foFiotn) @ g1G,- ()®"'®9:Gip‘l(@>'

j=1i=1

This shows that condition (c.5) is satisfied. In addition, as each v (o, f) is strict
map, and the distributivity maps are natural, this also shows that condition
(c.6) is satisfied. A similar argument shows that the same is true for a general
morphism in (¢, f) and (p, g) in A.

We now want to construct a multiplicative unit 1. This is an object in W(()).
By definition, the objects of ¥(()) are the functors of the form F = Y7 _| F,
with F; an object of Hom¢(C/(), D). In particular, the functor 1 : C/() — D
that sends the only object of C/() to the unit 1 of D is an object of ¥(()).
We claim that this is a unit for ®,,. Indeed, if F =37/, F;; ® --- ® F};, is an
object in U(u), then

F<§§(>)1_ZF11® ®(Fp®l)=F
L, =1
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and similarly 1 ®(, G = G for any object G of W(v). This shows that condi-
tion (c.7) is satisfied. On the other hand, from the coherences in the category
D we see at once that conditions (c.8) — (c.10) are also satisfied.

We now want to study the symmetry of the functor ®,,. Note that given
objects u = (uy,...,u,) and v = (vy, ..., v,,) of A, then the symmetry isomor-
phism 7, ,, =7° 1 v O u — w® v is given by the pair (§,id), where £ € 3,4,
is the permutation that interchanges the first m-block with the last n-block
and id is the (n + m)-tuple of copies of id. With this in mind note that if

F=Y Fi® - QF, and G=Y G ®---® Gjn,
i=1 =1
are objects of ¥(u) and W (v) respectively, then we obtain

\I’(Tmy,ﬂ)(G%F) = \IJ(T’Y:E&) (ZZGﬂ ® - QGEmRF1®---QF )

=2 j=1i=1

S Fa® 9 Fn®Gu® 9 Gm

j=1i=1
and
F®!7QG:ZZEI®"'®Fin®Gj1®"'®Gjm-
i=1j=1
Define

Hup - FS%G - \11(7%2@)((; ® F)

vu

to be the natural isomorphism that rearranges the summation order; that
i, fu,, is an iterated application of the natural isomorphism +® in D. With
this definition, it follows by the use of coherence theory that the conditions
(c.11) — (c.14) of theorem 25 are satisfied. O

Corollary 27 A fibered bipermutative category A : D — C gives rise to a
multifunctor Ty : EX, — PA. By composing with the multifunctor K, we
obtain a multifunctor T : EX, — YSA.

6 Model Categories

In this section we use the machinery of closed model categories to rigidify a
given multifunctor T : EY, — ¥.8¢, as to obtain a multifunctor 7" : ¥ — X&¢,
here £ is a general permutative category. The application that we have in
mind is the multifunctor 7 : EX, — XS4 provided by the previous corollary.
Here * is the operad whose algebras are commutative monoids which can be
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seen as a multicategory with only one object. Later we show that having a
multifunctor * — YS¢ is equivalent to having a lax map & — XS. Thus
in the case of the T : EX, — YS* provided by the previous corollary, we
obtain a lax map A — XS. Finally, we show that this map induces a lax map
(CP)~1C — XS via a right adjoint in a Quillen equivalence coming from a
lax map A — (CP)~1CP.

The core of this section is to give a model structure to M;Fy(M, E; ES).
This is done in (4) for the case that & is the trivial category. In this case,
the category M F5(M, E; XS) is isomorphic to the category of multifunctors
M — ¥S8. The case where £ is a general permutative category follows by a
straight forward modification of the construction in (4). We include the proofs
here for completeness following very closely the treatment in (4, Section 11).
Therefore no originality is claimed for this part of the work. The reader is
suggested to read the beautiful work of Elmendorf and Mandell (4).

To begin, we recall briefly cofibrantly generated model categories and the pos-
itive model structure on symmetric spectra. For a complete discussion about
cofibrantly generated model categories we refer the reader to (14) and (7) and
for symmetric spectra (8) and (11).

Let A an ordinal and C a cocomplete category. We can see A as a category
with a unique arrow f : x — y whenever z < y. By a A-sequence we mean a
colimit preserving functor X : A — C. We refer to the map X, — colimg) Xz
as the composition of the A\-sequence.

Definition 28 Let I be a set of maps in a category C that is cocomplete. A
map [ : A— B in C is said to be a relative I-cell complex if there exists an
ordinal A and a A-sequence X : A — C such that f is the composition of X
and for each B with B+ 1 < X there is a pushout

|

such that gg € 1. The collection of relative I-cell complexes will be denoted by
I-cell.

Thus a relative I-complex is a (possibly) transfinite composition of maps that
are pushouts of maps in I.

Definition 29 Let I be a class of maps in a category C. A map f is said to
be I-injective if it has the right lifting property with respect to any map in 1.
We denote by I-inj. the class of I-injective maps in C. Similarly, a map f is
said to be I-projective if it has the left lifting property with respect to any map
in 1. We denote by I-proj. the class of I-projective maps in C
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Definition 30 A model structure on a small category C is said to be cofi-
brantly generated if there are sets I and J of maps such that the following
conditions are satisfied.

The domains of the maps of I are small relative to I-cell.
The domains of the maps of J are small relative to J-cell.
The class of fibrations is J-inj.

The class of trivial fibrations is I-iny.

Let us review now briefly the positive closed model structure on symmetric
spectra. This is an example of cofibrantly generated closed model structure
with generating sets that we denote by I and J*. The set I can explicitly
described as follows. For m > 0, let F},, be the the left adjoint functor to the
evaluation functor Fv,, from symmetric spectra to simplicial sets, then

It = {F,,0A[n]y — F,Aln]ylm > 0,n > 0}.

