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SYMMETRIC MONOIDAL CATEGORIES AND I'-CATEGORIES

AMIT SHARMA

ABSTRACT. In this paper we construct a symmetric monoidal closed model category of
coherently commutative monoidal categories. The main aim of this paper is to establish
a Quillen equivalence between a model category of coherently commutative monoidal
categories and a natural model category of Permutative (or strict symmetric monoidal)
categories, Perm, which is not a symmetric monoidal closed model category. The right
adjoint of this Quillen equivalence is the classical Segal’s Nerve functor.
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1. Introduction

In the paper [BF78] Bousfield and Friedlander constructed a model category of I'-spaces
and proved that its homotopy category is equivalent to a homotopy category of connective
spectra. Their research was taken further by Schwede [Sch99] who constructed a Quillen
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equivalent model structure on I'-spaces whose fibrant objects can be described as (pointed)
spaces having a coherently commutative group structure. Schwede’s model category is a
symmetric monoidal closed model category under the smash product defined by Lydakis
in [Lyd99] which is just a version of the Day convolution product [Day70] for normalized
functors. This paper is the first in a series of papers in which we study coherently com-
mutative monoidal objects in cartesian closed model categories. Our long term objective
is to understand coherently commutative monoidal objects in suitable model categories
of (o0, n)-categories such as [Rez10], [Arald]. The current paper deals with the case of
ordinary categories which is an intermediate step towards achieving the aforementioned
goal. A T'- category is a functor from the (skeletal) category of finite based sets I'°? into
the category of all (small) categories Cat. We denote the category of all I'- categories and
natural transformations between them by I'Cat. Along the lines of the construction of
the stable Q-model category in [Sch99] we construct a symmetric monoidal closed model
category structure on I'Cat which we refer to as the model category structure of coher-
ently commutative monoidal categories. A T'- category is called a coherently commutative
monoidal category if it satisfies the Segal condition, see [Seg74| or equivalently it is a
homotopy monoid in Cat in the sense of Leinster [Lei00]. These I'- categories are fibrant
objects in our model category of coherently commutative monoidal categories. The main
objective of this paper is to compare the category of all (small) symmetric monoidal cat-
egories with our model category of coherently commutative monoidal categories. There
are many variants of the category of symmetric monoidal categories all of which have
equivalent homotopy categories, see [Man10, Theorem 3.9]. All of these variant categories
are fibration categories but they do not have a model category structure. Due to this
shortcoming, in this paper we will work in a subcategory Perm which inherits a model
category structure from Cat. The objects of Perm are permutative categories (also called
strict symmetric monoidal categories) and maps are strict symmetric monoidal functors.
We recall that a permutative category is a symmetric monoidal category whose tensor
product is strictly associative and unital. It was shown by May [May72| that permuta-
tive categories are algebras over the categorical Barrat-Eccles operad, in Cat. We will
construct a model category structure on Perm by transferring along the functor F' which
assigns to each category, the free permutative category generated by it. This functor is a
right adjoint of an adjunction U : Perm = Cat : F' where U is the forgetful functor. This
model category structure also follows from results in [BM07] and [Lac07]. We will refer
to this model structure on Perm as the natural model category structure of permutative
categories. The weak equivalences and fibrations in this model category structure are
inherited from the natural model category structure on Cat, namely they are equivalence
of categories and isofibrations respectively. The homotopy category of Perm is equivalent
to the homotopy categories of all the variant categories of symmetric monoidal categories
mentioned above. The model category of all (small) permutative categories is a Cat-
model category. However the shortcoming of the natural model category structure is that
it is not a symmetric monoidal closed model category structure. In the paper [Sch08] a
tensor product of symmetric monoidal categories has been defined but this tensor product
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does not endow the category of symmetric monoidal categories with a symmetric monoidal
closed structure. However it follows from [Boul7, Prop. 6.4] that there is a symmetric
skew monoidal structure on Perm which induces a symmetric monoidal closed structure
on the homotopy category of Perm.

The model category structure of coherently commutative monoidal categories on I'Cat
is obtained by localizing the projective (or strict) model category structure on I'Cat.
The guiding principle of this construction is to introduce a semi-additive structure on the
homotopy category. We achieve this by inverting all canonical maps

XUY —XxY

in the homotopy category of the projective model category structure on ['Cat. The fibrant
objects in this model category structure are coherently commutative monoidal categories.
We show that ['Cat is a symmetric monoidal closed model category with respect to the
Day convolution product. In the paper [KS15] the authors construct a model category of
E-quasicategories whose underlying category is the category of (honest) commutative
monoids in a functor category. The authors go on further to describe a chain of Quillen
equivalences between their model category and the model category of algebras over an
E-operad in the Joyal model category of simplicial sets. However they do not get a
symmetric monoidal closed model category structure. Moreover in this paper we want to
explicitly describe a pair of functors which give rise to a Quillen equivalence (in the case
of ordinary categories).

In the paper [Seg74], Segal described a functor from (small) symmetric monoidal
categories to the category of infinite loop spaces, or equivalently, the category of connective
spectra. This functor is often called Segal’s K-theory functor because when applied to
the symmetric monoidal category of finite rank projective modules over a ring R, the
resulting (connective) spectrum is Quillen’s algebraic K-theory of R. This functor factors
into a composite of two functors, first of which takes values in the category of (small)
I'- categories I'Cat, followed by a group completion functor. In this paper we will refer
to this first factor as Segal’s Nerve functor. We will construct an unnormalized version
of the Segal’s nerve functor and will denote it by K. The main result of this paper is
that the unnormalized Segal’s nerve functor K is the right Quillen functor of a Quillen
equivalence between the natural model category of permutative categories and the model
category of coherently commutative monoidal categories. Unfortunately, the left adjoint
to IC does not have any simple description therefore in order to to prove our main result
we will construct another Quillen equivalence, between the same two model categories,
whose right adjoint is obtained by a thickening of IC. We will denote this by K and refer to
it as the thickened Segal’s nerve functor. The (skeletal) category of finite (unbased) sets
whose objects are ordinal numbers is an enveloping category of the commutative operad,
see [Shaon]. In order to define a left adjoint to K we will construct a symmetric monoidal
completion of an oplax symmetric monoidal functor along the lines of Mandell [Man10,
Prop 4.2]. In order to do so we define a permutative category £ equipped with an oplax
symmetric monoidal inclusion functor ¢ : N'— £, having the universal property that
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each oplax symmetric monoidal functor X : A/'— Cat extends uniquely to a symmetric
monoidal functor £X : £—— Cat along the inclusion ¢. The category of oplax symmetric
monoidal functors [NV, Cat]°" is isomorphic to I'Cat therefore this symmetric monoidal
extension defines a functor £ : 'Cat — [£, Cat]s. Now the left adjoint to IC, £, can be
described as the following composite

['Cat s £, Cat]®hocih>mPerm,

where hocolim is a homotopy colimit functor. The relation between permutative cate-
gories and connective spectra has been well explored in [Tho95], [Man10]. Thomason was
the first one to show that every connective spectra is, up to equivalence, a K-theory of a
permutative category. Mandell [Man10] used a different approach to establish a similar
result based on the equivalence between I'-spaces and connective spectra established in
[BE78]. In the same paper Mandell proves a non-group completed version of Thomason’s
theorem [Man10, Theorem 1.4] by constructing an oplax version of Segal’s nerve functor.
This theorem states that the oplax version of Segal’s nerve functor induces an equiva-
lence of homotopy theories between a homotopy theory of permutative categories and a
homotopy theory of coherently commutative monoidal categories where the weak equiva-
lences of both homotopy theories are based on weak equivalences in the Thomason model
category structure on Cat [Tho80]. We have based our theory on the natural model
category structure on Cat wherein the notion of weak equivalence is much stronger. In a
subsequent paper we plan to show that our main result implies the non-group completed
version of Thomason’s theorem [Manl0, Theorem 1.4].

2. The Setup

In this section we will review the machinery needed for various constructions in this
paper. We will begin with a review of symmetric monoidal categories and different types
of functors between them functors between them. We will also review I'- categories and
collect some useful results about them. Most importantly we will be reviewing the notion
of Grothendieck construction of functors taking values in Cat and use it to construct
Leinster’s category which will play a pivotal role in our theory. We will also review the
natural model category structure on Cat and Cat,.

2.1. PRELIMINARIES. In this subsection we will briefly review the theory of permutative
categories and monoidal and oplax functors between them. The definitions reviewed here
and the notation specified here will be used throughout this paper.

2.2. DEFINITION. A symmetric monoidal category is consists of a T-tuple

<C7 - —, 107 «, ﬁla 67‘7,7)
where C' is a category, —® — : C' x C—C' is a bifunctor, 1¢ is a distinguished object of
C,
a: (-®-)®-—=>-(-®-)
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1s a natural isomorphism called the associativity natural transformation, 5y : 16 ®— = 1d¢
and B, : — ® 1o = ide are called the left and right unit natural isomorphisms and finally

Yi(-®—-)=>-®—oT

18 the symmetry natural isomorphism. This data 1s subject to some conditions which are
well documented in [Mac71, Sec. VII.1, VIL.7]

2.3. DEFINITION. A symmetric monoidal category C' is called either a permutative cat-
egory or a strict symmetric monoidal category if the natural isomorphisms «, [, and [,
are the identity natural transformations.

2.4. DEFINITION. An oplax symmetric monoidal functor F is a triple (F, Ap,€p), where
F:C—D is a functor between symmetric monoidal categories C' and D,

A Fo(=8=)=(-®-)o(F xF)

is a natural transformation and ep : F(1l¢) — 1p is a morphism in D, such that the
following three conditions are satisfied

OL.1 For each objects ¢ € Ob(C), the following diagram commutes

Ar(lo,c
F(le ®¢) % pe1p) ® F ()
F(5¢ (C))l lEF%idF(C)

L 1p®F
e 23

OL.2 For each pair of objects c1,co € Ob(C), the following diagram commutes

Ar(c1,e2)

F F F
(c1 ? Ca) (c1) % (c2)
icwhcz))l lm(wcl)ﬂca»

F(62 Qg) Cl) m) F(Cg) (% F(Cl)
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OL.3 For each triple of objects c1,ca,c3 € Ob(C), the following diagram commutes

F(Cl & 62) & F(Cg)

>\F(01<§C§62703) ¢ D AF(ClaC2)(§idF(C3)
F F F F
(1@ c2) @ cs) (F(e1) ® F(e2)) ® Fes)
F(ac(cl,cz,cs»l ap(F(e1),F(e2),F(cs)) l
F F F F
(c1 %9 (2 @g cs)) (c1) %9 (F(c2) % (c3))

Ar(c1 ,m %%)\F(C%%)

Fle1) & (Flea @ c3))

2.5. DEFINITION. An oplax monoidal natural transformation n between two oplax sym-
metric monoidal functors F': C — D and G : C — D is a natural transformation
1 : F'= G such that for each pair of objects c1, co of the symmetric monoidal category C,
the following two diagrams commute:

n(c1®c2)

Flor§ ) ———— Gla © o) F(le) i) G(1c)
Ar(cr ,Cz)l lAG(Cl c2) R‘ /
Fla) @ Fle) igmeyGle) § Glee) o

2.6. NOTATION. We will say that a functor F' : C— D between two symmetric monoidal
categories is unital or normalized if it preserves the unit of the symmetric monoidal
structure i.e. F(lg) = 1p. In particular, we will say that an oplax symmetric monoidal
functor is a unital (or normalized) oplax symmetric monoidal functor if the morphism €ep
1s the identity.

2.7. PROPOSITION. Let F : C'— D be a functor and

6 = {6(c) : F(¢) — G(0)}econ(c)

1s a family of isomorphisms in D indexed by the object set of C'. Then there exists a unique
functor G : C — D such that the family ¢ glues together into a natural isomorphism
¢ F=dG.

The following lemma is a useful property of unital symmetric monoidal functors:

In this paper we will frequently encounter oplax (and lax) symmetric monoidal func-
tors. In particular we will be dealing with such functors taking values in Cat. Let %
denote the terminal category.
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2.8. DEFINITION. We define a category Cat; whose objects are pairs (C,c), where C' is
a category and ¢ : x— C is a functor whose value is ¢ € C. A morphism from (C,c) to
(D,d) in Cat; is a pair (F,«), where F': C— D s a functor and o : F(c) —d is a
map in D. The category Cat; is equipped with an obvious projection functor

p : Cat;— Cat. (1)

We will refer to the functor p; as the universal left fibration over Cat.

Let (F,a) : (C,c) — (D,d) and (G,p) : (D,d) — (E,e) be a pair of composable
arrows in Cat;. Then their composite is defined as follows:

(G,B)o (F,a) :=(GoF,p-(idg o o)),

where - represents vertical composition and o represents horizontal composition of 2-
arrows in Cat.

2.9. DEFINITION. The category of elements of a Cat walued functor F' : C'— Cat,
denoted by fcec F(c) or elF, is a category which is defined by the following pullback
square in Cat:

[€“ F(c) Z— Cat,

n| lpl

CF—>Cth

The category [ “<CFp (¢) has the following description:

The object set of fcec F(c) consists of all pairs (¢,d), where ¢ € Ob(C) and d :
x— F'(c) is a functor. A map ¢ : (c1,d1) —(co, ds) is a pair (f, «), where f : c;—cy is
amap in C and « : F(f)od; = dy is a natural transformation. The category of elements
of F' is equipped with an obvious projection functor p : [ “Cr_C.

2.10. REMARK. We observe that a functor d : x — F(c) is the same as an object d €
F(c). Similarly a natural transformation o : F(f) od = b is the same as an arrow
a: F(f)(d)—b in F(a), where f : c—a is an arrow in C. This observation leads to
a simpler equivalent description of fcec F(c). The objects of fcec F(c) are pairs (c,d),
where c € C and d € F(c). A map from (c,d) to (a,b) in fcec F(c) is a pair (f, ), where
fiec—ais an arrow in C and o : F(f)(d) —b is an arrow in F(a).

Next we want to define a symmetric monoidal structure on the category [ “CF (c).
In order to do so we will use two functors which we now define. The first is the following

composite
ceC ceC P1XP1 —ég—
p?:/ F(c)x/ Fle)—Cx(C—C.

ceC ceC
Py :/ F(c) x/ F(c) — Cat,

The second functor
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is defined on objects as follows:

p3((e1,dh), (c2,d2)) == dy @ d,
where the map on the right is defined by the following composite

dy,d: Ar((c1,ce
L) x Fe) S R @ ).
C

Let
(f1,041) : (017d1)—>(a1>51) and (f2,042) : (027d2)—>(a2>52)

be two maps in [ “Cp (¢). The functor is defined on arrows as follows:
P5 ((fr, 1), (fa, a2)) := (F(fi ® f2), 1 ® az),
where the second component oy ® s is a natural transformation

a1 @ ag F(f1 Qg fQ) le) )\F((Cla 02)) o (dl, dg) = )\F((al, CLQ)) o (bl, bg)

In order to define this natural transformation, consider the following diagram:

F(Cl (? CQ)
Ar((c1,e2))
F(fl%éjfz)
X F CQ
((dr,d2)) wz
(a1,02)
* (b1.0)) X F CLQ) —)}\F((al 2)) F( (}g Clz)

Now we define
a1 ® Qg := ), ((ar,a0)) © (1, 2).

The arrow a; ® ag(*) has domain

Ap((a1, a2)) (F(f1)(di (%)), F(f2)(da(*))) € Flar @ az).

C

The following diagram

((d1,d2)) ((b1,b2))
F(f1)xF(f2)

F(c1) X F(co) F(a1) x F(asg)

/\F((Chcz))l lAF((ahaz))

F(Cl (? CQ) F(fl‘?fQ) F((ll Qg ag)
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shows that
F(f18 f2)Ar((er; e2))(da(%), d2(x))) = Ap(a, a2) (F (1) (da(%)), F(f2)(da(*)))-
Now we have to verify that p is a bifunctor. Let (g1,51) : (a1,b) — (z1,21) and

(g2, PB2) : (az, by) — (x4, 29) be another pair of maps in fcec F(c). The following diagram
will be useful in establishing the desired bifunctorality:

Fleg®ec
(€8
Ar((c1,e2))
F(fl%h)
Cl X F CQ
(d1,d2) w2

(a1,02)

* a1 X F CL2>—>

Ar((a1,a2))

F(91®92)
F F
(51.62) (91)%F(g2) \

)XFI‘Q —)F
Ar((z1,22))

(b1,b2)

(21,22)

Now consider the following chain of equalities:

p5 (91, 81), (92, B2)) 0 p5 ((f1, 1), (fa, ) =
((F(gl (? 92)7 id}\F((m,m)) © (ﬂlv 62)) ° ((F(fl %) f2)7 id)\F((al,tm)) © (041, 042)) =

(Fl(g1 @ g2) © (/1 @ f2)), (idrp((or,wa)) © (B, B2)) - (lr(giggn) © (1, 02))) =
(F((91® 92) 0 (1 ® f2)): (1rr((ar.02)) © (B B2)) - (1hxp((ar,20)) © (g x o)) © (1, 02))) =
(F91f1 ® 922), 1w ((ar.02)) © ((Bry B2) - (idpign) (g © (1, 02))) =
(F(g1f1 ® 922), 1 ((ar.a)) © (B - (i) © 1), Bz - (idpgy) © 1)) =

p5 (g1, 81) o (f1, 1)), (92, B2) © (fa, a2)).