Note that the maps in I have small domain and codomain. The set J* can
be described in a similar fashion, all we need to know is that all the maps
in J* also have small domain and codomain. According to this, the positive
closed model structure on symmetric spectra has as weak equivalences the
stable maps of symmetric spectra; that is, the maps f : X — Y such that
f*: [Y,E] — [X, E] is a bijection for all injective Q-spectrum E. A map of
symmetric spectra is a cofibration if and only if it is a retract of a relative
I'"-complex and a map is an acyclic cofibration if and only if it is a retract
of a relative J™-complex. The fibrations are the maps that satisfy the right
lifting property with respect to the maps in J+.

As mentioned before we want to rectify a multifunctor T : £, — Y.S¢ as to
obtain a multifunctor 7" : * — XS¢. As our first step, we give a closed model
category structure to the category of multifunctors EY, — Y.S¢. To avoid any
confusion we work in a general context. Thus let us fix M a multicategory
enriched over Cat which we can see as enriched over simplicial sets by taking
the nerve. We will give a model structure to the category M(M, £.58%) of mul-
tifunctors M — XS, As our first step, we identify the categories M(M, ©S¢)
and M;Fy(M, E;XS) under the canonical isomorphism that sends a multi-
functor F' : M — X8 to the assignment F' : M x & — XS defined by
F'(m,c) = F(m)(c). F’ is a multifunctor in the first variable and a functor
in the second variable and as explain before, this defines an isomorphism of
categories. Next, we give a model structure to the category M Fy (M, E; XS).

Let us denote by O (resp. Og) the object set of M (resp. £). On the product
category XSPM*%% we have a closed model structure for every closed model
structure on ¥.S, in particular, we have a model category on LSM*% coming
from the positive model structure on ¥~S. We will show that the category
M, F5(M, E;3S) can be seen as the category of algebras of a suitable monad
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on L.§9M*%% Using this monad we will see that we can lift the positive model
category on LSOM*O¢ to the category M Fy(M, E;XS). This way we will
obtain a cofibrantly generated model category on M;Fy(M, &; 3S).
To begin, consider the functor ¢y, ) : B8 — LSPM* for each object (a,c) €
O x Og, that is defined on objects as follows. Take X a symmetric spectrum,
then

X if (a,c) = (b,d

(oo X)) = (a,¢) = (b,d)

* else.
Similarly, ¢(4,) is defined on morphisms. The functor (4 is precisely the left
adjoint to the projection functor m(,) : »SOMm*Oe ., 1S The positive stable
model structure on LSOM* is cofibrantly generated with generating sets
oIt and «JT, where

LI+ - {L(a,c)f|f € I+7 (CL,C) € OM X 05}7
LJJF = {L(a,c)f’f € J+7 (a,c) S OM X OS}

Thus a map in XSO*% ig a cofibration if and only if it is a retract of a
relative ¢/ *-complex and a map in XS®"*%% is an acyclic cofibration if and
only if it is a retract of a relative ¢J-complex.

Given (a;,d) € Op x Og for 1 <i < n, we are going to use the notation

Flay,...anid) = Flay,g) N+ N Fla, )
With this in mind we have the following definition.
Definition 31 For (b,c) € Oy X Og and F : Opg x Og — X8, let
OF)= \ V ( V' M@ e i)y A Flor.. am) / .
d€Og E(d,c) n>0 \a1
Let n : F'— DF be the map such that for (b,c) € Op x Og
Nbe) * Foe) = Lo A Floey = M(b;0) 1+ A Fpep = (DF) )

and i : DDF — DF s the map induced by the multiproduct in M and the
composition in .

By a direct and standard computation, it follows that (D, i, n) is a simplicial
monad on the category LSM*%  Also, we see that a D-algebra structure on
an object of XS9M*C¢ is equivalent to an assignhment M x £& — XS that is
a multifunctor in the first variable and a functor in the second variable and
that the simplicial category of D-algebras is isomorphic to M;Fy (M, E; 3S).
Finally, if we see D as a functor

D : 2§9M*% _ M Fy(M, E; 8S),
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then D is left adjoint to the forgetful functor M;Fy(M, E£; X8) — BEOM*O¢,
From now on, if ay, ...a,, z,b € O and for k > 0, we will denote the (n + k)-
morphism set M(ay, ..., an, z, ..., z,b) with k-copies of x by M(ay, ..., a,, 2%, b).
With this notation, note that in particular if F' = v, )X, for some (z,y) €
Opm % Og and a symmetric spectrum X, then for (b,c) € Op x O¢

(]DL(x (bc = \/ \/MZ‘ b /\an

£(y.c) >0

One advantage of seeing M;Fy(M, E;XS) as the category of D-algebras, is
the following lemma.

Lemma 32 The category My Fy(M,E;5S) is bicomplete.

Proof: Since M1F5(M, &; X8) is the category of algebras over a monad on a
complete category, M;Fo(M, £; XS) is complete. On the other hand, it follows
as in (2, Proposition 7.2) that D preserves reflexive coequalizers, thus by (2,
Proposition 7.4) it follows that M;Fy(M, &; 3S) is cocomplete with colimits
formed in X89M*% as in (2, Proposition 7.4); that is, given a diagram F; of
D-algebras, with structural maps &; : DF; — Fj, let colim;F; be its colimit in
Y.SOMm*Os and let f; : F; — colimF; be the natural maps. Also consider

« : colimDF; — DeolimF;

the unique map in YS“*% whose composite is the natural map DF;, —
colim;DF;. Then the underlying object of the colimit of the F}’s in the category
M, Fy(M, E;XS) is the (reflexive) coequalizer in XSOM*O¢ of

D(colimDF;) = D(colimF;),
where one of the maps is D(colim¢;) and the other map is g o Da. O

We are now ready to give the weak equivalences, fibrations and cofibrations
for the positive stable model category in M;Fy(M, &; 3S).