The above chain of equalities prove that p3 is a bifunctor. The definitions of the functors
p? and p3 imply that the outer rectangle in the following diagram is commutative:

®
T . ) /
Py Y F(e) P
C / Cat
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Since [ “CF (c) is a pullback of p; along F', therefore there exists a bifunctor

Cm /CGC F() x /cec Flg)—s /cec £ )

which makes the entire diagram commutative. We describe this bifunctor next. Let
((c1,dy), (c2,da)) be an object in [“““ F x [““ F(c).

(c1,dr) W (c2,da) := (1 %?027)\1?(01,02) o ((d1,dz)))-

Let (f1,a1) : (c1,d1)— (a1, b1) and (fa, ag) : (c2, d2)—(ag, by) be two maps in fcec F(e).

(f1,01) W (fa, a2) == (f1 ® fos 1 (ay,0) © (1, 02)).

2.11. THEOREM. The category of elements of a Cat valued lax symmetric monoidal func-
tor whose domain is a permutative category is a permutative category.

PROOF. Let (F,Ar) : C — Cat be a lax symmetric monoidal functor. We begin by
defining the symmetry natural isomorphism V<€ ey Let (c1,dy), (co,dy) be a pair of

objects in fcec F. We define

Vpeeo p(((e1, dr), (e2, da))) = (ve(er, c2), id).

The second component is identity because the lax symmetric monoidal structure of F'
implies that the following diagram commutes:

F(c1) X F(cg) ———— F(c2) X F(cy)

lAF((Cl,CQ)) Jv)\F((CQ:Cl))

r r
(1@ ) —— s Fle@a)

It is easy to see that this defines a natural isomorphism. We claim that the proposed
symmetric monoidal structure on [ “CF (c) is strictly associative. Given a third object

(cs,ds) in [““° F(c), we observe that

((c1,d1) W (cg,da)) K (c3,d3) =
(c1 D e s, (Ar((cr 9 s, €3)) © (AF((er,e2)) X 1d) © ((d1, d2), d3)).
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The following diagram, which is the lax version of (OL.3) for F,

*

((d1,d2),ds)

AF((eq,eq)) X1
_

(F(c1) x F(cg)) x F(cs) F(a %) c2) X F(c3)

AF((CN?C%C:&))

(di,(d2,d3))
QR (1), F(c2). F(c3) F(cp ® o ® c3)
c ¢

Ar(c1,c2Qc3)
c

F(c1) X (F(cg) x F(c3)) F(c1) X F(ca ® c3)

—_—
1XAP ((eg,e3)) c

tells us that

(1 %9 C Qg cs, Ar((c1 QCZ} €2,¢3) © (AF((c1,e0)) X id) © ((d1,d2),d3)) =
(1 %9 Co % s, Ap((c1, ¢ %9 c3) 0 (id X Ap((ea,eq))) © (di, (d2, d3)) =
(017 dl) & ((CQ, dg) Xl (03, dg)

Thus we have proved that the symmetric monoidal functor is strictly associative. It is easy
to see that the symmetry isomorphism -y €€ B(e) satisfies the heragon diagram because

C is a permutative category by assumption. Thus we have proved that [ «<CF (c) is a
permutative category.
]

2.12. REVIEW OF I'- CATEGORIES. In this subsection we will briefly review the theory
of I'- categories. We begin by introducing some notations which will be used throughout
the paper.

2.13. NOTATION. We will denote by n the finite set {1,2,...,n} and by n™ the based set
{0,1,2,...,n} whose basepoint is the element 0.

2.14. NOTATION. We will denote by N the skeletal category of finite unbased sets whose
objects are n for all n > 0 and maps are functions of unbased sets. The category N is a
(strict) symmetric monoidal category whose symmetric monoidal structure will be denoted
by +. For to objects k,l € N their tensor product is defined as follows:

E+l:=k+1.

2.15. NOTATION. We will denote by I'°P the skeletal category of finite based sets whose
objects are n for all n > 0 and maps are functions of based sets.
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2.16. DEFINITION. A map f : nT™——m™ in I'? is called inert if its restriction to the set
n — Supp(f) is a bijection, where Supp(f) C n is the support of f.

2.17. DEFINITION. A morphism f in TP is called active if f~1({0}) = {0} ie. the
pre-image of {0} is the singleton set {0}.

2.18. NOTATION. We denote by Inrt the subcategory of I'°P? having the same set of objects
as I'P? and inert morphisms.

2.19. NOTATION. We denote by Act the subcategory of I'°P having the same set of objects
as I'°P and active morphisms.

2.20. NOTATION. A map f : n— m in the category N uniquely determines an active
map in TP which we will denote by f : nt ——=m™. This map agrees with f on non-zero
elements of nt.

2.21. NOTATION. Given a morphism [ : nT™ —m™ in TP, we denote by Supp(f) the
largest subset of n whose 1mage under f does not contain the basepoint of m™. The set
Supp(f) inherits an order from n and therefore could be regarded as an object of N'. We
denote by Supp(f)™ the based set Supp(f) L {0} regarded as an object of T'°P with order
inherited from n.

2.22. PROPOSITION. Each morphism in I'°? can be uniquely factored into a composite of
an inert map followed by an active map in TP,

PROOF. Any map [ : nt — m™ in the category I'? can be factored as follows:

nt ! mt (3)

Supp(f)*

where Supp(f) C n is the support of the function f i.e. Supp(f) is the largest subset of
n whose elements are mapped by f to a non zero element of m™. The map fi,; is the
projection of n™ onto the support of f and therefore fj,,; is an inert map. The map fu.
is the restriction of f to Supp(f) C n, therefore it is an active map in ['°P.

The next lemma is special case of [Lei00, Prop. 3.1.1]

2.23. LEMMA. There is an isomorphism of categories between the category of oplax sym-
metric monoidal functors and oplax monoidal natural transformations [N, Cat]gL and the
category I'Cat.
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2.24. NATURAL MODEL CATEGORY STRUCTURE ON Cat. In this subsection we will
review the natural model category structure on the category of all small categories Cat.
The model category structures recalled this section have been published in [JT91]. The
original content of this section is the explicit description of the generating cofibrations
and a characterization of equivalence of categories. The weak equivalences in this model
structure are equivalences of categories. We begin by reviewing this notion:

2.25. DEFINITION. A functor F' : C'— D 1is called an equivalence of categories if there
exists another functor G : D — C' and two natural isomorphisms

€: FG =1idp and n:ide = GF

The inclusion of the category of all (small) groupoids Gpd into Cat has a right adjoint
which we denote by J : Cat — Gpd. For any category C, J(C) is the largest groupoid
contained in C. The following charaterization of an equivalence of categories will be useful
throughout the paper:

2.26. LEMMA. A functor F' : C— D 1is an equivalence of categories if and only if the
following two induced functor are equivalences of groupoids:

J(F): J(C)— J(D) and J(I,F)):J(I,C))— J(I,D])

PROOF. (=) It is easy to see that J preserves equivalences of categories i.e. if F': C—D
is an equivalence of categories then J(F) : J(C)— J(D) is also an equivalence. An
equivalence of categories induces an equivalence on its category of arrows, thus the functor
J([I; F)) is also an equivalence of categories.

(<) Let us assume that the two conditions hold. Let f : d—e be an arrow in D such
that the domain and codomain objects d and e respectively are in the image of F'. By
assumption the functor J([/, F]) is essentially surjective therefore there exists an arrow
g : a—b in C such that the following diagram commutes:

d

lf
e

where the pair (e(d), e(e)) is an isomorphism in the arrow category [I; D]. By the assump-
tion that J(F) is an equivalence of categories, there exist two unique (invertible) arrows
h and k such that F'(h) = ¢(d) and F(k) = €(e). This implies that there exists a unique
arrow k= o go h such that f = F(kogoh™'). Thus we have proved that F is fully-

faithful. Let p be an object of D which is NOT in the image of F' then the assumption of
equivalence of J([/, F]) guarantees the existence of an isomorphism m : —y in C' such

o
—
l&
=

F(a

F(g)l

)
F(b)

|

e(e)
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that the following diagram commutes:

Thus we have shown that F'is essentially surjective. [

A significant part of this section will be devoted to review properties of fibrations in
this model structure, namely isofibrations, which we now define:

2.27. DEFINITION. If C' and D are categories, we shall say that a functor F : C— D is
an isofibration if for every object ¢ € C' and every isomorphism v € Mor(D) with source
F(c), there exists an isomorphism uw € C with source ¢ such that F(u) = v.

2.28. NOTATION. Let J be the groupoid generated by one isomorphism 0 = 1. We shall
denote the inclusion {0} C J as a map dy : 0—J and the inclusion {1} C J by the map
do 11— J.

2.29. NOTATION. Let A and B be two small categories, we will denote by [A, B], the
category of all functors from A to B and natural transformations between them.

The next proposition and the lemma following it provide characterizations of isofibra-
tions and acyclic isofibrations. These follow from the above definition and [Mac71, Ch.
IV 4]

2.30. PROPOSITION. A functor F : C— D is an isofibration if and only if it has the
right lifting property with respect to the inclusion iy : 0 < J and therefore also with the
mclusion i1 : 1 — J.

We want to present a charaterization of acyclic isofibrations, i.e. those functors of
categories which are both an isofibration and an equivalence of categories, similar to the
characterization of isofibrations given by proposition 2.30. The following property of
acyclic isofibrations will be useful in achieving this goal:

2.31. LEMMA. An equivalence of categories is an isofibration iff it is surjective on objects.

2.32. NOTATION. We will denote the category 0—1 either by I or by [1]. We will denote

the discrete category {0, 1} either by 01 or O[1]. We will denote the category Oﬂ 1 22

by [2].
Now we define a category 0[2] which has the same object set as the category [2],
namely {0, 1,2}. The Hom sets of this category are defined as follows:
{for}, ifi=0 and j=1
{fi2}, ifi=1 and j =2
{fo2, f120 for}, ifi=0 and j=2
{id}, otherwise.

Homgp (i, j) =
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We have the following functor
0y : 0[2] — [2]

which is identity on objects. This functor sends the morphism fy;(resp. fi2) to the mor-

phism 0— 1(resp. 1 —2) in the category [2]. Both morphisms foo, f12 © fo1 are mapped

to the composite morphism 0 oy 2y, Similarly we have the map 0, : 9[1]—[1] which

is identity on objects. We have a third functor dy : ) — [0] which is obtained by the
unique function ) — {0}. We will refer to these three functors as the boundary maps.

2.33. PROPOSITION. A functor F : C'— D is an isofibration and an equivalence of
categories if and only if it has the right lifting property with respect to the three boundary
maps Oy, Oy and Os.

PROOF. Let us first assume that F' is an isofibration as well as an equivalence of categories.
Now Lemma 2.31 says that F' is surjective on objects which is equivalent to F' having
the right lifting property with respect to the boundary map dy. Now we observe that for
any pair of objects d,d € Ob(D), there exists a pair of objects ¢, € Ob(C) such that
F(c) =d and F(¢') = d" and the morphism

F..: Homeg(c,d')— Homp(d,d')

is a bijection. This implies that I’ has the right lifting property with respect to the
morphism 0. Whenever we have the following (outer) commutative diagram

K
—_—

o ¢
T
2]

—— D

we have the following equality

F(K(fo2)) = F(K(fi2)) o F(K(fo1)),

where the maps fo2, fi2 and fo; are defined above. The morphism
Fro),x@) : Home(K(0), K(2)) — Homp(F(K(0)), F(K(2)))

is a bijection, this implies that the morphism K (f2) : K(0) — K (2) is the same as the
composite morphism K (fi12) o K(fo1) : K(0) — K(2) Now we are ready to define the
lifting (dotted) arrow L. We define the object function of the functor L to be the same as
that of the functor K, i.e. Loy = Kop. We define L(fo1) = K(fo1) and L(f12) = K(f12).
Now the discussion above implies that this definition makes the entire diagram commute.

Conversely, let us assume that the morphism F' has the right lifting property with
respect to the three boundary maps. The morphism F' having the right lifting property
with respect to Jy is equivalent to F' being surjective on objects. Now the right lifting
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property with respect to d; implies that for any map ¢ : d—d’ in the category D, there
exists a map w : ¢c— ¢ in C, such that F(w) = g, for each pair of objects ¢, € Ob(C)
such that F(¢c) =d and F(¢) = d'. Let ¢ € Ob(C) and v : F(c) — d be an isomorphism
in D. Now we can define a functor A : [2] — D, on objects by A(0) = A(2) = F(c),
A(1) = d and on morphisms by A(fy1) = v and A(f12) = v~!. As mentioned earlier, the
right lifting property with respect to d; implies that there exist two maps u : ¢ — ¢
and 7 : ¢ — ¢ such that F(u) = v and F(r) = v='. This allows us to define a functor
K : 0]2] — C, on objects by K(0) = K(2) = ¢ and K(1) = ¢ and on morphisms by
K(fo1) = u, K(f12) = r and K(fo2) = r ou. This definition gives us the following (outer)
commutative diagram

)P

>
s
azl L, JVF
7
/

2] ——D

Our assumption of right lifting property with respect to 0y gives us a lift (dotted arrow)
L which makes the entire diagram commute. This implies the r o u = id.. A similar
argument will show that wor = id.. Thus we have shown that F' is an isofibration which
is surjective on objects. Lemma 2.31 says that F' is both an equivalence of categories and
an isofibration.

u

2.34. DEFINITION. We shall say that a functor F : C'— D is monic (resp. surjective,
bijective) on objects if the object function of F', Foy, : Ob(C)—Ob(D), is injective (resp.
surjective, bijective).

2.35. THEOREM. [Joy08] There is a combinatorial model category structure on the cate-
gory of all small categories Cat in which

1. A cofibration is a functor which is monic on objects.
2. A fibration is an isofibration and
3. A weak-equivalence is an equivalence of categories.

Further, this model category structure s cartesian closed and proper. We will call this
model category structure as the natural model category structure on Cat.

2.36. NOTATION. We will denote by O the terminal category having one object 0 and just
the identity map.

2.37. DEFINITION. A small pointed category is a pair (C,$) consisting of a small cat-
egory C' and a functor 0 — C. A basepoint preserving functor between two pointed
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categories (C,¢) and (D,v) is a functor ' : C'— D such that the following diagram

commutes
0
N
C = D

Every model category uniquely determines a model category structure on that category
of its pointed objects, see [JT08, Proposition 4.1.1]. Thus we have the following theorem:

2.38. THEOREM. There is a combinatorial Cat-model category structure on the category
of all pointed small categories and basepoint preserving functors Cat, in which

1. A cofibration is a basepoint preserving functor which is monic on objects.

2. A fibration is a basepoint preserving functor which is also an isofibration of (unbased)
categories and

3. A weak-equivalence is a basepoint preserving functor which is also equivalence of
(unbased) categories.

We will call this model category structure as the natural model category structure on
Cat,.

Let Ct denote the category C'J]* i.e. the category having two connected compo-
nents C' and the terminal category *. We will consider C" as a pointed category having
basepoint x. The generating cofibrations and acyclic cofibrations in Cat, are obtained
by adding an external basepoint to corresponding maps in Cat. The category Cat, is
locally presentable follows from results in [AR94].

2.39. LEINSTER CONSTRUCTION. In this section we will construct a permutative category
which would help us in constructing the desired left adjoint to the Segal’s Nerve functor.
We will refer to this category as the Leinster category and we will denote it by £. The
defining property of this permutative category is that for each permutative category P
we get a following bijection of mapping sets:

Perm(£, P) 2 OLSM(N, P)

where the mapping set OLSM (N, P) is the set of all oplax symmetric monoidal functors
from N to P. The existence of this category is ensured by [BKP89, Thm. 3.13][GJO17,
Thm. 2.8]. An object in £ is an order preserving morphism of the category N namely an
order preserving map of (finite) unbased sets k k ——r. For another object m : m—s
in £, a morphism between k and 77 is a pair (h, @), where h : s—r and ¢ : k—m are
morphisms in A such that the following diagram commutes:
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2.40. NOTATION. For an object m : m — s in £ we will refer to the natural number s
as the length of m.