Definition 33

o A morphism in MiFy(M,E;XS) is said to be a weak equivalence if the
underlying morphism in XSOM*0% s q stable equivalence.

o A morphism in My Fy(M,E;5S) is said to be a positive stable fibration if
the underlying morphism in XSOM*O¢ s q positive stable fibration.

o A morphism in My Fy(M, E;LS) is said to be a positive stable cofibration if
it satisfies the left lifting property with respect to the acyclic stable fibrations.

In order to show that under these definitions we obtain a closed model struc-
ture on M;Fy(M, E;3S), we will show that this description is precisely the
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description of a cofibrantly generated model structure on M;Fy(M, E; ES)
with generating sets DeI™ and DeJt, where

D™ :{Db(a,c)f|f € I+7 (a,c) € Opm % OS}’
D]t ={Diae f1f € JT, (a,¢) € Op x Og}.

To do so, we will first characterize the positive stable fibrations and acyclic
positive fibrations in the proposition below.

Proposition 34

e A map in MiFy(M,E;5XS) is an acyclic positive fibration if and only if
it has the right lifting property with respect to retracts of relative D™ -
complezes; that is, the class of acyclic positive fibrations equals Dil™t-inj.

o A map in M1 Fy(M,E;%S) is a positive fibration if and only if it has the
right lifting property with respect to retracts of relative DiJ*-complexes; that
is, the class of positive fibrations equals DuJt-inj.

Proof: The result follows by the adjunction of D and the forgetful functor.
We show the first result, the second part follows in a similar fashion. As
explained before a map in SOM*C¢ is a cofibration if and only if it is a
retract of a relative «I"-complex. Thus the positive stable acyclic fibrations
on LS89MxO¢ are precisely the maps that satisfy the right lifting property
with respect to retracts of relative (I*-complexes. Thus by the adjunction
of D and the forgetful functor, a map in M Fy(M, E; £.8) satisfies the right
lifting property with respect retracts of relative DI ™-complexes if and only
if the underlying map in $SOM*O¢ gatisfies the right lifting property with
respect to retracts of relative 1/ *-complexes. O

The hardest part of showing that under the given definitions of weak equiv-
alences, fibrations and cofibrations we obtain a closed model structure on
M F3 (M, E; XS) is the proposition below. Once we prove it, all the proper-
ties of a closed model structure are easy to verify and follow by applications of
Quillen’s small object argument and by the adjunction of D and the forgetful
functor.

Proposition 35 A relative DuJ ™ -complex is a stable equivalence.

To prove this proposition we follow the same ideas used to prove (4, Lemma
11.7); that is, we study pushouts in the category M;F(M, &; 3S) of the form

F I DiueyY,

DL(I’y)X

for some (z,y) € Op X Og, f: X — Y morphism in XS and g : Lz X — F
morphism in LSOM* ¢
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We begin with the following lemma that helps us study certain coproducts in
the category M;Fy(M, &; 3S).

Lemma 36 Let C be a cocomplete category and (T, u,n) a monad in C that
T preserves reflevive coequalizers. Given a T-algebra X with structural map
Ex : TX — X and an object Y of C, the coproduct X [ITY in the category of
T-algebras C[T| is computed as the reflexive coequalizer in C

TTX[[Y) = T(X[[Y) = P,
B

where

a = po T(T(iy [ Tis 0 ny)),
B =T(Ex [éa)-

Moreover, P is the coequalizer of the previous diagram in C[T].

Proof: By (2, Lemma 6.6), we have that P is a T-algebra and that P is the
coequalizer in C[T] of the diagram

TTX[[Y) = T(X][Y) = P.
B
As X is a T-algebra, we see that X is the coequalizer of the diagram

HnXx
TTX = TX — X.
TEx

Moreover the maps

k=T(x): TX - T(X]Y)

are so that the following diagrams are commutative

TTX —*  >TX TTX — =X - TX
hl lk hi ik
T(TX 1Y) —5~T(X 1Y), T(TX 1Y) —~T(XIY).

By the universal property of the coequalizer, the previous diagrams guarantee
the existence of a map j; : X — P. Moreover, as both X and P are the
coequalizers in the category of T-algebras, we see that this map is a map of
T-algebras. On the other hand, we have the map jo = T(ip) : TY — T(X[Y)
which is also a map of T-algebras. By a direct computation one can see that
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P together with the maps j; and js satisfy the universal property of the
coproduct in the category C[T]. O

Note that we can apply the previous lemma to the monad D, as XSOM*%¢ ig
bicomplete and D preserves reflexive coequalizers. Thus if X is a symmetric
spectrum, (z,y) € Op x Og and F an object in M;Fy(M, &; 3S), then the
coproduct F'[] D, X in the category M Fy(M, E;ES) is computed as the
reflexive coequalizer in the category XSOm*Oe

DOF [Tt X) = DF [L et X): (8)

We can rewrite this coequalizer in a better way using the fact that the functor
— A X preserves coequalizers. Thus define Ty F' = F and for k > 1, define T} F
in B8OM*O% 5o that for (b,¢) € Op X O, (TiF )b, is the coequalizer in £S
of the following diagram

\/ \/ ( \/ M(al,...,an,xk;b)+/\DF(a1 ,,,,, an;y))/En
a

S(y,c) n>0 \ai,..., anEOM
- \/ \/ ( \/ M(al""7an7xk;b)+/\F(a1 ..... (ln§y))/2n7
E(y,c) n=0 \ai,..., an €0

where one of the maps is induced by the algebra structural map {p : DF — F
and the other is induced by the multiproduct in M and composition in £. Us-
ing the T, F"’s, we can rewrite the coequalizer (8) as to obtain that for a sym-
metric spectrum X, (z,y) € Oy X Og and F' an object in M Fy (M, E; LS),
the coproduct F [[De(g ) in MiFy (M, E;3S) is given by

(F Ity X)) = V (ThF) o) Ay, X"

k>0

We also use the T}’s as defined above to study pushouts of the form

F H DL(Iyy)X.