2.41. REMARK. An object of £, m : m — s, should be viewed as a finite sequence of
objects of N namely (mq,ma,...,ms) for s > 0, with s = 0 corresponding to the empty
sequence (), where m; = m~ (i), for 1 <i < s.

2.42. REMARK. An object m : m — s does not have to be a surjective map. In other
words the corresponding sequence m = (myq, ..., mg) can have components which are empty
sets.

2.43. REMARK. Let 7i and m be two objects in £. A morphism (h,¢) : i—mi, in £,
should be viewed as a family of morphisms

(i) =ni— + m;
h(j)=i

for 1 <i <s, where + represents the symmetric monoidal structure on N .

We want to recall from [Shaon] or appendix E how each I'- category X can be extended
to a symmetric monoidal functor £(X) : £— Cat. This functor is defined on objects as
follows:

L(X)(m) :=X(m]) x X(mg) x -+ x X(m})

where () # m = (mq,mg,...,m,) is an object of £  £(X)(()) = *. For each map
F=(f,¢):m—1in £ we want to define a functor

LX)(F) : £(X)(m) — £(X)(7).
Each map ¢(7) in the family ¢ provides us with a composite functor

X(¢(3)) K;
X(mf) —'X( + nj)— [] X(ny),

o= FG)=

+ ny t
where K; = (X6 ), ... , X (67777 ). For each pair n-fold product functor in Cat,
there is a canonical natural isomorphism between them which we denote by can. This
gives us the following composite functor

|77 |77
|77t 11 X (@) 11K |77t o |7
[[XmH) ™ — X+ np)—]] I X)) — ]
i=1 Fa)=i i=1f(j)=i k=1

which is the definition of £(X)(F'). In other words

|72 i

L(X)(F) := can o HK o HX(¢(¢))
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2.44. PROPOSITION. Let X be a I'- category, there exists an extension of X to £, £(X) :
£ — Cat which is a symmetric monoidal functor.

2.45. REMARK. The symmetric monoidal extension described above is functorial in X.
In other words we get a functor

£(—) : I'Cat — [£, Cat]g (4)

2.46. DEFINITION. For a I'- category X we define

Z(X) = / e,

i.e. the Grothendieck construction of £(X).

More concretely, an object in the category E(X ) is a pair (n,Z) where m : m—s €
Ob(£) and

T=(11,29,...,25) € Ob(X(m]) x X(m3) x - x X(m])).

A morphism from (17, Z) to (7, %) in £(X) is a pair ((h, ¢), F) where (h, ¢) : m— 17 is
amap in £ and F : £(X)((h,¢))(Z) — ¥ is a map in the product category X (nj) x
X(ng) x---x X(nf).

Now we define a tensor product on the category £(X). Let (77, %) and (17,%) be two

—

objects of E(X), we define another object (7, 7) ® (m,¥) as follows:
L(X)

(7, %) _® (m,5) = (0, Aecx) (78, 11) 7 ((, 7)) (5)
L(X)
Eor a pair of morphisms ((h, @), a) : (i, 7) — (k,5) and ((hy, 8),b) : (m,7) — (I,1), in
L(X), we define another morphism in £(X) as follows:
((h1,@),a) _® ((h2,B),b) = ((h1,)8(h2, B), Aax ((h1, @), (h2, 8)) " ((a, 1)),  (6)

L(X)

where Ag(x)((h1, @), (ha, B)) is the composite functor

(S(X) (A1, @) X L(X)((ha, 5))) © Aegx) (7, 11) = Aoy (K, 1) © £(X)((hn, @)Dk, B)).

2.47. PROPOSITION. The category f(X) 1s a permutative category with respect to the
tensor product defined above.

PROOF. The category £ is a permutative category. Now the proposition follows from
theorem 2.11. -
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2.48. GABRIEL FACTORIZATION. In analogy with the way a functor can be factored as
a fully faithful functor followed by an essentially surjective one, every strict symmetric
monoidal ® : F— F admits a factorization of the form

E—2 F

N A

where I' is essentially surjective and A is fully faithful. In fact we may suppose that I" is
identity on objects in which case we get the Gabriel factorization of ®. In order to obtain
a Gabriel factorization we define the symmetric monoidal category GG as having the same
objects as E and letting, for ¢,d € Ob(G),

Gle,d) = F(®(c), B(d)).

The composition in G is defined via the composition in F' in the obvious way. The
symmetric monoidal structure on G is defined on objects as follows:

e1 R ey i=e1 Qe
G FE

where e1,e5 € Ob(G) = Ob(E). For a pair of morphisms f; : e, — hy and fy : eg — hy
we define

1® fai=f1® fo
G P

We recall that I1; : Cat— Gpd is the (2—) functor which assigns to each category C'
the groupoid obtained by inverting all maps in C. The following lemma is a consequence
of the well known fact that II; preserves finite products and therefore maps Cat-enriched
adjunctions to Gpd-enriched adjunctions i.e.. equivalences:

2.49. LEMMA. Let F' : C'— D be a functor which is either a left or a right adjoint, then
the induced functor 11y (F) : 111 (C) — 111 (D) is an equivalence of categories.

2.50. PROPOSITION. Let E/ be a symmetric monoidal category, F' be a symmetric monoidal
groupoid and ® : E—— F be a strict symmetric monoidal which is a composite of n strict
symmetric monoidal functors i.e. ® = ¢, 0---0¢p; such that each ¢; has either a left or a
right adjoint for 1 <i <mn. Then the Gabriel category of ®, G, is isomorphic to I1;(E).

PRrRoOOF. The functor ® has a Gabriel factorization

E—2%* LF

N A

see [GJO8, Sec. 1.1]. The above lemma 2.49 tells us that the functor

(@) : I, (E) — I, (F) = F
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is an equivalence of groupoids. In the above situation the Gabriel category G is a groupoid
therefore II;(G) = G. We recall that Ob(G) = Ob(E) and since I1;(®) is an equivalence
of categories therefore for each pair of objects e, es € E we have the following

E(ey,e2) = F(®P(e1), P(es)) = Gleq, e3).

Thus the functor I' is an isomorphism of categories.

3. The model category of Permutative categories

In this section we will describe a model category structure on the category of all (small)
permutative categories Perm and two model category structures on the category of all
I'- categories ['Cat. The three desired Quillen adjunctions will be amongst the model
categories described here. We begin with the category Perm. The desired model category
structure on Perm is a restriction of the natural model category structure on Cat, which
leads us to call it the natural model category structure on Perm. The model structure in
this section is known to experts in the area but the original content of this section is the
characterization of cofibrations in the aforementioned natural model category.

We begin by reviewing permutative categories. A permutative category is a symmetric
monoidal category in which the associativity and unit natural isomorphisms are the iden-
tity natural transformations. A map in Perm is a strict monoidal functor i.e. a functor
which strictly preserves the tensor product, the unit object and also the associativity, unit
and symmetry isomorphisms. A permutative category can be equivalently described as
an algebra over a categorical version of the Barratt-Eccles operad, see [Dun94, Proposi-
tion 2.8]. The objective of this section is to define a model category structure on Perm
and explore its properties. The model category structure on Perm is well known, it is a
special case of [Lac07, Thm. 4.5], it also follows from [BMO07].

3.1. THEOREM. There is a Cat-model category structure on the category of all small
permutative categories and strict symmetric monoidal functors Perm in which

1. A fibration is a strict symmetric monoidal functor which is also an isofibration of
(unbased) categories and

2. A weak-equivalence is a strict symmetric monoidal functor which is also an equiva-
lence of (unbased) categories.

3. A cofibration is a strict symmetric monoidal functor having the left lifting property
with respect to all maps which are both fibrations and weak equivalences.

Further, this model category structure is combinatorial and proper.
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3.2. REMARK. The Cat-enrichment of the above model category is given by the bifunctor

[—, —]%": Perm®” x Perm — Cat.
For any two permutative categories C and D, [C, D|3" is the category whose objects are
strict symmetric monoidal functors and maps are strict (unital) monoidal natural trans-
formations. The cotensor product of a permutative category C with a category E is the
functor category [E,C] which inherits a (strict) pointwise symmetric monoidal structure

from C.

A functor F' : C— D is an equivalence of categories if and only if there exists another
functor G : D — C' and two natural isomorphisms F'G = idc and idp = GF. We would
like to have a similar characterization for a weak equivalence in Perm but unfortunately
this is only possible by relaxing the strictness condition on the functor G. The following
theorem is a special case of [Kel74, Thm. 1.5]:

3.3. THEOREM. Let F : C'— D be a strict symmetric monoidal functor in Perm. Any
adjunction (F,G,n,€) consisting of a unital right adjoint functor G : D— C and a pair
of unital natural isomorphisms € : FG = idp and n : ide = GF, enhances uniquely to a
unital symmetric monoidal adjunction i.e. there exists a unique natural isomorphism

Mg i=ido (e x€)- (Agroidgxg) -ido (e x e ). (7)

enhancing G = (G, \g), into a unital symmetric monoidal functor such that n and € are
unital monoidal natural isomorphims.

3.4. COROLLARY. A strict symmetric monoidal functor F : C—D 1is a weak equivalence
in Perm if and only if there exists a symmetric monoidal functor G : D—C' and a pair
of symmetric monoidal natural isomorphisms € : FG = idp and n :idc = GF.

PROOF. The only if part of the statement of the corollary is obvious. Let us assume
that F' is a weak equivalence in Perm. By regarding the unit objects of C' and D as
basepoints, we may view F' as a (pointed) functor in Cat, which is a weak equivalence in
the natural model category of pointed categories Cat,. Then, by definition, there exists
a unital functor G : D — C and two unital natural isomorphisms 7 : ide = GF and
€ : FG = idp. Now the result follows from the theorem. n

Next we want to give a characterization of acyclic fibrations in Perm. Recall that a
functor is an acyclic fibration in Cat if and only of it is an equivalence which is surjec-
tive on objects. The following corollary provides equivalent characterizations of acyclic
fibrations in Perm

3.5. COROLLARY. Given a strict symmetric monoidal functor F : C'— D between per-
mutative categories, the following statements about F' are equivalent:

1. F is an acyclic fibration in Perm.

2. F is an equivalence of categories and surjective on objects.
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3. There exist a unital symmetric monoidal functor G : D — C' such that FG = idp
and a unital monoidal natural isomorphism n : idc = GF'.

PROOF. (1) = (2) An acyclic fibration F' : C — D in Perm is an acyclic fibration
in Cat,, when the unit objects are regarded as basepoints of C' and D. Every acyclic
fibration in Cat, is an equivalence of categories and surjective on objects, see 2.31.

(2) = (3) Since every object is cofibrant in the natural model category structure on
Cat,, therefore there exist a unital functor G : D — C such that F'G = idp. There also
exists a unital natural isomorphism 7 : idc = G'F, see 2.38. Now the theorem tells us that
there is a unique enhancement of GG to a unital symmetric monoidal functor such that n
is a unital monoidal natural isomorphisms.

(3) = (4) Conversely, if there exists a unital symmetric monoidal functor (G, Ag) and
a unital monoidal natural isomorphisms 7 : idc = GF such that F'G = idp then F'is an
acyclic fibration in Cat and therefore it is an acyclic fibration in Perm. [

Every object in Cat is cofibrant in the natural model structure but this is not the
case in Perm. The cofibrant objects satisfy a freeness condition, for example every free
permutative category generated by a category is a cofibrant object in Perm. In general,
the notion of cofibrations in Perm is stronger than that in Cat as the following lemma
suggests:

3.6. LEMMA. A cofibration in Perm is monic on objects.

PRrROOF. We begin the proof by defining a permutative category EC' whose set of objects
is the same as that of C'. The category FC has exactly one arrow between any pair of
objects. This category gets a unique permutative category structure which agrees with
the permutative category structure of C' on objects. The category EC is equipped with
a unique strict symmetric monoidal functor ¢ : C'— EC' which is identity on objects.
It is easy to see that the category EC' is a groupoid and the terminal map EFC' — x is an
acyclic fibration in Perm.

Let i : C—D be a cofibration in Perm. Let us assume that the object function Ob(7) :
Ob(C') — Ob(D) is NOT a monomorphism. Now we have the following commutative
diagram

T < EC
D—x

The above diagram has NO lift because Ob(i) is NOT a monomorphism. Since the
terminal map EC'— * is an acyclic fibration, we have a contradiction to our assumption
that 7 is a cofibration in Perm. Thus a cofibration in Perm is always monic on objects. m

Frequently in this paper we would require a characterization of cofibrations in Perm.
The object function of a strict symmetric monoidal functor, which is a homomorphisms
of monoids, determines whether the functor is a cofibration in Perm. We now recall that
the category of monoids has a (weak) factorization system:
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3.7. LEMMA. There is a weak factorization system (L, R) on the category of monoids,
where R is the class of surjective homomorphisms of monoids.

Proor. We have to show that each homomorphism of monoids f : X — Y admits a

factorisation f : X 5 F-25Y with u lies in the class L and p lies in the class R. For
this, let ¢ : F(Y) — Y be the homomorphism adjunct to the identity map on Y in the
category of sets, where F'(Y) is the free monoid generated by the underlying set of Y.
The homomorphism ¢ is surjective. Let E = X [[ F(Y') be the coproduct of X and F(Y)
in the category of monoids, and let u : X — F and v : F(Y) — E be the inclusions.
Then there is a unique map p : E—Y such that pu = f and pv = q¢. We claim that u
isin L and p is in R. The homomorphism p is surjective because ¢ is surjective. In order
to show that w is in L we have to show that whenever we have a (outer) commutative
diagram in the category of monoids, where s is in R

X—* ¢

u -~ S
-
-~

E=X][F(Y)5—D

there exists a diagonal filler L which makes the entire diagram commutative. The lower
horizontal map f can be viewed as a pair of homomorphisms f; : X — D and f5 :
F(Y)— D. Now, it would be sufficient to show that there exists a homomorphism
Ly : F(Y)— C such that the following diagram commutes

C

by
LQ/l
ya S

D

7
By adjointness, the existence of the homomorphism L, is equivalent to the existence of
a morphism of sets, T': Y — U(C), such that the following diagram commutes in the
category of sets

U(C)
T// lU(s)
YZ - U(D)

U(f2)

where U is the forgetful functor from the category of monoids to the category of sets
which is right adjoint to the free monoid functor F. Such a map T exists because s is a
surjective map of sets. Thus we have shown that the homomorphism u lies in the class
L. [
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The next lemma provides the desired characterization of cofibrations.

3.8. LEMMA. A strict symmetric monoidal functor F : C—— D in Perm is a cofibration
if and only if the object function of F' lies in the class L i.e. it has the left lifting property
with respect to surjective homomorphisms of monoids.

PROOF. Let us assume that Ob(F) lies in the class L. Let p : X — Y be an acyclic
fibration in Perm then the object function Ob(p) : Ob(X) — Ob(Y) is a surjective
homomorphism. The assumption that Ob(F) lies in L implies that whenever we have the
following (outer) commutative diagram there exists a (dotted) diagonal filler Ob(L) which
makes the entire diagram commutative in the category of monoids

Ob(C) — Ob(X (8)

Ob(F) l lOb

Ob(D )—>Ob

Now we want to show that whenever we have a (outer) commutative diagram, there
exists a lift L which makes the following diagram commutative in Perm

C—X

I A
Fl 7 lp
/

We will present a construction of the strict symmetric monoidal functor L in the above
diagram. We choose a lift Ob(L) in the diagram (8) to be the object function of the
functor L. Since p is an acyclic fibration therefore for each pair of objects y, 2z € Ob(X),
each function

pyz: X(y,2) —Y(p(y), p(2))

is a bijection. For each pair of objects d,dy in D, we define a function
Ld17d2 . D(CL, b) — X(L(dl), L(dg))

by the following composite diagram

Gay PL(ay). L)
D(dl,dg) —)Y(G(dl),G(dg)) — X(L<d1)7L<d2))
In order to check that our definition respects composition, it would be sufficient to check
that for another object d3 € Ob(D), the following diagram commutes:

Y (F(dy), F(dy)) x Y (F(dy), F<d3>p>5(ld”'“d2’X”ZS"’”’“@k(L(dl), L(d)) x X(L(ds), L(ds))

Y(F(dy), F(dy)) » X(L(dy), L(ds))

-1
Pr(dy),L(d3)
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The commutativity of the above diagram follows from the commutativity of the following
diagram which is the result of the assumption that p is a functor

Y(F(dy), F(ds)) x Y(F(dy), F(ds ) &2 DR 10 L(dy)) x X (L(da), L(ds))

_o_l l_o_

Y(F(dv), F(dy)) X(L(dy), L(ds))

PrL(dy),L(d3)

Thus we have shown that the family of functions {Lg, 4, }a, dconp) together with the
object function Ob(L) defines a functor L. Now we have to check that L is a strict
symmetric monoidal functor. Clearly L(d; ® d2) = L(d;) ® L(dy) for each pair of objects
dyi, dy € Ob(D) because the object function of L is a homomorphism of monoids. The same
equality holds for each pair of maps in D. Finally we will show that L strictly preserves
the symmetry isomorphism. By definition, L(’yﬁm) = paéd@dz)g(dz@dl) o G(7£7d2). Since
G is a strict symmetric monoidal functor, therefore G(v 4,) = 'yg( 0).Glds) = 'y;/L( i) pL(ds)"
Since p is also a strict symmetric monoidal functor therefore

—1 Y -1 Y X
pG(d1®d2)7G(d2®d1)(FyG(dl)vG(dﬂ) - pG(d1®d2),G(d2®d1)(VPL(dl)»pL(dﬂ) = VL(d1),L(d2)"

This means that L(v} ,4,) = 'yi((dl)’L(dQ) for each pair of objects dyi,dy € Ob(D). Thus we
have shown that L is a strict symmetric monoidal functor which makes the entire diagram
(3) commutative i.e. F is an acyclic cofibration in Perm.