DL(z,y) X

To do so, we will use the same construction Q¥(g), for k > 0, 0 < i < k and
a map of symmetric spectra g : X — Y as in (4, Section 12). We include it
for completeness. The Q% (g)’s are inductively defined as follows: Qf(g) = X¥,
Qk(g) = Y*. For 0 < i < k, define Q%(g) as the pushout square

EkJr /\Ekﬂ‘xzi Xk_i A Qg—l(g) *)EkJr /\Ekﬂ'xzi Xk_i A Y’

| |

i1(9) Qf(9)
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The Q%’s are defined so that essentially, Q¥ is the Xi-subspectrum of Y* with
1 factors of Y and k — i factors of X. We are now ready to describe our final
construction. For an object F' of M Fy(M, E;XS), let Fy = F and for k > 0
let £}, to be the pushout in S9m*0¢

TiF Asy, QfF_1(9)—=TF As, YF

l |

Fry Ey..

Where the map in the top is the map induced by Q% ,(g) — Y* and the map
on the left is induced by ¢, )x — F. Let F, = colimF} where the colimit
is computed on LSOM*%%  The relevance of the F},’s is given in the following
proposition which corresponds to (4, Proposition 12.6).

Proposition 37 F,, is isomorphic to the underlying object in LSOM*O¢ of
the pushout HDL<b oX Depe)Y.

Proof: The proof goes by showing that F, satisfies the universal property of
the pushout
F H DL(b’C)Y

Db(b,c)X
in the category M Fy(M, E;3S). O

With the given filtration F' = Fy — F; — --- F of F’ HDL(b X Di,e)Y we can
prove proposition 35.

Proof of proposition 35. We want to show that if h : X — Y is a relative D¢J *-
complex then h is a positive stable equivalence. We are going to consider first
the special case where h is obtained as a pushout h : ' — F'[[p, e X Di(zy)Y,
for a map f : X — Y of symmetric spectra in J* and g : 1z )X — F a
morphism in ¥S9"*%%  We have a filtration Fy = F — F} — -+ — F.
as in the previous proposition such that h : ' = Fy — F, is the transfinite
composition of the maps Fj, — Fj1. To prove that h is a positive stable equiv-
alence it’s enough to prove then that each map Fj, — Fj. is a positive stable
equivalence as the composition of (transfinite) acyclic positive cofibrations is
again an acyclic positive cofibation in the positive stable model category. By
(4, Proposition 12.6) we have that Fy — Fy.; is an objectwise level cofibra-
tion of symmetric spectra. Also note that the quotient Fj,1/F} is naturally
isomorphic to Tpy1 F As,,, (Y/X)¥. As X — Y is an acyclic positive cofi-
bration it follows that Y/X is positive cofibrant and stably equivalent to .
Hence Fyy1/Fy is stably equivalent to * in Y.SOMm*0Oe  But as mentioned be-
fore F, — F},1 is an objectwise level cofibration and then we conclude that
Fy, — Fj.q is a stable equivalence. To finish the proof, note that we can write
any relative DeJ*-complex as a retract of a possible transfinite composition
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of pushouts of the form we just considered. These are stable equivalences by
the previous consideration. On the positive model structure a transfinite com-
position of stable equivalences is also a stable equivalence. This finishes the
proof. O

With the proof of the Proposition 35 completed we can now move on to proving
that we in fact have defined a model structure on M;Fy(M, &; 3S). We start
by constructing factorizations of morphisms in M;Fy(M, &;3S). To do so,
note that as mentioned before, the domains of the maps in I and J* are
small, this implies that the domains of the maps in D™, DeJ* are also small.
Therefore we can apply Quillen’s small object argument as in (7, Theorem
2.1.14) to factorize a morphism f in M;Fy(M,E;ES) in the form f = pi,
where

e i isin Dl *-cell and p is in DI -inj. or
e i is in DuJT-cell and p is in DeJ T -inj.

By Proposition 34 a map in D¢/ *-inj is precisely an acyclic positive fibration
and a map in DuJ T -inj is a positive fibration. Thus we obtain the following
proposition.

Proposition 38

o A map f in My Fy(M,E;3S) can be factored as f = pi, where i is a relative
DuI*-complex and p is an acyclic positive stable fibration.

o A map f in MiFy(M,E;3S) can be factored as f = pi, where i is a DiJT-
complex and p is a positive stable fibration.

In order for these to be the required factorizations we need to prove the fol-
lowing lemma.

Lemma 39

o A map in MyFy(M,E;LS) is a positive stable cofibration if and only if it
is a retract of a relative DIt -complex.

o A map in MiyFy(M,E;LS) is an acyclic positive stable cofibration if and
only if it is a retract of a relative DivJ ™ -complex.

Proof: Let’s prove the first assertion. Any retract of a relative D¢/ -complex
satisfies the left lifting property with respect to the class D¢l -inj. Thus by
Proposition 34 and the definition any retract of a relative D¢l -complex is a
positive stable cofibration. On the other hand, take f a map that is a positive
stable cofibration. By the Proposition 38, we can factor f = pi, where 7 is a
relative DiIT-complex followed and p is an acyclic positive stable fibration.
But since f is a cofibration, by definition it follows that f satisfies the left
lifting property with respect to p. By (7, Lemma 1.19) we have that f is a
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retract of 7 and thus f is a retract of a relative D¢/ "-complex.

The second assertion is proved in the same way. If f is a retract of a relative
DeJ-complex then by Proposition 35 we have that f is a stable equivalence.
Also, f satisfies the left lifting property with respect to the class D¢.J*-inj. and
thus by Proposition 34, f satisfies the left lifting property with respect to the
class of positive stable fibrations, in particular f is a positive stable cofibration.
On the other hand, take f a map that is an acyclic stable cofibration. By the
Proposition 38, we can factor f = pi, where i is a relative D¢J"-complex
followed and p is a positive stable fibration. By Proposition 35, ¢ is a stable
equivalence and so is f. Since stable equivalences satisfy the two out of three
property we see that p is also a stable equivalence, hence p is an acyclic stable
fibration. In particular f satisfies the left lifting property with respect to p
and by (7, Lemma 1.19) we have that f is a retract of ¢ and thus f is a retract
of a relative DeJt-complex. O

Combining Propositions 38 and 39 we obtain the desired factorizations as in
the following lemma.