Conversely let us assume that F' is an acyclic cofibration in Perm. We want to
show that the object function of F' lies in the class L. Let f : M — N be a surjective
homomorphism of monoids. The homomorphism f induces an acyclic fibration E(f) :
EM — EN, where EM and EN are permutative categories whose monoid of objects
are M and N respectively and there is exactly one map between each pair of objects. By
assumption the functor F' has the left lifting property with respect to all strict symmetric
monoidal functors in the set

{E(f): EM— EN : f € R}

because every element of this set is an acyclic fibration in Perm. This implies that the
object function of F' has the left lifting property with respect to all maps in R.
]

The next proposition provides three equivalent characterizations of acyclic cofibrations
in Perm:

3.9. PROPOSITION. Let F' : C — D be a strict symmetric monoidal functor between
permutative categories C' and D, the following conditions on F' are equivalent

1. The strict symmetric monoidal functor F' is an acyclic cofibration in Perm.
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2. There exist a strict symmetric monoidal functor G : D — C' such that GF = id¢
and a unital monoidal natural isomorphism n : idp = FG which is the unit of an
adjunction (G, F,n,id) : D — C.

3. There is a (permutative) subcategory S of D, an isomorphism H : C = S, in
Perm, a strict symmetric monoidal functor T' : D — S and a unital monoidal
natural isomorphism tg o T = idp, where vg : S — D 1s the inclusion functor such
that T otg =idg and F =190 H

PROOF. (1) = (2) Since F'is an acyclic cofibration in Perm therefore the (outer) com-
mutative diagram has a diagonal filler G such that the entire diagram is commutative in
Perm

C C

a A
Fl Pl lp

7/
D—

Now we construct the monoidal natural isomorphism 7 : «dp — F'G. For each object
d € Ob(D) which is in the image of F', there exists a unique ¢ € Ob(C') such that d = F(c).
In this case we define n(d) = idy. Let d € Ob(D) lie outside the image of F. Since F’
is an equivalence of categories, we may choose an object ¢ € Ob(C') and an isomorphism
iS5 : F(c) = d such that for each arrow f : d — e in D, there exists a unique arrow
g : c—a in C' which makes the following diagram commutative in D:

1

F(c)—2—d 9)

F(g) f

F(a) —
Whenever d = d; ® d2, we may choose ¢ = ¢; ® ¢y and ig = ig, ® ig,. This gives us a
composite isomorphism
ig)~! FG(i
n(d) = d“5 FG(Fe) 2 Faa),

In light of the commutative diagram (9), it is easy to see that this isomorphism is natural.
Thus we have defined a (unital) natural isomorphism 7 : idp = F'G. Our choice for each
pair of objects dy, dy € Ob(D) for i4, 04, = 14, @14, guarantees that n is a monoidal natural
isomorphism i.e. n(d; ® dy) = n(dy) @ n(ds).

(2) = (3) The permutative subcategory S C D is the full subcategory of D whose
objects lie in the image of F' i.e. the object set of S is defined as follows:

Ob(S) == {F(c) : ¢ € Ob(C)}

If F(ci) and F(cp) lie in S then F(c;) ® F(ca) = F( %) ¢2) also lies in S. Thus S is a
D

permutative subcategory. The isomorphism H is obtained by restricting the codomain of
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F to S. The left adjoint of tg is the composite functor F'G. The counit of the adjunction
(FG,g) is the identity natural isomorphism. The unit (monoidal) natural isomorphism
is just 1. Thus S is reflective.

(3) = (1) If we assume (4) then any (outer) commutative square

C’LX

I A
Fl s lp
/

where p is a fibration in Perm, would have a diagonal filler L if and only if the lower
square in the following (solid arrow) commutative diagram has a diagonal filler K

Since tg has a strict symmetric monoidal left adjoint 7" with an identity counit, therefore
the composite K = T o Q o H™! is a diagonal filler of the lower square such that entire
diagram commutes. This implies that F' has the left lifting property with respect to
fibrations in Perm. Thus F' is an acyclic cofibration in Perm. [

4. The model category structures

A T- category is a functor from I'°? to Cat. The category of functors from I'”? to Cat
and natural transformations between them [['?, Cat] will be denoted by I'Cat. We begin
by describing a model category structure on I'Cat which is often referred to either as
the projective model category structure or the strict model category structure. Following
[Sch99] we will use the latter terminology.

4.1. DEFINITION. A morphism F : X —Y of I'- categories is called

1. a strict equivalence of I'- categories if it is degreewise weak equivalence in the natural
model category structure on Cat i.e. F(n™): X(n")—Y (n") is an equivalence of
categories.

2. a strict fibration of I'- categories if it is degreewise a fibration in the natural model
category structure on Cat i.e. F(n™): X(n")—Y(n") is an isofibration.

3. a Q-cofibration of I'- categories if it has the left lifting property with respect to all
morphisms which are both strict weak equivalence and strict fibrations of I'- categories.
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In light of proposition 2.33 we observe that a map of I'- categories F' : X — Y is a
strict acyclic fibration of I'- categories if and only if it has the right lifting property with
respect to all maps in the set

Iz{F”X@O,F”xﬁl,F” ><82 |Vn€0b(./\f)} (10)

We further observe, in light of proposition 2.30, that F' is a strict fibration if and only it
has the right lifting property with respect to all maps in the set

T = {I" x ig,I" x iy | ¥n € Ob(N)}. (11)

4.2. THEOREM. Strict equivalences, strict fibrations and Q-cofibrations of I'- categories
provide the category I'Cat with a combinatorial model category structure.

A proof of this proposition is given in [Lur09, Proposition A.3.3.2].
To each pair of objects (X, C) € Ob(I'Cat) x Ob(Cat) we can assign a I'- category
X ® C which is defined in degree n as follows:

(X®C)(n"):=X(n") xC,

This assignment is functorial in both variables and therefore we have a bifunctor

— ® — : I'Cat x Cat — I'Cat.

Now we will define a couple of function objects for the category I'Cat. The first function
object enriches the category I'Cat over Cat i.e. there is a bifunctor

Maprea(—, —) : [Cat” x 'Cat — Cat
which assigns to any pair of objects
(X,Y) € Ob(I'Cat) x Ob(I'Cat),
a category Mappea: (X, Y) whose set of objects is the following
Ob(Maprca(X,Y)) := Homreas(X,Y)
and the morphism set of this category are defined as follows:
Mor(Maprca(X,Y)) := Homreag(X x 1,Y)

For any I'- category X, the functor X @ — : Cat — I'Cat is left adjoint to the functor

Maprea (X, —) : 'Cat — Cat. The counit of this adjunction is the evaluation map
ev 1 X @ Maprea (X, Y)—Y and the unit is the obvious functor C— M appaas (X, X ®
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C'). To any pair of objects (C, X) € Ob(Cat) x Ob(I'Cat) we can assign a I'- category
homrca: (C, X) which is defined in degree n as follows:

(homrcat(C, X)) (n") = [C, X (n")] .
This assignment is functorial in both variable and therefore we have a bifunctor
homrga(—, —) : Cat” x 'Cat — ['Cat.

For any I'- category X, the functor homrcas(—, X) : Cat — I'Cat® is left adjoint to
the functor Mappgae(—, X) : [Cat® — Cat. The following proposition summarizes the
above discussion.

4.3. PROPOSITION. There is an adjunction of two variables

(— ® —, homrcat(—, =), Maprca(—, —)) : 'Cat x Cat — I'Cat. (12)

4.4. DEFINITION. Given model categories C, D and £, an adjunction of two variables,
(®, home, Mapy, d,1) : C x D—&, is called a Quillen adjunction of two variables, if,
giwen a cofibration f: U—V in C and a cofibration g : W — X in D, the induced map

fAg:vem [[UeX)—VeX
Ugw

1s a cofibration in E that is trivial if either f or g is. We will refer to the left adjoint of
a Quillen adjunction of two variables as a Quillen bifunctor.

We recall that [Hov99, Lemma 4.2.2] provides three equivalent characterizations of
the notion of a Quillen bifunctor. This lemma will be useful in this paper in establishing
enriched model category structures.

4.5. DEFINITION. Let S be a monoidal model category. An S-enriched model category
or simply an S-model category is an S enriched category A equipped with a model cate-
gory structure (on its underlying category) such that there is a Quillen adjunction of two
variables, see definition 4.4, (®,homa, Mapa, d,1) : A x S— A.

The following theorem follows from [Lur09, Rem. A.3.3.4]

4.6. THEOREM. The strict model category of 1'- categories, I'Cat, is a Cat-enriched
model category.

Let X and Y be two I'- categories, the Day convolution product of X and Y denoted
by X xY is defined as follows:

(kt,It)eror
X Y(nt) = / PoP(kt AT ) x X (k) x V(). (13)
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Equivalently, one may define the Day convolution product of X and Y as the left Kan
extension of their external tensor product X xY along the smash product functor

—N—:TPxT?—T%,
we recall that the external tensor product X xY is a bifunctor
XXY :T? x I'? — Cat
which is defined on objects by
XXY(m™ n")=X(m") xY(n").

4.7. PROPOSITION. The category of all I'- categories I'Cat is a symmetric monoidal cat-
egory under the Day convolution product (13). The unit of the symmetric monoidal struc-
ture is the representable T'- category T't.

Next we define an internal function object of the category I'- category which we will
denote by
Map,,. (= —) : T'Cat” x 'Cat — I'Cat. (14)

Let X and Y be two I'- categories, we define the I'- category MapFCat( X,Y) as follows:
mjI‘Cat (X’ Y) (n+) = MapFCat (X * Fna Y)

4.8. PROPOSITION. The category I'Cat is a closed symmetric monoidal category under
the Day convolution product. The internal Hom is given by the bifunctor (14) defined
above.

The above proposition implies that for each n € N the functor — I : 'Cat—1'Cat
has a right adjoint Map,, c (I', —) : ’'Cat—I'Cat. The functor —*I'" has another right

at

adjoint which we denote by —(n* A —) : T'Cat — I'Cat. We will denote —(n™ A —)(X)
by X (n™ A —), where X is a I'- category. The I'- category X (nt A —) is defined by the
following composite:

ntA— X
ror” Srer 2, Cat. (15)
The following proposition sums up this observation:

4.9. PROPOSITION. There is a natural isomorphism
In particular, for each I'- category X there is an isomorphism of I'- categories
P(X): X(n* A=) = Map, . (" X).

The next theorem verifies the compatibility of the strict model category I'Cat with the
Day convolution product. This theorem can be proved by a straightforward verification
of Lemma [Hov99, Lemma 4.2.2(3)] using proposition 4.8 along with adjointness:
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4.10. THEOREM. The strict @)-model category I'Cat is a symmetric monoidal closed
model category under the Day convolution product.

4.11. COHERENTLY COMMUTATIVE MONOIDAL CATEGORIES. The objective of this sub-
section is to construct a new model category structure on the category I'Cat. This new
model category is obtained by localizing the strict model category defined above and we
call it the The model category of coherently commutative monoidal categories. We will
refer to this new model category structure as the model category structure of coherently
commutative monoidal categories on ['Cat. The aim of this new model structure is to
endow its homotopy category with a semi-additive structure. In other words we want this
new model category structure to have finite homotopy biproducts. We go on further to
show that this new model category is symmetric monoidal with respect to the Day con-
volution product, see [Day70]. The proposed model category structure will be constructed
using left Bousfield localization of model categories [Hir02, Definition 3.3.1]:

4.12. REMARK. The strict model category of all I'- categories is a Cat-enriched model
category by theorem 4.6, this enrichment is equivalent to having a Quillen adjunction
— @I : Cat = I'Cat : Mappca (Y, —) whose left adjoint preserves the tensor product,
see [Bar07, Lemma 3.6]. Further the adjunction 1, : sSets = Cat : N, see [Joy08§],
s a Quillen adjunction with respect to the Joyal model category structure on sSets and
natural model category structure on Cat whose left adjoint T, preserves finite products (and
thus the tensor product in the cartesian closed Joyal model category of simplicial sets).
Again lemma [Bar07, Lemma 3.6] implies that the strict model category of I'- categories
1s a sSets-enriched model category with respect to the Joyal model category structure on
sSets. The right Hom bifunctor of this enrichment

Map(——) : T'Cat” x I'-space— sSets
assigns to a pair of objects (X, C), a simplicial sets Map(XC') which is defined as follows:
Map(X7 C) = N(MapFCat(X7 C))

We want to construct a left Bousfield localization of the strict model category of
I'- categories. For each pair k™, [T € I'%?, we have the obvious projection maps in I'S

S (k+ Dt —k" and oY (k+ DT — 1T

The maps
roP(sEtt =) : TF— T and  TP(6) ", —) : It —TFH

induce a map of I'-spaces on the coproduct which we denote as follows:
AT U —
We now define a class of maps £,S in I'Cat:

ES = {nL :TUT! —T"* [ ke ZT}
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We recall that I is the category with two objects and one non-identity arrow between
them. We define another class of maps in I'Cat:

I x E.S = {I x hl :hl € £,.S}

4.13. DEFINITION. We call a T'- category X a (I x E58)-local object if, for each map
hl € £..S, the induced simplicial map

Map?‘Cat(A[n] X him X) : Ma’p{lCat(A[n] X Fk—Ha X) —
Mapl@Cat(A[n] X (Fl U Fl)a X)>
is a homotopy equivalence of simplicial sets for all n > 0 where Mapjc..(—, —) is the

simplicial function object associated with the strict model category I'Cat, see [DK80a/,
[DK80c] and [DK80b].

Remark (4.12) above and appendix D tell us that a model for Mapla,,(X,Y) is the
Kan complex J(N(Mappcae(X,Y))) which is the maximal kan complex contained in the
quasicategory N(Mappcae(X,Y)).

The following proposition gives a characterization of £,,S-local objects

4.14. PROPOSITION. A T'- category X is a (I x ExS)-local object in T'Cat if and only if
it satisfies the Segal condition namely the functor

(X(EE), X(8H)) - X(h + 1) — X(K) x X(1%)
is an equivalence of categories for all k™, 1T € Ob(T'°P).

ProOOF. We begin the proof by observing that each element of the set £,,S is a map of
'~ categories between cofibrant I'- categories. Lemma D.8 implies that X is a (I X £,S)-
local object if and only if the following functor

Mapmat(hfa X): MapFCat(FkHa X) —>Mapr0at(rk ur, X)

is an equivalence of (ordinary) categories. We observe that we have the following com-
mutative square in Cat

M aprcat (hf 7X
-

)MapFCat(Fk ur, X)

F

X (k) x X(I7)

M aPrcat (PHZ; X)

]

X(k+0)T)

(X (8, X (5F11)

This implies that the functor (X (6F™), X (67)) is an equivalence of categories if and only
if the functor Mappca (hY, X) is an equivalence of categories. n
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4.15. DEFINITION. We will refer to a (I x ExS)-local object as a coherently commutative
monoidal category.

4.16. DEFINITION. A morphism of I'- categories F : X —Y is a (I X E,8)-local equiv-
alence if for each coherently commutative monoidal category Z the following simplicial

map
M a'p{'L‘Cat(Fa Z) : M ap{}‘Cat(Y7 Z) - M a’p{}‘Cat (Xv Z)

s a homotopy equivalence of simplicial sets.