Lemma 40 A map f in My Fy(M,E;XS) can be factored as f = pi, where
1 1S a stable cofibration and p is an acyclic positive stable fibration or we can
take i is an acyclic cofibration and p is a positive stable fibration.

After proving these factorizations we are now ready to show that this choice
of weak equivalences, fibrations and cofibrations gives rise a closed model
category structure on the category M Fy(M, E; ¥S).

Theorem 41 There exists a model category structure on My Fo(M,E;LS)
whose weak equivalences are the morphisms that are stable equivalences, the
fibrations are the positive stable fibrations and the cofibrations are the positive
stable cofibrations.

Proof: We need to verify axioms MC1.-MC5. of (1, Definition 3.3). We need
to note first that it is clear by the definition that the classes of weak equiv-
alences, fibrations and cofibrations contain the identity and are closed under
composition.

e MCI. By Proposition 32 we know that M;Fy(M, &; ¥.8) has all small limits
and colimits in particular those that are finite.

e MC2. Since in XS89 the two out of three property is satisfied, it follows
at once that it is satisfied on M Fy(M, E; ES)

e MC3. By the same reason as in MC2. retracts of weak equivalences are
weak equivalences. Also by the characterizations of Propositions 34, 39 we
see that fibrations and cofibrations are closed under retracts.

e MC4. The cofibrations satisfy the left lifting property with respect to acyclic
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fibrations by definition. On the other hand by Propositions 34, 39 we have
that fibrations satisfy the right lifting property with respect to acyclic fi-
brations.

e MC5. The factorization properties follow by Lemma 40.

O

Our next step toward rectifying a multifunctor T : EX, — 8¢ is to study
the relationships between the previous model structure when we change the
multicategory M. To be more precise, we want to show that if f: M — M’
is a multifunctor between multicategories enriched over simplicial sets, then

g = (f xid)* : MiFo(M', E;58) — M 1Fy(M, E; 5S)

is a right adjoint in a Quillen adjunction. Also we want to show that in the
case that f is a weak equivalence between multicategories, then this Quillen
adjunction is actually a Quillen equivalence. We will apply this to the partic-
ular case where M = EY, and M’ = % as to get the desired rectification of
the multifunctor T : EY, — YS¢. Once again we will follow very closely those
ideas presented on (4) with only slight modifications as to adapt them to our
situation.

Suppose we have a multifunctor f : M — M’ between two small multicate-
gories, let O and O’ be the object sets of M and M. Also let D and D’ be the
monads on YS9*% and RSO *% induced by M and M’ respectively.
By composing with g := f x id, we obtain a functor between the product

categories

ﬂ.g : ESOM/XOS N ZSOMXO;;.

This functor has a left adjoint which we denote by s,
Kg : ESOMXO;; %ESOM/XOE.
An explicit formula for x4 is given as follows: if F': Oy x Og — XS, then

(kgF)oy = V  Flao.
acf~1(b)

Note that we can see the multifunctor f as a natural transformation
keD — D'k,
With this definition we can prove the following theorem.

Theorem 42 Let M and M’ be multicategories enriched over simplicial sets
and f: M — M’'. Then there ezists a functor

g4 - MlFQ(M,g7ES) — MlFQ(M/,g; ZS)
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left adjoint to g* such that the pair (g, g*) forms a Quillen adjunction.

Proof: For an object F' of M Fy(M, E;XS) define g4 F' as the reflexive co-
equalizer of the following diagram

D'k,DF = D'k, F — g4 F,

where one of the arrows comes from the multifunctor f seen as a natural
transformation x,0 — D'k, and the other arrow comes from the algebra
structure map £F : DF — F of F'. It follows at once by the universal property
of this coequalizer and the adjunctions that this way defined g4 is left adjoint
to

g* . M1F2<MI,8; ES) — MlFQ(M,g, ZS)

On the other hand, it follows by the definition that g* preserves fibrations
and acyclic fibrations. Thus by (1, Theorem 9.7) we get that the pair (g4, g%)
forms a Quillen adjunction. O

We will see now that in the case that f is a weak equivalences of multicategories
then this Quillen adjunction actually forms a Quillen equivalence. We begin

by recalling the definition of a weak equivalence between multicategories from
(4, Section 12).

Definition 43 Let M and M’ be two multicategories enriched over simplicial
sets and f: M — M’ an (enriched) multifunctor. We say that f is a weak
equivalence whenever the functor mof is an equivalence between the category
of components and for all objects ay, ..., a,,b of M, the map of simplicial sets

Mlay, ..., an,0) = M'(f(ar), ..., f(an), f(b))
18 a weak equivalence.

We show now that in the case where f: M — M’ is a weak equivalence then
the pair (g4, ¢*) forms a Quillen equivalence.

Theorem 44 If f : M — M’ is a weak equivalence between multicategories
enriched over simplicial sets, then the Quillen adjunction (g4, g*,) forms a
Quillen equivalence.

Proof: By (1, Theorem 9.7), we need to show that for every cofibrant object A
of M Fy(M, &;£S) and every fibrant object B of YSM™*€ amap h: ggA —
B is a weak equivalence if and only if its adjoint 7 : A — ¢*B is a weak
equivalence. By the Lemma 45 below, we know that A is a weak equivalence
if and only if g*h is a weak equivalence. By definition, j equals the composite

A », g g A gh gB
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where 1 : A — g*gx A is the unit of the adjunction. We show below in Theorem
47 that whenever A is cofibrant 1 is positive stable equivalence. By the two
out of three axiom we see that h : A — ¢*B is a weak equivalence if and only
if its adjoint j : g» A — B is a weak equivalence O

Lemma 45 A map h: F — G in MiFy(M',E;35S) is a weak equivalence if
and only if g*h is a weak equivalence in M Fy(M,E;XS).