4.17. PROPOSITION. A morphism between two cofibrant I'- categories F: X —Y is an
(I X E,8)-local equivalence if and only if the functor

Maprcag(F, Z) : Mappea (Y, Z) — Mappcae (X, Z)
15 an equivalence of categories for each coherently commutative monoidal category Z.

4.18. DEFINITION. We will refer to a (I x ExS)-local equivalence as an equivalence of
coherently commutative monoidal categories.

The main result of this section is about constructing a new model category structure
on the category ['Cat, by localizing the strict model category of I'- categories with respect
to morphisms in the set £,,S. We recall the following theorem which will be the main
tool in the construction of the desired model category. This theorem first appeared in an
unpublished work [Smi] but a proof was later provided by Barwick in [Bar07].

4.19. THEOREM. [Bar07, Theorem 2.11] If M is a combinatorial model category and S
1s a small set of homotopy classes of morphisms of M, the left Bousfield localization LsM
of M along any set representing S exists and satisfies the following conditions.

1. The model category LsM is left proper and combinatorial.
As a category, LsM is simply M.
The cofibrations of LsM are exactly those of M.

The fibrant objects of LsM are the fibrant S-local objects Z of M.

5. The weak equivalences of LsM are the S-local equivalences.

4.20. THEOREM. There is a closed, left proper, combinatorial model category structure
on the category of I'- categories, I'Cat, in which

1. The class of cofibrations is the same as the class of Q)-cofibrations of I'- categories.

2. The weak equivalences are equivalence of coherently commutative monoidal cate-
gories.

An object is fibrant in this model category if and only if it is a coherently commutative
monoidal category.
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PROOF. The strict model category of I'- categories is a combinatorial model category
therefore the existence of the model structure follows from theorem 4.19 stated above. m

4.21. NOTATION. The model category constructed in theorem 4.20 will be called the model
category of coherently commutative monoidal categories.

The rest of this section is devoted to proving that the model category of
coherently commutative monoidal categories is a symmetric monoidal closed model cate-
gory. In order to do so we will need some general results which we state now.

The following proposition has been proved in [Joy08, Lemma E.2.13]

4.22. PROPOSITION. A cofibration, f : A—— B, between cofibrant objects in a model
category C is a weak equivalence in C if and only if it has the right lifting property with
respect to all fibrations between fibrant objects in C.

4.23. PROPOSITION. Let X be a coherently commutative monoidal category,
then for each n €  ObLWN), the T-category X(nt A —) is also a
coherently commutative monoidal category.

PROOF. We begin by observing that X(nt A —)(17) = X(n') and since X is fibrant,
the pointed category X (n') is equivalent to J[X(17). Notice that the isomorphisms
1

(nt A (k+0)7) = V(k+0)7* = (k) v (V17) = (V) + (VI1)). The two projection
maps 0p ' ¢ (k+ )T —k* and 87 1 (K + )T — 1T induce an equivalence of categories
X((\?/k*) + (\?ZJF)) —>X(\Tl}k+) X X(\?ZJF). Composing with the isomorphisms above, we
get the following equivalence of pointed simplicial sets X (n™ A =)((k +1)*) — X (n™ A
—)(kT) x X(nt A =)(IT). =
4.24. COROLLARY. For each coherently commutative monoidal category X and n € N,
the mapping object ./\/lapFCat(F”, X) is also a coherently commutative monoidal category.

PRrOOF. The corollary follows from proposition 4.9. [

The category I'? is a symmetric monoidal category with respect to the smash product
of pointed sets. In other words the smash product of pointed sets defines a bi-functor — A
— : TP xTP—TI"°P. For each pair k™, [T € Ob(I'°?), there are two natural transformations

SN - (k+D)tPA—=kTA— and A (k+DTA—=1"A—.

Horizontal composition of either of these two natural transformations with a I'- category
X determines a morphism of I'- categories

idx o (SFT'A =) = X(OFTA =) X(k+ D" A=) — X(kT A —).
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4.25. PROPOSITION. Let X be an coherently commutative monoidal category, then for
each pair (k,1) € Ob(N') x Ob(N), the following morphism

(XA =), X0 A=) X(B+DTA=)— Xkt A=) x X(ITA-)

s a strict equivalence of I'- categories.

Using the previous two propositions, we now show that the mapping space functor
Map,, Cat(—, —) provides the homotopically correct function object when the domain is
cofibrant and codomain is fibrant.

4.26. LEMMA. Let W be a Q-cofibrant I'- category and let X be a coherently commuta-
tive monoidal category. Then the mapping object /\/lapFCat(W, X) s also a coherently
commutative monoidal category.

ProoOF. We begin by recalling that

Map, o (W X)((k+ 1)) = Maprea (W, X((k + 1) A —)).

Since X is a coherently commutative monoidal category, therefore X ((k+1)* A —) is also
a coherently commutative monoidal category, for all k£, > 0 according to proposition
4.23. The proposition 4.25 tells us that the map (X (67 A —), X (67T A —)) is a strict
equivalence of I'- categories. Now Theorem 4.10 implies that the following induced functor
on the mapping (pointed) categories

(Maprcas (W, X(5il:+l A=), Maprcas (W, X(‘Sfﬂ A=)+ Mappcae(W, X ((k+ l)+ A=)
— Mappcae(W, X (k)7 A =) X Mappea(W, X((1)7 A =)

is an equivalence of categories. [

Finally we get to the main result of this section. All the lemmas proved above will be
useful in proving the following theorem:

4.27. THEOREM. The model category of coherently commutative monoidal categories is
a symmetric monoidal closed model category under the Day convolution product.

PROOF. Let i : U—V be a Q-cofibration and j : Y — Z be another Q-cofibration. We
will prove the theorem by showing that the following pushout product morphism

i0j U« Z[[V*Y—VxZ

UxY

is a Q-cofibration which is also an equivalence of coherently commutative monoidal
categories whenever either ¢ or j is an equivalence of coherently commutative monoidal
categories. We first deal with the case of ¢ being a generating Q-cofibraion. The closed
symmetric monoidal model structure on the strict Q-model category, see theorem 4.10,
implies that i[1j is a Q-cofibration. Let us assume that j is an acyclic Q-cofibration i.e.
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the Q-cofibration j is also an equivalence of coherently commutative monoidal categories.
According to proposition 4.22 the Q-cofibration i[Jj is an equivalence of coherently com-
mutative monoidal categories if and only if it has the left lifting property with respect to
all strict fibrations of I'- categories between coherently commutative monoidal categories.
Let p : W — X be a strict fibration between two coherently commutative monoidal
categories. A (dotted) lifting arrow would exists in the following diagram

UxZ[[V*xY——W

Vs ———

if and only if a (dotted) lifting arrow exists in the following adjoint commutative diagram

¢ ./\/lapFCat(V, w)

I Lj*vp*)

D= ./\/l U X X M V.Y
WPr e (U X) s, ) PV Y)

The map (j*, p*) is a strict fibration of I'- categories by lemma [Hov99, Lemma 4.2.2] and
theorem 4.10. Further the observation that both V' and U are Q-cofibrant and the above
lemma 4.26 together imply that (j*,p*) is a strict fibration between coherently commu-
tative monoidal categories and therefore a fibration in the model category of coherently
commutative monoidal categories. Since j is an acyclic cofibration by assumption there-
fore the (dotted) lifting arrow exists in the above diagram. Thus we have shown that if
is a Q-cofibration and j is a Q-cofibration which is also a weak equivalence in the model
category of coherently commutative monoidal categories then i[5 is an acyclic cofibration
in the model category of coherently commutative monoidal categories. Now we deal with
the general case of ¢ being an arbitrary Q-cofibration. Consider the following set:

S={i:U—V|iOj is an acyclic cofibration in }

where ['Cat is endowed with the model structure of coherently commutative monoidal
categories. We have proved above that the set S contains all generating Q-cofibrations.
We observe that the set S is closed under pushouts, transfinite compositions and retracts.
Thus S contains all Q-cofibrations. Thus we have proved that i[]j is a cofibration which is
acyclic if j is acyclic. The same argument as above when applied to the second argument
of the Box product (i.e. in the variable j) shows that i[Jj is an acyclic cofibration whenever
7 is an acyclic cofibration in the model category of coherently commutative monoids.

]

Finally we will provide a characterization of cofibrations in the model category of
coherently commutative monoidal categories.
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4.28. NOTATION. For each morphism F : X —Y in ['Cat we get a collection of object
functions {Ob(F(k™)) : Ob(X (k™)) — Ob(Y (k1)) : kT € Ob(T'°P)}. These functions glue
together into a I'-set, which we denote by Ob(F'), whose structure maps are just the object
functions of the structure maps (functors) of F, i.e.

Ob(F)(f) := Ob(F(f)),
for each f € Mor(I'°?).

4.29. LEMMA. A map i : A— B in I'Cat is a cofibration in the model category of
coherently commutative monoidal categories if and only if the T'-set Ob(i) has the left
lifting property with respect to every surjective function of I'-sets.

PROOF. Let p : X — Y be an acyclic fibration in the model category of coherently
commutative monoidal categories. For any (outer) commutative diagram in I'Cat

AP x

L A
zl Pl lp
7/

we will construct a dotted arrow L which will make the whole diagram commutative. The
morphism Ob(p) is a surjective map of I-sets. By assumption the (outer) commutative
diagram

Ob(A) —— Ob(X)
our) .
Ob(i)l - lOb(p)

7
e

Ob(B) oG,

has a (dotted) lifting arrow (of I-sets) Ob(L) which makes the whole diagram commuta-
tive. For each k* € Ob(I'°?) and each pair of objects a,b € Ob(B(k™)) we want to define
a function

L(kY)ap : Morpg+y(a,b) — Morx -+ (Ob(L)(k™)(a), Ob(L)(k1)(b)).

By assumption, the map p is an acyclic fibration therefore for each k£t € Ob(T'°P), the
functor p(k™) is an acyclic fibration in the natural model category structure on Cat. This
implies that the function

Pk o+ Morx ) (Ob(L)(k7)(a), Ob(L)(ET)(b)) — Mory ) (G(k™)(a), G(k)(D))
is a bijection. Now we define the function L(k"),; to be the following composite

G(k+)a,b
Morpgg+y(a,b) — Mory g+ (G(k7)(a), G(ET)(b))

p(k*)o

“ 5" Morx e (Ob(L) (k™) (a), Ob(L) (k) (b)),



SYMMETRIC MONOIDAL CATEGORIES AND I'-CATEGORIES 455

where (v, w) = (Ob(L)(k™)(a), Ob(L)(kT)(b)) An argument similar to the one in the proof
of Lemma 3.8 shows that the above collection of maps {L(k"),, : a,b € Ob(B(k™))}
defines a functor L(k") whose object function is the same as Ob(L)(k™). Now we want
to check whether this collection of functors {L(k") : k&t € Ob(I'°?)} glues together into a
morphism of I'- categories. It would be sufficient to show that for any f : k¥ —m™ €
Mor(I'°?), the following diagram commutes:

L(k+)a,b

MOTB(/#)(@» b) MO?“X(I#)(U’ w) (16)

B(f)a,bJ/ JX(f)v,w

MOTB(m+) (B<f)(a)7 B(f) (b))LJr—) MOTX(m+)<x7 y)
(mT)B(£)(a),B()(®b)
where (z,y) = (Ob(L)(m™)(B(f)(a)), Ob(L)(m™*)(B(f)(b))). Since p and G are maps of
['- categories therefore we have following (solid arrow) commutative diagram of mapping
sets:

G(m™)
Morpm+)(B(f)(a), B(f)(b)) ————— Morym+)(q,7)
B(f)a,b \\
Y(f) \
Morpg.+(a,b) W Mory g+ (G(k™)(a), G(kT) (D)) p(m™)ay }p(er) b
a,b \
p(k+)u,wT }p(k-’_);,}u //
4 4
Morx g+ (v, w) X Morx m+y(z,y)

where

(q,7) = (G(m")(B(f)(a), G(m™)(B(f)(b))) = V(NG ET)(a),Y (F)G(ET)(D))).

Since the dotted arrows are the inverses to the associated solid arrows therefore the entire
diagram is commutative. This commutativity implies that the diagram 16 is commutative.
=

5. Segal’s Nerve functor

In the paper [Seg74], Segal described a construction of a I'- category from a (small)
symmetric monoidal category which we call the Segal’s nerve of the symmetric monoidal
category. His construction defined a functor which we call Segal’s nerve functor. This
functor was further studied in [SS79], [May78]. Oplax and lax variations of Segal’s nerve
functor were defined in [Manl10], [EMO06]. In this section we will review Segal’s nerve
functor and describe a new representation of Segal’s nerve functor. The Segal’s nerve
functor is built on a family of discrete categories which carry a partial symmetric monoidal
structure namely {P(n)},en, where P(n) denotes the power set of the finite set n. The
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partial symmetric monoidal structure is just the union of disjoint subsets of n. Segal’s
nerve of a symmetric monoidal category consists of, in degree n, the category of all
functors which preserve this partial symmetric monoidal structure upto isomorphism.
One of our goals in this section is to further clarify the situation by firstly defining an
unnormalized version of Segal’s nerve and secondly by completing the partial symmetric
monoidal structures and thereby present a construction of Segal’s nerve using (strict)
symmetric monoidal functors. For each n € N we construct a permutative category £(n)
which is equipped with an inclusion functor i : P(n) — L(n) and which satisfies the
following universal property:

P(n)=—C
L(n)
where the functor F' satisfies F(SUT) = F(S)® F(T) for all S,T € P(n) and SNT = 0.
c
This allows us to define our unnormalized Segal’s nerve, in degree n, as follows:
K(C)(n*) = [£(n), I

We will show the existence of a functor £ : 'Cat — Perm which is a left adjoint to the
unnormalized Segal’s Nerve functor K. The main objective of this section is to show that
the adjoint pair of functors (£, K) induces a Quillen equivalence between the natural model
category Perm and the model category of coherently commutative monoidal categories
['Cat. We begin by reviewing Segal’s construction.

5.1. DEFINITION. An nth Segal bicycle into a symmetric monoidal category C' is a triple
U = (¥, 09, uy), where V is a family of objects of C

U =A{U(S) : V() € O(C)}sepm)
and oy s a family of morphisms of C

oy = {ow((S,T)) : W(SUT)—U(S) @ U(T) : fsz) € Mor(C)}sryen,

where the indexing set A := {(S,T) : S,T Cn,SNT = 0}. Finally uy : \I/((D)ilc is
an isomorphism in C. This triple is subject to the following conditions:

SB.1 For each S € P(n), the following diagram commutes:

(©,5))

w(0) © w(S) PO g9y TN g (9) @ w(p)

“| | |

le ® ¥(S) 3 v(S)
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SB.2 For each triple S,T,U € P(n) of mutually disjoint subsets of n, the following dia-
gram commutes:

V(SUTUU) 7e (ST W(S) @ W(TLU)
U\p((SLIT,U))l lid@a\p((T,U))
V(SUT)® U(U) W(S) @ (W(T) ® U (1))

ow((S,T))®id ac (¥(9),¥(T),2(U))

(W(S) @ ¥(T)) @ ¥(U))

SB.3 For each pair S, T € P(n) of disjoint subsets of n, the following diagram commutes:

(S UT) —2 ) g9y @ w(T)
lvc((svT))

U(T) @ U(S)

ow((T,5)

Next we define morphisms of Segal bicycles

5.2. DEFINITION. A morphism of nth Segal bicycles T : (V, 0g)— (82, 0q) in a symmetric
monoidal category C' is a family of maps of C

7 ={7(8) : U(S) — Q(S5) }serm)

such that the following two diagram commutes

(ST —C0 L oS 11T) U (0) Q(0)
oq,((S,T))l log((S,T)) N U
U(S) @ W(T) 5t US) © AT) le

Given a permutative category C, nth Segal bicycles and morphisms of nth Segal
bicycles define a category which we denote by (C)(n"). Next we want to compare the
notion of an nth Segal bicycle to that of a strict bicycle in the permutative category C"

5.3. LEMMA. Let C' be a permutative category. For each n, the category KK(C)(n) is
1somorphic to the category of all strict bicycles from I'™ to C, BikesS"(F”, C).

Proor. We will prove the lemma by constructing a pair of inverse functors. We begin
by defining a functor F : K(C)(n) — Bikes®"(I'"",C). Let (¥, 0y, uy) € Ob(K(C)(n)),
then for each k € Ob(N') we define a functor ¢(k) : I (k") — C' as follows:

¢(k)(f) = W(Supp(f)),



458 AMIT SHARMA

where Supp(f) C n is the support of f:n*t—k*. The collection {¢(k)}rcop) defines
a (strict) cone Lg because for any h : kK — 1 in Mor(N), Supp(f) = Supp(h o f).
Similarly for each pair (k,1) € Ob(N) x Ob(N), we will define a natural isomorphism
ook, 1) : ¢(k +1) = ¢(k) © ¢(I). To each g € T"((k+1)") we can associate a pair of
functions (gx, g;) whose components are defined by the following two diagrams

nt —2s (k+10)* nt —% (k4 1)t
R lé:’i“ X lﬁf“
ket It

we define
oa(k,1)(g) == ow(Supp(gr), Supp(gi))

and ug(0) := ug. We define the object function of F' as follows:
F((V,0p,uy)) = (P, 00, us).

For each morphism 7 : ¥ — T in K(C)(n"), we define a map of bicycles F(7) as
follows:

F(r) ={F(r)(f) = 7(Supp(f)) : d(k)(f) —v(k)(f) : f € UT"(kT)}

keN

It follows from definition 5.2 that F(7) is a morphism of strict bicycles.

Now we define the inverse functor G as follows: Let (£,0,7) = ® : [ ~» C be a strict
bicycle where £ = (¢, 0) is its underlying strict cone, see appendix A, then we define an
n-th unnormalized Segal bicycle (G(®), o¢(a), Uc@)) as follows:

G(®) ={G(P)(S) : G(P)(S) = d(fs)}sepm)

where fg: nt—— ST is the projection map whose support is S C n. Next we define the
family of isomorphism o¢(s). For each pair (S,T) of disjoint subsets of n we get a map
fsrr :nt— (S +T)7T in the category I'"((S + T)"). We now define

oa@)((5,T)) == a((S,T))(fssr)-

Finally ug(a) := 7(ido+ ).
A map of strict bicycles F' : ® — ¥ determines a collection of maps of C'

G(F) == {G(F)(5) : G(P)(S) — G(¥)(9)}sepw)

This collection glues together to define a map of n-th unnormalized Segal bicycles. It is
easy to see that the functors F' and G are inverse of each other. [
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5.4. DEFINITION. For each n € N we will now define a permutative groupoid L(n).
The objects of this groupoid are finite sequences of subsets of n. We will denote an
object of this groupoid by (Si,Ss,...,S,), where Sy,...S, are subsets of n. A morphism
(S1,52,...,8,) — (11, Ts, ..., Ty) is an isomorphism of finite sets F' : Sy U Sy LI --- L

S, —TyUTy - UT, such that the following diagram commutes

Sll_ISQ |_|S —>T1|_|T2 |_|Tk

where the diagonal maps are the unique inclusions of the coproducts into n.

We define a subcategory_Pz(n) of E(F”) which will turn out to be a coreflective

subcategory. An object of PL(n) is a finite sequence S = (S, Ss,...,S,), where S; is a
subset of n for 1 <17 <r.

5.5. NOTATION. An object S = (S1,S5s,...,S5,) € Ob(P?(n)) uniquely determines a
morphism (of unbased sets) o(S) : lei —n. We will refer to the map o(S) as the

canonical inclusion of S in n.

5.6. NOTATION. An object S = (51,S59,...,5,) € Ob(Pf(n)) uniquely determines a
morphism (of unbased sets) Ind(S) : iélSZ- — 1. We will refer to the map Ind(S) as the
canonical index of S.

Given another object T = (11,T5,...,Ts) in Pf(n), where T} is a subset of n for
1 <j <r,amorphism F': S—T in Pf(n) is a pair (h,p), where h : s — r is a map
of finite unbased sets and p : iélSi — jél T; is a bijection. The pair is subject to the

following condition:

1. The following diagram commutes:

N

=1 j=
Ind(S)

H(—
>
| ¢—— >—‘
~
3
=
-

5.7. REMARK. The construction above defines a contravariant functor

PL(—) : T — Perm.
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A map f - nj —mt in TP defines a strict symmetric monoidal functor Pf(f) :
PL(m) — PL(n). An object (S1,Ss,...,5,) € PL(m) is mapped by this functor to
(f7H S, f7H(S2)s -, f7(S,)) € PL(n).
5.8. DEFINITION. For each n € N we define a permutative category E(F”) as follows:

_ kee ~

L") = L)),

see 2.46. This construction defines a functor E(F_) which 1s the following composite

e(—
v L, TCat - [¢, Cat|y —> Perm
where y is the Yoneda functor. £(—) is the functor defined 4.

5.9. PROPOSITION. The category Pf(n) is isomorphic to the full subcategory of f(F”)
whose objects are finite sequences of projection maps in I'°P? having domain n™.

PrOOF. We will define a functor G : Pf(n) —>f(F”) This functor is defined on objects
as follows:

G((Sla SQa v 787‘)) = (flﬂ f27 ) f?")a
where S = (51,9, ...,.5,) is an object in Pf(n) and each f; : nt— S} is a projection
map onto S;. Let T'= (T1, T3, ..., T;) be another object in PL(n). Amap (h,p): S—T

in PL(n) is also a map in £ such that £(I'")((h,p))(S) = T. This defines the functor G
which is fully faithful. [

5.10. REMARK. The category Pf(n) is a coreflective subcategory off(f‘") as a result of
5.19 and 5.21.

5.11. REMARK. The functor G : Pf(n) —>E(F”) defined in the proof above is a strict
symmetric monoidal functor. This functor is a component of a natural transformation
between two contravariant functors

i PL(—) = LI,
where i(n") := G and E(I’_) : [P — Perm is the functor that maps n™ to E(F”)

5.12. REMARK. Composing the natural transformation i in the above remark with the
functor 11y gives us a natural equivalence

idy, oi: 1y o PL(—) = I, 0 L(I')
i.e. for each n™ € T'°P the functor

idn, o i(n*) : TL(PL(n)) — T (£(T™)

is an equivalence of categories.
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5.13. NOTATION. Let C' be a strict symmetric monoidal category. Let us denote by C' the
underlying groupoid of C' i.e. the groupoid obtained by discarding all non-invertible maps
in C'. We recall that C retains the strict symmetric monoidal structure of C'.

We recall that a strict bicycle ¥ = (¢, 0y, uy) : I ~» C defines an oplax symmetric

monoidal functor ¥ : N — (QFR)PS, see appendix B. For each k& € N, there is a functor
(k) : I'"(k) — C which is defined as follows:

W(R)(f) = k) (f)

for each f € I'"(k). For each morphism h : k—1 in N, W(h) := id, i.e. the identity
natural transformation. The family of natural isomorphisms o4 and the unit natural iso-
morphism ug provide an oplax symmetric monoidal structure on ¥. The oplax symmetric

n S n PS . . .
monoidal inclusion functor 7 : (QF )P — (QS(F )> provides the following composite

oplax symmetric monoidal functor

N () ()

Ps

This composite oplax symmetric monoidal functor extends uniquely, along the inclusion

s\ P8
N < £, into a strict symmetric monoidal functor £(¥) : £— (C*T™)) | see appendix
Yy

E. This functor uniquely determines another strict symmetric monoidal functor

& L) —C. (17)

Let ¢ : PE(n)—>Q be a strict symmetric monoidal functor. The functor ¢ determines
a strict Segal bicycle (F(¢), 0r(4), ur(s)) which we now define. For each S C n, we define
F(¢)(S) = ¢((S)). The collection of isomorphism o is defined as follows:

ar(e)((5,T)) = o((m, id)),

where (m,id) : (SUT)—(S,T) is a map in Pf(n) whose first component is given by
the multiplication map m : 2—— 1. Finally, the isomorphism wup4) is defined as follows:

ur(g) = o((id, 7)),
where (id, 1) : () — () is the following map in PL(n):

=
o=

—
(2

The conditions SB1,SB2 and SB3 follow from the strict symmetric monoidal functor
structure of ¢. The above construction defines a functor

F:[PL(n),Cl& — K(C)(n").
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5.14. LEMMA. The functor F' is an isomorphism of categories.

PRrROOF. We will define a functor =1 : K(C)(nt) — [Pf(n),Q]gr which is the inverse
of F. An object ® € K(C)(n™) is an nth strict Segal bicycle. An nth strict Segal bicycle

uniquely determines a strict symmetric monoidal functor d - f(F”) —C, see (17). Now
we define the strict symmetric monoidal functor F~1(®) to be the following composite:

= o

PL(n) = LI — L(I") — C.

5.15. REMARK. In the statement of the above lemma the functor category [PL(n), C]3"
could be replaced by the isomorphic category [IIi(PL(n)), Cl&r where 11, (PL(n)) is the
groupoid obtained by inverting all morphisms in PL(n).

5.16. NOTATION. Let f = (f1, f2,---, fr) be a finite sequence, where f; : n™ — ki

1s a map of based sets for 1 < i < 7. We denote the finite sequence
(Supp(f1), Supp(f2), - .., Supp(f.)) by Supp(f).
5.17. NOTATION. Let f = (f1, f2,---, fr) be a finite sequence, where f; : n* — k' is a

map of based sets for 1 < i < r. We denote the sum -Qlfi’S“PP(fi) by tot(f), where the
map fi|supp(s,) : Supp(fi) — ki is the restriction of f;.

We now define another category f(n) which is equipped with an inclusion functor

L PL(n) = L(n). (18)

5.18. DEFINITION. An object in E(n) is a finite sequence f = (f1, fay..., fr), where
fi i nT—k is a map of based sets for 1 < i < r. To each finite sequence f one can
(uniquely) associate the following zig-zag

.leupp(fi) RS NN I:I ki ————r

a(f)l

n

where o(f) := o(Supp(f)). A map from f to g = (91,92,...,9s) in z(n) is a triple is a
triple (h,q,p), where h : s— 1 is a map in N, q is a map in N and p is a bijection in
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N such that the following diagram commutes

N

LI | Supp(fi) —r LI | Supp(g:)

tot( f)l ltot(g)
U ki a U,
i=1 1=1
Ind( f)l llnd(g)
h
r S

Each subset S C n uniquely determines a projection map fg : nt——S*. The inclusion
functor (18) is defined on objects as follows:

L((Sl,SQ,---,Sr)) = fS = (fS17sz>"'7fSr)'

The functor is defined on morphisms as follows:

t((h,p)) = (h,p,p),

where (h,p) : S = (51, 59, ...,5,)—T = (T1, T3, ..., Ts) is amap in Pf(n) and (h,p,p) :
fs—fr = (fry, frp,---, fr,) isamap in E( ) which is described by the following diagram:

n
o(fs) o(fr)
B Supp(fs,) = O Si———— 0 T; = U Supp(fr,)
idJ id
1 5; r 0Ty
i=1 j=1
Ind(f l and(g)
h
r s

5.19. LEMMA. For each n € N the permutative category E(n) 1s 1tsomorphic to the per-
mutative category L(T™).

PROOF. The objects of both categories are the same. We will show that each morphism
in £(I'™) uniquely defines a morphism in £(n) and therefore there is an isomorphism of

permutative categories J(n) : L(I') — L£(n) which is identity on objects.
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Let f = (fi,..., fr) and g = (g1,...,gs) be two objects in E(F”) where f; : n+?>ki+
for 1 <i<randg :n"—I[' for 1 <i<s. Werecall that a map F : f—>§in Z(F”)
isamap F = (h,p) : k= (ky,...,k.)—1=(ly,...,ls) in the category £ such that

E(Fn)((h7p))((f177f7“)) = (gla"'ygS)' (19)
We recall that the map F' = (h,p) in £ is a commutative square

1|

This map (h,p) uniquely determines a (ﬁnite) sequence (pi,...,p,) of maps in N where

pi - ki— + [y for 1 <i <r. The condition (19) implies that the following diagram
h(i)=i

commutes for each i € r and g € s such that h(q) =

U

fv p.+
nt——kf——( + ;)"

where u, : ( + [;)T——1, is the projection map onto [, where h(q) = i. Since each p; is a
h(j)=i
map in N and the supports of u, are distinct non-intersecting sets for 1 < ¢ < s therefore

we have the following equality:
Supp(fi) = Supp(pf o fi) = | U Supp(g;).

The r inclusion maps h(l_)l Supp(g;) € U Supp(g;) for 1 < i < r determine a canonical
J)=t 1€ES

bijection
or: 0, L Supp(e;) — L Supp(gi)

such that the following diagram commmutes:

/

USUPP(fz) =U U Supp(gy) ——— USUPP (9:)

ier jeh=1 ({i})
tot( f)l ltot(g)
ok : gl
Ind( f)l ll nd(g)
r S
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Thus we have uniquely associated to an arrow I = (h,p) in E(F"), an arrow in the
category £(n). We define the morphism function of J(n) as follows:

J(n)<F = (h’ap)) = (h’pa UF)‘
As mentioned above the object function of J(n) is the identity. This defines a functor

which is an isomorphism of categories. [

5.20. REMARK. By proposition 2.7 there exists a unique functor f(—) : ['? — Perm
and the family isomorphisms J(n) in the lemma above glue together to define a natural

isomorphism J : L(U'™) = L(—). This implies that we have a composite natural transfor-
mation

PL(-) > L) 2 Z(-)
where i is the natural transformation obtained in remark 5.11. Further the natural equiv-
alence of remark 5.12 extends to a natural equivalence 11 o (J o1)

idy, o (Joi) : Ty o PL(—) = I 0 £(I™) = II; 0 £(—).
We define another functor G : f(n) —>Pf(n) This functor is defined on objects as
follows:

G((fb f27 BRI fT)) = Su’pp(f) = (Supp(f1)7 Supp(f2)> SR ,Supp(fr))
This functor is defined on morphisms as follows:
G((h,q.p)) == (h,p).
5.21. THEOREM. The category Pf(n) is a coreflective subcategory of E(n)

PRrROOF. We will show that the functor G defined above is a right adjoint to the inclusion
functor ¢. It is easy to see that idpf(n) = (G't. We define a natural transformation
€ :1G = idpr(ny. Let f=(f1, f2,..., fr) be an object in E(n) We define

E(f) = (Zda tOt(f)7 Zd) : (fSupp(f1)7 fSupp(f2)7 ceey fSupp(f,n)) = fSupp(f) = LG(f) —>f

The following commutative diagram verifies that the triple on the right is a map in z(n)

n
O'(fSupp(M W)

" id r
B Supp(fsupm(ro) U Supp(f;)
id tot(f)
r tot(f) r
B Supp(fsup(s)) U k;
Ind(fs)l Ind(f)
id
r r
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The following chain of equalities verifies that € is a natural transformation:

(h,q,p) o e(f) = (h,q,p) o (id, tot(f),id) = (h,q o tot(f),id) =
(h,tot(g) o p,p) = (id,tot(g),id) o (h,p,p) = €(g) o tG((h,q,p)).

Now we want to define another category QL”(n) which is isomorphic to the full sub-

category of Pz(n) whose objects are finite sequences of, not necessarily distinct, singleton
subsets of n. We will denote an object of QL"(n) by s = (s1, S2,. .., S,). Equivalently we
may describe this object S by a map

s:r—n

A map p: (s1,82,...,8) — (t1,ta,...,t,) =t in QL"(n) is a bijection p : r — r such
that the following diagram commutes:

P —
n
We observe that the category QL”(n) is in fact a groupoid. We define a functor

H : Pf(n) —QL"(n). Let S = (S1,5,...,5,) be an object of Pf(n), we define H(S)
to be the following composite where the first map is the canonical bijection

can™t 1 a(S)

H(S) : 4-_?151. A

where + denotes the tensor product in N. Let (h,p): S—T = (T4, T, ..., Ts) be a map
in PL(n). We define the morphism function of the functor H as follows:

H((h,p)) := N(p),

where N (p) : + T; — +S; is the bijection in A which makes the following diagram
Jj=1 i=1

commutative
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It is easy to check that H : Pf(n)—)QL” (n) is a functor. The following commutative
diagram indicates the naturality in our definition of the functor H:
(20)

Ind(T) r \jan/ —_T—ISZ
Ind(S)pcan™1!
h N(p)
s
i

|
| (
<.