Proof: The proof is a straight forward generalization of the proof of (4,
Lemmal2.4). O

Note that the initial object of M Fo(M, E; £S) is the assignment

MxE—=XS
(b,¢) — M(b), A S,

Definition 46 Let A an ordinal and F' a cofibrant object of My Fy(M, E;XS).
We say that F' can be built in \-stages, if we can find a \-sequence

X :A— M Fy(M,E;5S)

such that Xo = M(;—)4+ A S, the initial object, and for each B with 5+ 1 < A
there 1s a pushout

SO
Dg——Xg41,

such that gg is the coproduct of maps in DI and that Xo — F is isomorphic
to the transfinite composition Xy — colimg\Xg.

Note that if 7 < X and A can be built in 3-stages, then clearly A can be built
in A-stages. We are now ready to prove the following theorem.

Theorem 47 If A is a cofibrant object in My Fy(M, E;XS), then the unit
Y A— gigurA

of the Quillen adjunction (g4, g") is a stable equivalence.

Proof: The proof of this theorem is taken from the proof of (4, Theorem
12.5) with small modifications as to fit into our situation. Let A be a cofibrant
object in M Fo(M, E;ES). Then M(;—)1 NS — A is a retract of a relative
D¢ -complex. It suffices then to prove the statement for the case where A can
be built in A-stages for an ordinal A. The proof goes by transfinite induction
on the stages that A can be built in. Thus we want to show that for every
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ordinal A and every cofibrant object that can be build in \-stages, the map
YA —gigpA

is a stable equivalence. For A = 0, we have that a cofibrant object that can be
build in O-stages is isomorphic to M(; =) A S. In this case

G gp(M(G =) NS) =M (=)L AS,
A=M(G=)s NS> M (=) NS =g"gpA

and the statement follows as f is weak equivalence.

We also need the case A = 1. In this case, a cofibrant object that can be built
in 1-stage is an object of the form A = DF, where F is an object in 1S9 ¢
that is objectwise cofibrant. In this situation the map A — g*gxA equals

DX — g*DryX.

By definition we see that for (b,c) € Op x Og

(g*DK'gX)(b»C):
VoV YV Mt a3
dc0¢,E(d,c),n>0 \a},...,al, €0y i=1 a;€ f~1(a})

Where here (M, . r)) means M'(ay, ..., az; f(b)). Since f is a weak equiv-
alence, it follows that DX — ¢*Dk,X is a stable equivalence and thus the
statement is true for A = 1. Suppose the statement is true for all ordinals 3 < A
and that A is a limit ordinal. Take a A-sequence X : A — M;Fy(M, E; XS)
with Xo = M(; —)4 A S and with M(; —)+ A S — colimg. )X isomorphic to
Xy — A. We have that

9" guXp = colimprg* 94Xz (9)

and since each Xz can be build in (-stages and 3 < A, the statement is true
for Xo — Xp and by (9) we see that the statement is true for X, and hence
for A. Thus we are left to prove the statement for 5+ 1 provided it’s true for
£ and B > 1. By a separate transfinite induction, this case reduces to showing
that if A is a cofibrant object with A — g*gxA a stable equivalence then the
same is true for B, where B is obtained as the pushout in M1Fy(M, E; ¥S)
of the following diagram
]D)L(x,y)X —A

|

DL(:&Z’,)YHB'

By Proposition 37, we have filtration A = Ay — Ay — --- — A, = B, where
each map A, — Ay, is an objectwise level cofibration. The associated graded
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to this filtration is
\ Ty As,, (Y/X)".

k>0

Note that this is isomorphic in £S"*%% to the underlying object of

AT Dy (Y/X).
Let A" = g4 A and B’ = g»B. Note that

B =A I DiysanX.
D't p (), )X

For B’ we also have a filtration A" = A — A} — -+ — A/ = B’, where
each map Aj, — A}, is an objectwise level cofibration and whose associated
graded is isomorphic in $S§Om > to A'T[Dt(s(z)4)(Y/X). The map B —
g*B' = m,B’ preserves the given filtrations. Also the map of associated graded
is

AT Do) (V/X) = 7o (A TTD 140019 (Y/ X)) % 9" g (AT Dy (Y/ X)),
and we that this is a stable equivalence. This follows from the fact that the
cofibrant object AT[D¢(,,)(Y/X) can be built in § stages. Indeed, suppose

W3 — MFy(M,E;LS) is a G-sequence such that Wy = M(;—), A S and
for each v with v+ 1 < 3 there is a pushout

Cy—=W,

| |

Dy——Wyn
such that g, is the coproduct of maps in Di/™ and that Wy, — A is the
transfinite composition Wy — colim,gW.,,. Let W' : § — M;Fy(M, E; XS)

be the (-sequence defined as follows: Take Wj = M(; =)y A S, define W] as
the pushout of the diagram

ColIM( =)+ NS——=Wj
90 HZi
DoT1Di(r (Y/X)— W/,

Thus Wi = Wi 11Dz, (Y/X). In general define for v > 2

W,;, = VV7 H Db(x7y)(Y/X).
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This way defined we see that for all v < 8, W., is the pushout of

C,— W

gwl |

=W
By the induction hypothesis, it follows that

AT D) (Y/X) = g" g (AT] Diayy (Y/ X))

is a stable equivalence. Since each map Ay — Agi1, and A, — Ay are
objectwise level cofibrations and the map of associated graded is a stable
equivalence we have that each map Ak — 7w, Ay is a stable equivalence. From
here we conclude that B — 7,B’ =~ g*gxB is a stable equivalence. 0O

Corollary 48 A multifunctor T : EX, — XS¢ gives rise to a multifunctor
T : % — XS

Proof: Consider the multifunctor f : £, — * that sends every k-morphism
in EY, to the only k-morphism in *. This defines trivially a multifunctor
between multicategories enriched over simplicial sets. (We see E, enriched
over simplicial sets by taking the nerve of the category EX, for k > 0). Note
that for every k£ > 0, the geometric realization of EY; is contractible and thus
f is a weak equivalence between the multicategories M = EY, and M = x.
By Theorem 44, we have that the functor gy := (f x id)4 is a left adjoint
in a Quillen equivalence. Let T" = g4(T), then T" : + — X&¢ is the required
multifunctor. O

We show in the following proposition that such a multifunctor structure is
equivalent as having a lax map F' : £ — XS.

Proposition 49 Having a multifunctor L : x — XS¢ is equivalent as having
a laxr map F : € — XS

Proof: Suppose we have a multifunctor L : * — XS, The multicategory *
has only one object so we consider F' : £ — XS the image under L of this
object. Thus F' : £ — X8 is a functor. On * we have a unique 2-morphism, let
¢ € XSE(F, F; F), be the image of this morphism. Unraveling the definitions
we see that ¢ is a 2-linear natural transformation, thus for every objects ¢y, ¢o
of £ we have a map of symmetric spectra

¢cl,02 : F(Cl> A F(CQ) — F(Cl & CQ).

The collection of maps {¢., ., } satisfy the naturality condition as in Definition
20. Suppose that f : ¢; — ¢}, g : ¢o — ¢, are morphisms in €. Then the
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following naturality condition must be satisfied

F(er) A F(ep) ™29 B(el) A F(c))

Pe NS ¢c/ el
1-.¢€2 1:%2

F(Cl ®02) F(J29)

This means that the map ¢, ., : F'(c1) A F(c2) — F(c1 ® ¢2) is a natural map.
On the other hand, * has a unique O-morphism, let n € ©S¢ be the image of
this unique O-morphism. Then 1 : § — F(1), where here S is the symmetric
sphere spectrum. The maps 7, ¢ satisfy some coherences coming from the fact
that L preserves the multifunctor structure, for example if ¢ € >, is the
nontrivial element, then ¢ = o*¢, this means that for every objects ¢y, ¢y in
&, the following diagram is commutative

F(c1) N F(ca) == F(c2) AN Flcy)

¢c1,c2i \L(ﬁcg,cl

F(er ® cp) Flea ® c)

F(v)

here «v is the natural isomorphism in symmetric spectra that changes the fac-
tors and « is the natural isomorphism coming from the permutative structure
on &. The other coherences for a lax map are obtained in a similar way.

Conversely, suppose that F' : £ — XS is a lax map. Thus we have a natural
maps 7 : S — F(1) and ¢¢, ¢, : F(c1) A F(ca) — F(c1 ® ¢a). Then using the
coherences that these maps satisfy we see that the assignment

L:x— NS¢

that sends the unique object of * to F', the unique 0-morphism to 7 and the
unique 2-morphism to ¢ defines a multifunctor. O

According to Corollary 48 and Proposition 49, a multifunctor T : EFY, —
¥S¢ can be rectified as to obtain a lax map ¥ : £ — ¥S. In particular, the
multifunctor 7 : EY, — XS# induced by a bipermutative category of fibers
A : D — C, induces a lax map ¢ : A — XS. We show now that this lax map
induces a lax map ¢ : C? — XS. We show this in the following corollary.

Corollary 50 A fibered bipermutative category A : D — C induces a lax map
¢:CP —%S.

Proof: We have already seen that A : D — C a lax map 9 : A — XS.
Recall that the category A has as objects the sequences u = (uy, ..., u,) and
as morphisms the tuples (¢, f) : « — v, where ¢ : n — m is an injection and
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f:qu — v is a morphism in (C°?)™. We have a functor W : A — C defined
as follows. Given an object u of A, then

W) =u & ® uy.

If (¢,f) : w — v is a morphism in A, then f : ¢.u — v is a morphism in
(C?)™ thus f; : u, — v; is a morphism in C°, where u is either 1 or one
of the u;’s. In particular note that @, u; = ®}_,u, ;) for some permutation
o € 3,. Define W((o, f)) : W(u) — W(v) to be the following composite in
cor

To,uy,...,u / f1®;§§fm

W@ Qup S () @ DU = U @ DUy, V1@ @ U

Where 75, u, 2 UIR - @Up — Ug(1) @+ *@Ug(y) is the coherence isomorphism
given by v in C.

We claim that this functor is a strict map of permutative categories. Note
that by definition it follows that W(u ©® v) = W(u) ® W(v). On the other
hand, given u and v object in A, the symmetry isomorphism in A is given
by v = ({um,id) : u ® v — v ® u, where &,,, € ¥, ,, is the permutation of
(n + m)-letters that interchanges the first n-block with the last j-block. By
definition and the coherence of the we see that W((&,,m,1d)) : 11 ® - - - @ up, @
MR QU =V R+ QU QU ... ®u, equals the isomorphism given by
v in C°?. Thus we see that W is a strict map. In particular, we can see A and
C°? as multicategories and a lax map between them is precisely a multifunctor.
Thus W is an object in M(A,C). If we take M = A, M' =C?, f =W
and & the trivial category in Theorem 42 (which in this case agrees with (4,
Corollary 12.3)) then we see that the functor

W M(CP,5S) — M(A, XS)
has a left adjoint

Wa : M(A, £8) — M(C”,%S)

such that the pair (Wx, W*) forms a Quillen adjunction. Thus the image of
the lax map ¢ : A — XS which we call ¢ : C? — XS is a lax map. O