Il

-

Ind(T)ocan ™!
The above diagram will be useful in proving that H is a left-adjoint-inverse. Now we
define another functor ¢ : QL"(n)—PL(n). Let s : r—n be an object in QL"(n). The
(21)

canonical inclusion of s in n can be factored as follows

Mf/ \

where Ind(s) is the bijection s(i) — i and o (s ) is the canonical inclusion map. The functor

¢ is defined on objects as follows:
(5) = (5(1), 5(2), .., (7).
Let p: s—t be a map in QL"(n), the functor ¢ is defined on morphisms as follows
up) = (7" p),

where p’ is the unique bijection which makes the following diagram commute
0 s(i) = t()

t
i=1
Ind(s) J{Ind
r
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By the above commutative diagram and factorization (21) we get the following commu-

tative diagram which shows that «(p) = (p~!,p’) is indeed a morphism in Pf(n):

5.22. THEOREM. The category QL"(n) is isomorphic to a reflective subcategory ofPf(n).

Proor. We will show that the functor H defined above is a left-adjoint-inverse to ¢ which
is also defined above. Clearly Ht = idgp(,). We now construct a natural transformation

n:id— oH. Let S = (51,953,...,S,) be an object of Pz(n) We define
n(S) := (Ind(S) o can™',id).
The following commutative diagram verifies that the pair on the right is a map in Pf(n):
n
o\
S; ——

)
S

i

Ic-

7

can

=

Ind(S)

IN——

+=
N

<—

Ind(S)ocan™1 ;=1 !

We claim that 7 as defined above is a natural transformation. Let (h,p) : S— T =

(11, Ts,...,T;) be a map in Pf(n) In order to prove our claim we would like to show

that the following diagram commutes in PL(n):

S
(h,p)l

The following chain of equalities verifies that n is a natural transformation:

5 H(S)

LH((hm))
(

——  H(T
n(T)L )

n(T) o (h,p) = (Ind(T) o can™?,id) o (h,p) = (ho (Ind(T) o can™),p) =
((Ind(S) o can™) o H(p),p) = (H(p),p) o (Ind(S) o can™",id) = tH((h,p)) o 1(S).
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we refer the reader to the commutative diagram (20) for an explanation of the middle
equalities. The composite natural transformation

idpf(n) ov= tHi = 1oidgri(n)
is the identity, this follows from the observation that
n(e(s)) = (Ind(u(s)) o can™,id) = (can o can™",id) = 1((id,id)) = id,s).
Similarly we claim that the following composite natural transformation
Ho idﬁ(n) = HiH = idgpim) o H
is the identity. Our claim follows from the observation that
H(n(S)) = H((Ind(S) o can™",id)) = (id, id) = ids.
]

The above discussion can be summarized by the following diagram in which both pairs
of functors are adjunctions

QL () PL(n) = Z(n) (22)

We observe that the groupoid £(n), see definition 5.4, is just the Gabriel factorization of
the functor H. Since the functor H has a right adjoint, proposition 2.50 implies that the
groupoid £(n) is isomorphic to II;(PL(n)). Thus we have the following lemma:

5.23. LEMMA. For a permutative category C, the category K(C)(n") is isomorphic to
the category of strict symmetric monoidal functors [L(n), C|3".

PRrROOF. The above discussion and lemma 5.14 give us the following chain of isomorphisms:

K(C)(n") = [IL(PL(n)), CTz" = [£(n), CIE" (23)

5.24. REMARK. There is a functor Pf(—) : P — Perm®, see 5.8, which gives us a
composite functor Il o PE(—). For each n € N we have an isomorphism of categories
I(n) : Hl(Pf(n)) = L(n). Now proposition 2.7 implies that we have a functor L£(—) :
r* — Perm® and a natural isomorphism I : 11; o Pf(—) = L(—).

5.25. REMARK. There is bifunctor defined by the following composite:

£(—)xid [— -1

L£(—), _]gr : TP x Perm (—> Perm®” x Perm — Cat

where L(—) is the functor defined above and [—,—]¥" is the function object defined in
remark 3.2.
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5.26. REMARK. The above lemma 5.23 and the above remark together imply that for each

str ~~v

pair (n,C) € T'? x Perm there is an isomorphism of categories n(n) : [L(n), C]&" =
K(C)(nT). Now proposition 2.7 implies that there is a bifunctor

K(—,-) : T'? x Perm — Cat

defined by K(nt,C) = K(C)(n") which is equipped with a natural isomorphism 1 :
[L(—),—]d" = K(—,—). This also implies that there is a functor

K : Perm — ['Cat

defined by K(C) := K(—,C) for each permutative category C'.

5.27. REMARK. The above lemma 5.23 implies that for each permutative category C,
there is a I'- category

L(-),Cly: T?— Cat
and it is isomorphic to IC(C).
5.28. REMARK. The natural equivalence from remark 5.20 extends to the following com-
posite natural equivalence:

idn, o (Joi)oI ™ : L(n) S I 0o PL(=) = I, 0 L(I™) =TI, 0 £(—).

where I 1s the natural isomorphism from remark 5.24

The above lemma 5.23 implies that the functor I preserves limits in Perm because
degreewise it is isomorphic to a functor which preserves limits. The category I'Cat is
complete and cocomplete. Now the formal criterion for existence of an adjoint [MacT1,
Thm. 2, Ch. X.7] implies that IC has a left adjoint which we denote

L : T'Cat — Perm.

Each n € Ob(N) uniquely defines n projection maps of based sets 07 : nt — 17, 1 <
k < n. Each of these projection maps induce a strict symmetric monoidal functor £(0}) :
L(1) — L(n) which maps the object 1 € Ob(L(1)) to the inverse image of 1 under the
map 7 i.e. L(67)(1) = (62)7'({1}) = {k} C n in the category L£(n). These inclusion
maps together induce a strict symmetric monoidal functor in Perm

n k) . n
Vel VL)L),

where k\i/lﬁ(l) is the coproduct of n copies of £(1) in Perm. We will now present a
concrete construction of the coproduct k\Zﬁ(l) and also construct a strict symmetric

monoidal functor k\i/lﬁ(Lﬁ). An (non-unit) object S of k\i/lﬁ(l) is a (finite) sequence
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(s1,89,...,5.) in which s; is either the empty set or a singleton subset of n for 1 <i < r.
We observe that the object S is equipped with a (unique) morphism 'Iillsi —n. A
=
q
morphism f : S—T = (t1,t2,...,1,) is an isomorphism f : .Iillsz» — '|—I1 t; such that the
1= 1=

following diagram commutes:

|_| SZ T)
The functor k\i/lﬁ(cS,Z) is now the obvious inclusion functor.

5.29. LEMMA. The strict symmetric monoidal functor k\i/lﬁ(é,’;) is an acyclic cofibration

in Perm.

PROOF. The functor k\zlﬁ(é,’;‘) is a cofibration because its object function is a monomor-
phism of free monoids. The inclusion functor k\i/lﬁ(é};) is fully-faithful. Each object of
L(n) is isomorphic to an object of k\Z1£(1)' =
5.30. COROLLARY. For each permutative category C, K(C') is a coherently commutative

monoidal category.

PROOF. By Lemma 5.23, K(C')(n") = [L(n), C]¥". Now we have the following commuta-
tive diagram in Cat

K(C)(nT) ———[L(n), CT5"
(ic<c><6;b>,...,ch>(az>>l l([ﬁ(émmgn. LG
[TR@r) — I11L0), ¢l

According to the lemma 5.29, the strict symmetric monoidal functor k\r}lﬁ(éz) is an acyclic

cofibration therefore it follows from remark 3.2 that the right vertical functor is an acyclic
fibration in Cat. The two horizontal functors in this diagram are isomorphisms, therefore
(K(C)(7), ..., KK(C) (7)) is also an acyclic fibration in Cat. Thus we have proved that
K(C) is a coherently commutative monoidal category for every C' € Ob(Perm). =

The above corollary will be extremely useful in proving that the adjunction (£, K) is a
Quillen adjunction. We recall that a map in I'Cat between two coherently commutative
monoidal categories is a weak equivalence (resp. fibration) if and only if it is degreewise
a weak equivalence (resp. fibration) in Cat.
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5.31. LEMMA. The adjunction (L,K) is a Quillen adjunction between the natural model

category Perm and the model category of coherently commutative monoidal categories
['Cat.

Proor. We will prove the lemma by showing that the right adjoint functor K preserves
fibrations and acyclic fibrations. Let F' : C'— D be a fibration in Perm. In order to
show that KC(F) is a fibration in the model category of coherently commutative monoidal
categories I'Cat, it would be sufficient to show that (F')(n") is a fibration in Cat, for
all n™ € Ob(I'°?). For each n € N the groupoid £(n) is a cofibrant object in Perm. The
natural model category Perm is a Cat-model category whose cotensor is given by the
functor [—, —]&". This implies that the functor

[£(n), FI5": [£(n), Clg"— [£(n), DI’

is a fibration in Cat and it is an acyclic fibration in Cat whenever F'is an acyclic fibration.
u

6. The Thickened Nerve

In this section we will describe a thickened version of Segal’s nerve functor which we will
denote by K and show that K is the right Quillen functor of a Quillen equivalence. Unlike
the left Quillen functor of the Quillen adjunction (£, K) mentioned in the previous section,
whose mere existence was shown, we will explicitly describe a functor £ : I'Cat— Perm
and show that it is the left Quillen adjoint of K. The adjunction (£,K) is proved in
appendix C. The explicit description will play a vital role in proving that the Quillen pair
(L, K) is a Quillen equivalence. In this section we will also present the main result of this
paper which proves that the Quillen pair of functors (£, K) is a Quillen equivalence. The
Quillen equivalence (£, K) will be used to prove the main result.

We begin by defining a functor £ : 'Cat — Perm as follows:

neL

£(=) L [0 =
I'Cat — [£, Cat]y;, — Perm

where £(—) is the symmetric monoidal extension functor described in section 2.39. The
second functor Ly [ €L first performs the Grothendieck construction on a functor F' €
[£, Cat|y to obtain a permutative category [ il , see theorem 2.11. and then it localizes
(or formally inverts) the horizontal arrows of the permutative category [ €L P We recall

that an arrow in the category fﬁegF is a pair (f,¢) where f is a map in £ and ¢ is
an arrow in the category F'(codom(f)). An arrow (f,¢) is called horizontal if ¢ is the
identity morphism. Thus for a I'- category X, £(X) = Ly [ nes £(X) is the permutative
category obtained by localizing with respect to the set of all horizontal morphisms in
the (permutative) category [ nes £(X), see [GZ67, Ch. 1] for a procedure of localization.

The results of [Day73] imply that the category [ nes £(X) has the universal property that
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any strict symmetric monoidal functor £ : [ nes £(X)—C which maps every horizontal
morphism in | nes £(X) to an isomorphism in C' extends uniquely to a strict symmetric
monoidal functor Fy,; : £(X)— C along the projection map p : fﬁe): £(X)—LX, ie.
the functor Fy, makes the following diagram commute

" ex0)t—c (24)
pJ/ - 4 -
P - FNth
L£X
The localization construction is functorial in X and therefore we get a functor £(—) :
I'Cat — Perm. B
Now we define the thickened nerve functor K. We will first define this functor in the
spirit of the papers [May78], [SS79], [Man10] and [EMO06] and later we will provide a

couple of new interpretation of this functor based on pseudo bicycles, see appendix A and
strict symmetric monoidal functors.

6.1. DEFINITION. An nth pseudo Segal bicycle in a symmetric monoidal category C' is a
quadruple (@, ag, 0y, ue) of families of objects or morphisms of the symmetric monoidal
category C', where

1. ® ={cr}sea, is a family of objects of C, where the indexing set

A, = {f €T : domain(f) =n"}.

2. ap = {alh, ) 1 ¢f — Cptof}npyep 5 a family of isomorphisms in C, where the
indexing set

D :={(h, f) € Mor(N) x A, : dom(h)* = codom(f)}

3. 06 = {0k, 1, f) 1 cg—cp, @ cptwupen 15 a family of isomorphisms in C, where
fe = 5’;“ of and f = 5{“” o f and the indexing set

B :={(k,l,f) e Nx Nx A, : codom(f) = (k+1)*}.

4. ug ={u(f) : cg—=1c}sean o) s a family of isomorphisms in C, where the indexing
set is the following subset of A,

A, (0) :={f € A, : codom(f) =0"}.

The quadruple (®, e, 04, us) is subject to the following conditions:
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PSB.1 For any (pointed) function f:n*t ——m™ in the indexing set A,, the map

U(m,O,f) Zd(%u(fo)
¢ T Qcp — Ol

is the inverse of the (right) unit isomorphism in C. Similarly the map

o (0,m,f) ul(fo)gid
Cr — Cto %)Cfm — lc(?Cfm

is the inverse of the (left) unit isomorphism in C.

PSB.2 For each triple (k,l, f) € B, where the indexing set B is defined above, the following
diagram commutes in the category C

a(y) s
Cr Cf

U(k’hf)l Ja(l,k,f)

Cf %) Cr ¢ cp @ cy,
CfiCf

PSB.3 For any triple k,l,m € N, and each f : n* — (k + 14+ m)" in the set A,, the
following diagram commutes

o(k+1,m,f)
cf Cht1 @ Cmy
c
a(k,l+m,f)
i @ Chiy okl f)Gider,,

C
idcfkéga(l,m,f)

cr, (e @c — (. R®)Rc

T C(fz o fm) ccfk’cfl’cfm (kC l) & Cm

PSB.J For each triple (k,l,h) € B, where the indexing set B is defined above, and each pair
of active maps f : kT —p*t, g It —qT in TP, the following diagram commutes
in the category C'

o(k,Lh)
ch Chy, %9 Chy,

O‘(f+gzh)‘ la(f+gzhk)§a(f+g7hl)

CF+9)oh, Gt (Frgromy, C(FFa)oms & C(fg)on)

Q

Next we define the notion of a morphism of pseudo Segal bicycles:
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6.2. DEFINITION. A morphism of nth unnormalized pseudo Segal bicycles
F (P, a9,04,up) — (¥, g, 0y, uy)

is a family F = {F(f) : cfﬁ —>c}’}fe,4n of morphisms in C which satisfies the following
conditions:

1. For each f € A,(0) (codom(f) = 07), the following diagram commutes:

P F(f) U
Cy
U )

- ¢
(f\‘ A(f
1o

2. For each pair (f,h) € A, x Mor(N) such that the domain of h*, namely dom(h)*,
15 the same as the codomain of f , the following diagram commutes

F(f)

o v
Cy Cr
a@(hrf)Jr Jra\ll(hvf)
) 0
P
Chof Flhof) Chof

3. For each triple (k,l, f) € B, where the index set B is defined above, the following
diagram commutes

F(f)

(0] \Z
Cr Cr

O'(D(k,l,f)J/ lcf‘l’(k,l,f)

() (0} \\ g
Cfp %) ¢ F(fk)%F(fl) Cfy % ¢,

All nth unnormalized pseudo Segal bicycles in a symmetric monoidal category C' and

all morphisms of nth unnormalized pseudo Segal bicycles in C' form a category which we
denote by K£(C)(n').

6.3. LEMMA. Let C' be a permutative category. For each n, the category K(C)(n™) is
isomorphic to the category of all pseudo bicycles from I'™ to C' namely Bikes™(I'™, C).

The proof of this lemma is just the adaptation of the argument of the proof lemma
5.3, which deals with the case of strict bicycles, to the present scenario of pseudo bicycles.
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6.4. DEFINITION. For each n € Ob(N') we will now define a permutative groupoid L(n).
The objects of this groupoid are finite collections of morphisms in I'°? having domain nt,
in other words the object monoid of the category L(n) is the free monoid generated by the

following set

Ob(L(n)) := keoubw) (k™).

We will denote an object of this groupoid by (fi,fe,...,fr). A morphism
(fi, fos ooy fr)— (91,2, - - -, gr) 1S an isomorphism of finite sets

F: Supp(f1) U Supp(f2) U -+ - U Supp(f,) — Supp(gr) U Supp(ga) U - - - U Supp(gy.)

such that the following diagram commutes

Supp(fr) U - - - U Supp( f,) ———— Supp(g1) - LI Supp(gr)

\/

where the diagonal maps are the unique inclusions of the coproducts into n.

6.5. REMARK. The construction above defines a contravariant functorz_(—) : [P—Perm.
A map f:nt—m™ in TP defines a strict symmetric monoidal functor L(f) : L(m)—L(n).

An object (fi, fa, ..., fr) € L(m) is mapped by this functor to (fyo f,fao f,...,frof) €
L(n).

6.6. REMARK. We observe that the category L(n) defined above is a Gabriel factorization
of the composite functor G o H, see equation (22), and therefore by proposition 2.50 it is
isomorphic to Hlf(n), for each n € N. Further by proposition 2.7 these isomorphisms
glue together to define a natural isomorphism T : 11 o E(—) = L(—).

6.7. REMARK. The natural equivalence from remark 6.6 extends to the following compos-
ite natural equivalence:

To(idy, o (Joi)oI™): L(n) S T o PL(—) = I, 0 L(I™) =TI, 0 £(—) = Z(—-).
where T is the natural isomorphism from remark 6.6.