7 Group completion

In this section we show that a lax map ¢ : C? — XS gives rise to lax map
¢ . (CP)7ICP — ¥S. (Here (C?)~'C% denotes the Grayson-Quillen group
completion of C°). In particular the image of the identity is a strictly commu-
tative ring spectrum which is the ring spectrum we are looking for. We begin
by recalling the definition of (C?)~'C°.
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Definition 51 Let (D, ®,0) be a small symmetric monoidal category. Then
the group completion of D is the category DD, whose objects are the pairs
(a,b) , where a,b are object of D. The pair (a,b) is thought of as the formal
difference b — a. If (a,b), (c,d) are two objects in D™D, then a morphism in
DD, f: (a,b) — (c,d) is an equivalence class of data of the form (s, a, 3),
where s is an object in D and o : a ®s — ¢, f: bD s — d are morphisms
in D. Two pairs (s,a, 3), (s', &/, ") are equivalent if there exists a morphism
~v:8— 8, such that the following diagrams are commutative

a®s—2-c, b@SLd
l@’yl / IEB’y\L %
ad s b s

If in D every morphism is an isomorphism and for every object a of D, the
functor a @ — : D — D is faithful then the functor i : D — D~!D that assigns
to every object a the object (0, a), gives rise to a group completion on the level
of classifying spaces. See (15) and (6) for a complete treatment. The following
lemma follows by a straight forward computation.

Lemma 52 Let (D,®,0) be a small permutative category for which every
morphism is an isomorphism. Then DD is also a permutative category and
the map i : D — D™D is a (strong) lax map.

As a particular case of the previous lemma, we have that the map i : C? —
(CP)~1C% is a lax map for a permutative category C. Since C°, (C°?)~'C
are permutative categories, we can see them as multicategories and a lax map
between them is precisely a multifunctor. Thus ¢ is an object in the category
M(C, (Co)~1C). If we take M = C?, M’ = (C?)~1C%, f =i and C? in
Theorem 42 (which in this case agrees with (4, Corollary 12.3)) then we see
that the functor

i*: M((CP)~1C?, £8) — M(C?, £S)
has a left adjoint
iy : M(C, 28) — M((C?)~'C”?, ©.S)

such that the pair (ig,:*) forms a Quillen adjunction. We have proved the
following theorem

Theorem 53 A discrete fibered symmetric bimonoidal category A : D — C
gives rise to a lax map ¢ : (C)~1C? — ¥8. In particular we can associate
to A : D — C the image of 1 under ¢’ which a strictly commutative symmetric
ring spectrum.
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8 Functoriality

In this section we show that the assignment of Theorem 53 is functorial.

Definition 54 Suppose that A : D — C and N : D' — C are two discrete
fibered symmetric bimonoidal categories. A morphism from A : D — C to
N D — C is a functor © : D — D' such that

D>

A%

C

1s a commutative diagram. In addition, we require that © is a lax map with
respect to the operations @ and for each object ¢ of C, the restriction Op, :
D.— D’@(C) 1 a lax map with respect to the operations @& and P..

Definition 55 We denote by FS the category of discrete fibered symmetric
bimonoidal categories and morphisms between them.

We want to show that the assignment of Theorem 53 is functorial. To begin,
suppose that A : D — Cand A : D' — C are two objects in FS and © : D — D’
a morphism between them. Then after the streefication process, the functor
O induces a strict map ©° : D° — D’s. The next step of the construction is
to correspond functors ¥ and V' : A — P to A* : D* — C* and A% : D' — C*
respectively. Here A is a certain wreath product category as defined on section
3 and P is the multicategory of small permutative category. Using the map ©°%,
we can obtain a multifunctor = : P — P by defining it to be trivial for those
permutative categories not in the image of W. The multifunctor = is such that
the following diagram is commutative

AL~

After this we apply the multifunctor K and obtain a commutative diagram of
multifunctors

EY, i)ZSA

|

LSA.
The rectification performed on section 6 can be done in a functorial way and
thus after passing to the completion we obtain a commutative diagram of lax
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maps
corg oy

o
YS.
In particular, by looking at the image of the unit, we obtain a map of sym-
metric spectra

¢p(1) — op(1). (10)

Thus we obtain the following theorem.
Theorem 56 There is a functor
Z:FS — YCRS

that for a discrete fibered symmetric bimonoidal category A : D — C corre-
sponds Z(A), the image of the unit under the lax map

¢ CPC — %S.

If © : D — D' is a morphisms of discrete fibered categories, then Z(©) is the
morphism of symmetric spectra

Z(A) — Z(A)

as in (10).

9 The definition

In this section we define the concept of topological fibered symmetric bi-
monoidal categories and show that to such each object we can correspond
an F.-ring spectrum in a functorial way. This spectrum is our ultimate goal.

Definition 57 A topological fibered category is a fibered category A : D — C,
where D and C are topological categories and the functor A is a continuous
functor that satisfies the same properties than a discrete fibered category in
such a way that all the functors insight are continuous.

In a similar way as in the discrete case we can form the category 7FS of
topological fibered symmetric bimonoidal categories.

Remark 58 Whenever we talk about a topological category we mean a small
category C whose object set is discrete and its morphism set is topological space
i such a way that the structural maps are continuous.
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Suppose now that A : D — C is a topological fibered symmetric bimonoidal
category. By applying the singular functor from topological spaces to simplicial
sets on the level of objects and morphism, we can see a topological fibered
symmetric bimonoidal category as a functor

D : AP - FS;

that is, we can see a topological fibered symmetric bimonoidal category as
a simplicial object in the category FS. By composing ® with Z, we can
correspond to a topological fibered symmetric bimonoidal category a functor

AP — 3CRS,

where XCRS is the category of strictly commutative symmetric ring spectrum.
By realizing this simplicial object we obtain an F..-ring spectrum. Since this
construction is functorial we finally arrive to the following theorem.

Theorem 59 There is a functor
3:TFS — &

where E is the category of E.-ring spectra, that for a topological fibered
symmetric bimonoidal category corresponds the realization of the simplicial
object in the category YCRS as mentioned above.
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