6.8. PROPOSITION. For each n € Ob(N), the permutative category L(n) represents the
functor Bikes™ (I, —). In other words there is a natural isomorphism
"1 [L(n), )% = Bikes™ (I, —).

It was proved in [AGVT72, sec. 6] that, for any I'- category X, the permutative category
L(X) is a pseudo-colimt of the functor £(X). In other words £(X) represents the category
of pseudo-cones i.e. for any category C

Ps[£X,AC] = [L(X), ().

This characterization provides the functor £ with some very desirable homotopical prop-
erties.



SYMMETRIC MONOIDAL CATEGORIES AND I'-CATEGORIES 477

6.9. LEMMA. The functor L preserves degreewise equivalences of I'-categories.

PRrROOF. The functor £ is a composite of the functor £ followed by a pseudo-colimit
functor. The functor £ : I'Cat — [£, Cat]¥" preserves degreewise equivalences. The
results of [Gam08] show that a pseudo colimit functor is a homotopy colimt functor and it
preserves degreewise equivalences. Hence the functor £ preserves degreewise equivalences
of I'- categories.

]

Before moving on we would like to observe that for any object 77 € Ob(L) there exists
the following zig-zag of maps in £

(myr,id) _,

i — 1= (ng,ng,...,n,) (25)

(idymn)

(1) " (n)
where n = ny +ny + -+ +n, and m,, : n* — 17 is the unique multiplication map from
n™ to 17 in I'°?. To be more precise, the left map is given by the following commutative
diagram

n—"s1 (26)
l —_— l
and the right map is given by the following commutative diagram
l llnd(ﬁ)
leg—r

The following corollary provides a useful insight into the structure of the localization of
the category of elements of a coherently commutative monoidal category X, with respect
to horizontal maps. It turns out that this localized category is a thickening of X (17). This
thickening is indicative of the fact that the homotopy colimit of a diagonal functor A(c)
is equivalent to c¢. The category £(X) is a further thickening of this localized category.

6.10. COROLLARY. For each coherently commutative monoidal category X the inclusion
functor i : X (1) — L(X) is an equivalence of categories.

PROOF. The functor i : X (1) — £(X) is an inclusion functor, it is defined on objects
as follows:

i(x) = (idy, )

and for a morphism f : x —y in X (17) it is defined as follows:

i(f) = ((idy, idy), f).
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Clearly the functor i is fully faithful. Now we will show that i is also essentially surjective.
In order to do so, we will use the maps (26) and (27) defined above. For each object
(17, %) € L(X), the map (27) provides a functor

LX) ((my,idy)) : X (m") — [ [X (my).

=1

Since X is a coherently commutative monoidal category therefore the above functor is an
equivalence of categories. Thus we may choose an object z € X (m™) and an isomorphism
J LX) ((my,id,))(x) — Z in [[X(m;). We observe that the map

((myidy), 7) = ((n), ) — (71, T)

is an isomorphism in £(X) because £(X) is obtained by inverting all horizontal maps in
the category of elements of £(X). The map (26) provides us with the following isomor-
phisms:

((idy, M), ido(x)((idrmn)) (@) + (), (2)) — (1), LX) ((idy, mn))((2)))

The above two isomorphisms show that each object (77, ¥) € L£(X) is isomorphic to an
object in the image of the functor ¢ namely ((1), £(X)((idy, m,))((z))). The isomorphism
is given by the composite
(M, idy), 3) o ((idy, ). ide(x) (ay.me)) @)
Thus we have proved that i is essentially surjective and therefore an equivalence.
]

6.11. REMARK. There exists an inverse functor i~' : £L(X)— X (1F) such that i ' oi =
idx(1+).

Momentarily we will switch to the language of bicycles for the purpose of proving
lemma 6.15. Each object of a permutative category C' defines a trivial bicycle from I'
to C' which we denote by ®, = (L., 0.). We define this bicycle @, : T ~ C next. We
begin by defining the underlying lax cone L. = (¢, a.). For each k € Ob(N'), we define
the functor ¢.(k) : T1 (k™) — C' as follows:

e, iff£0

1lc, otherwise.

¢e(k)(f) = { (28)

For a map h : k—1 in the category N, we define the map a.(h)(f) : ¢c(f) — dc(ho f)
as follows:

id,, if f£0

, . (29)
idy., otherwise.

%@KﬂZ{
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It is easy to see that with the above definition, £. = (¢, a,) is a lax cone. This lax cone is
given a bicycle structure by defining o.(k, 1) : ¢p.(k +1) = ¢(k) ® ¢.(I) to be the identity
natural transformation. Thus we have defined a strict bicycle (L., 0.) = @, : T'' ~ C.
This construction defines a functor

d_ : C — Bikes™ (T, C) (30)

6.12. LEMMA. Every bicycle (L,0) = ® : T ~ C is isomorphic to the trivial bicycle
determined by the object ¢(1)(idy+) € Ob(C), namely ®ggia ), where L = (¢, ) is the
underlying lax symmetric monoidal cone of P.

Proor. We will construct an isomorphism of bicycles
N(®) : ® — Py1)(ia, ;)-
In order to do so, we will use the natural isomorphism
a(my) @ p(k*) = ¢(1%) o T (my,)

provided by the bicycle ®, where my : k* — 17 is the multiplication map. For each
k € Ob(N') we define a natural isomorphism n(®)(k) as follows:

n(®)(R)(f) = almp)(f) : ¢(k)(f) — ¢(1)(idr+),

where f € T'(kT). One can check that the natural isomorphisms in the collection
{n(®) (k) }reobwvy glue together into an isomorphism of bicycles 7(®) : & — Py1)(ia,,)-

6.13. COROLLARY. For any symmetric monoidal category C, the category KC(1F) is
equivalent to C'.

PROOF. For each permutative category C' we define a functor 1(C) : Bikes™ (I, C)—C.

On objects this functor is defined as follows:

H(C)(®) = ¢(1)(idy+),

where £ = (¢, «) is the underlying lax cone of ®. For a morphism of (pseudo) bicycles
F:®— U we define
I(F) = F(1)(idy+).

This functor is inverse of the functor ®_.
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6.14. LEMMA. A strict symmetric monoidal functor in Perm is an equivalence of cate-

gories if and only if its image under the right adjoint functor K is a strict equivalence in
I'Cat.

PrOOF. Let F' : C'— D be a strict symmetric monoidal functor in Perm which is an
equivalence of categories. We consider the following diagram

Bikes™s(I'',F
s

K(C)(1%) = Bikes™(T'!, 0) ! Bikes™ (I, D) = K(D)(1+) (31)

I(C)l ll (D)

C D

F

where I(C') and (D) are equivalences defined in the proof of corollary 6.13. If the functor
F' is an equivalence then the two out of three property of weak equivalences says that the
map K(F)(1") = Bikes™(I'!, F') is an equivalence of categories. Since IC(F) is a map
between two coherently commutative monoidal I'- categories, therefore it is a strict weak
equivalence if and only if JC(F)(1%) is an equivalence of categories.

Conversely, if the morphism of I'- categories IC(F) is a (strict) weak equivalence then
K(F)(1%) is an equivalence of categories. Another application of the two out of three
property of weak equivalences to the commutative diagram (31) tells us that the functor
F' is an equivalence of categories.

u

It was shown by Leinster in [Lei00] that the degree one category of a
coherently commutative monoidal category has a symmetric monoidal structure. We

want to explore the homotopy properties of the unit natural transformation 7 of the
adjunction (L, K).

6.15. LEMMA. For each coherently commutative monoidal category X the unit map

n(X) : X — K(L(X))

15 a strict equivalence of I'- categories.

PROOF. The I'- category K(L£(X)) is a coherently commutative monoidal category, there-
fore (X)) is a morphism between two coherently commutative monoidal categories. Now
in light of Lemma 6.3 it would be sufficient to show that the degree one functor

n(X)(17) : X(17) — Bikes"™* (', £(X))
is an equivalence of categories. We recall the definition of the functor n(X)(1%). For each
r € X(17), the strict symmetric monoidal functor n(X)(1")(z) = ® = (L,0) : 't ~
L(X) is defined as follows:
¢(n)(f) = ((n), X(f)(=)),
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where £ = (¢, «) is the underlying lax cone of ®. In light of corollaries 6.10 and 6.13 we
have the following commutative diagram in Cat:

X (1) 000, Bikes™ (I, Z(X))

where the vertical functor I in the diagram above is the functor from corollary 6.13 and
the diagonal functor 7 in the above diagram is the functor from corollary 6.10. The two
corollaries mentioned above say that ¢ and I are equivalences of categories therefore by the
two out of three property of the natural model category Cat the unit map in degree one
n(X)(17) is an equivalence of categories. Hence we have proved that the map of coherently
commutative monoidal categories n(X) is a (strict) equivalence of I'- categories. "

The adjoint functors £ and K have sufficiently good properties which ensure that the
above lemma implies that for each I'- category X the counit map n(X) is a coherently
commutative monoidal equivalence.

6.16. COROLLARY. For a I'- category X, the unit map n(X) : X — K(L(X)) is a co-
herently commutative monoidal equivalence.

PROOF. Let r : X — X/ denote a fibrant replacement of X in the model category of
coherently commutative monoidal categories. In other words X7 is a coherently commuta-
tive monoidal category and r is an acyclic cofibration in the model category of coherently
commutative monoidal categories. Since 7 is a natural transformation therefore we have
the following commutative diagram in I'Cat

The above lemma tells us that the morphism 7(X7) is a coherently commutative monoidal
equivalence and so is r by assumption. Theorem 6.17 and lemma 6.14 together imply that
K(L(r)) is a coherently commutative monoidal equivalence. Now the 2 out of 3 property
of model categories implies that 7(.X) is a coherently commutative monoidal equivalence. m

Finally we have developed enough machinery to provide a characterization of a coher-
ently commutative monoidal equivalence.

6.17. THEOREM. A morphism of I'- categories F' : X — Y is a coherently commuta-
tiwe monoidal equivalence if and only if the strict symmetric monoidal functor L(F) :
L(X)— L(Y) is an equivalence of (permutative) categories.
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PROOF. Let us first assume that the morphism of I'- categories F' is a coherently commu-
tative monoidal equivalence. Any choice of a cofibrant replacement functor () for I'Cat
provides a commutative diagram

QX)X vy

b

The vertical maps in this diagram are acyclic fibrations in the model category of coherently
commutative monoidal categories which are strict equivalences of I'- categories. Applying
the functor £ to this commutative diagram we get the following commutative diagram in
Perm

T
F

QX)) E Q)
(X —>L(F) (Y

The functor £ is a left Quillen functor therefore it preserves weak equivalences between
cofibrant objects. This implies that the top horizontal arrow in the above diagram is a
weak equivalence in Perm. The above lemma 6.9 implies that the vertical maps in the
above diagram are weak equivalences in Perm. Now the two out of three property of
weak equivalences in model categories implies that £(F) is a weak equivalence in Perm.
Conversely, let us first assume that £(F) : £L(X) — L(Y) is a weak equivalence
between coherently commutative monoidal categories in Perm. The functor C preserves
equivalences in Perm, therefore the morphism KC(L(F)) : K(L(X))——K(L(Y)) is a strict
equivalence of I'- categories. Now we have the following commutative diagram

Lemma 6.9 implies that the two vertical arrows in the above diagram are strict equiva-
lences of I'- categories, therefore by the two-out-of-three property of model categories, F
is also a coherently commutative monoidal equivalence. Now we tackle the general case.
Let F: X —Y be a morphism of T'- categories such that £(F) is an equivalence of cate-
gories. By a choice of a functorial factorization functor we get the following commutative
diagram whose vertical arrows are acyclic cofibrations in the model category of coher-
ently commutative monoidal categories and R(X) and R(Y") are coherently commutative
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monoidal categories:

R(x) 20,

C(X)T TC(Y)

XTH/

Applying the functor £ to the above diagram we get the following commutative diagram
in Perm:

ROz (R(Y))

L(Y)

=
s

Since £ is a left Quillen functor therefore it preserves acyclic cofibrations. This implies
that the two vertical morphisms in the above diagram are equivalences of categories. By
assumption £(F) is an equivalence of categories therefore the two out of three property
implies that £(R(F)) is an equivalence of categories. The discussion earlier in this proof
regarding strict equivalence between coherently commutative monoidal categories implies
that R(F') is a strict equivalence of I'- categories. "

The lemmas proved in this section and the results of section 3 together imply the main
result of this paper which is the following:

6.18. THEOREM. The adjunction (L,K) is a Quillen equivalence.

PROOF. We observe that £(n) is a cofibrant permutative category for all n € N. Since the
permutative category £(n) is cofibrant for all n > 0 therefore it is easy to see (remark 3.2)
that the right adjoint functor K preserves fibrations and trivial fibrations in Perm and
therefore (£, K) is a Quillen adjunction. Let X be a cofibrant object in the model category
of coherently commutative monoidal categories and let C' be a permutative category. We
will show that a map F : £(X)— C is a coherently commutative monoidal equivalence
if and only if its adjunct map ¢(F) : X — KC is an equivalence of categories. Let us
first assume that F' is an equivalence in Perm. The adjunct map ¢(F’) is defined by the

following commutative diagram:

R(Z(x)" L R(C)
"T o(F)

X

The right adjoint functor K preserves weak equivalences therefore the top horizontal arrow
is a strict equivalence of I'- categories. The unit map 7 is a coherently commutative
monoidal equivalence by corollary 6.16. Now the 2 out of 3 property of model categories
implies that ¢(F') is also a coherently commutative monoidal equivalence.
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Conversely, let us assume that ¢(F') is a coherently commutative monoidal equivalence.
The 2 out of 3 property of model categories implies that top horizontal arrow in the above
commutative diagram, namely C(F) is a coherently commutative monoidal equivalence
and therefore a strict equivalence of I'- categories. Now Lemma 6.14 implies that the
strict symmetric monoidal functor F' is an equivalence of categories. m

Now we are ready to state the main result of this paper which is a corollary of the
above theorem:

6.19. COROLLARY. The adjunction (L,K) is a Quillen equivalence.

PROOF. Remark 6.7 gives a natural equivalence of permutative categories
To(idn, o(Joi)olI ) : £(n) S I, o PL(=) = I, 0 L(I7) = 11, 0 £(—) = L(—).

We observe that for all n € N T o (idp, o (Joi) o I7')(n) is a weak equivalence in Perm
between cofibrant (and fibrant) permutative categories.

We recall from remark 3.2 that the bifunctor [—, —]¢" is the Hom functor of the Cat-
model category Perm. This implies that for each n € N and each permutative category
C, the functor

[T 0 (idn, © (J 0 i) o I)(n), CIZ" « [L(n), Clg" — [L(n), CIE"

is an equivalence of categories. In other words the natural transformation

[T 0 (idn, © (J o i) o I7)(=), CIg" : [£(=), Clg" — [£(=), Cl"

is a strict equivalence if I'- categories. This morphism of I'- categories uniquely determines
a strict equivalence of - categories 7(C) : K(C) = K(C) for each permutative category
C. The family {n(C)}ccob@erm) glues together to define a natural equivalence n : K = K.
The natural equivalence 7 induces a natural isomorphism between the derived functors of
IC and K. Now the corollary follows from the above theorem 6.18. ]

A. The notion of a Bicycle

In the paper [Seg74], Segal described a functor from the category of all (small) symmet-
ric monoidal categories to the category of I'- category. The I'- category assigned by this
functor to a symmetric monoidal category was described by constructing a sequence of
(pointed) categories whose objects are a pair of families of objects and maps in the sym-
metric monoidal category satisfying some coherence conditions, see [Man10], [SS79] for a
complete definition. The objective of this section is to present a thicker version of Segal’s
pair of families as pseudo cones which satisfy some additional coherence conditions which
are usually associated to oplax symmetric monoidal functors. We begin by providing a
definition of a pseudo cone in the spirit of Segal’s families:
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A.1. DEFINITION. A pseudo cone from X to C' is a pair (¢, a), where ¢ = {d(n) }neobn)
is a family of functors ¢p(n) : X (n™) — C and a = {a(f)} remorn is a family of natural
1somorphisms

a(f) : ¢(n) = o(m) o X(f),

where f : n—m is a map in N which can also be regarded as an active map f : nt—m™
in T'°P. The pair (¢, «) is subject to the following conditions

1. In the family «, the natural isomorphism indexed by the identity morphism of an
object in N should be the identity natural transformation i.e.

afidy) = idg(w),
for all n € Ob(N).

2. For every pair (f :n—m,g: m—1) of composable arrows in N, the following
diagram commutes:

P(n)

% a(gof)

¢(m) o X(f) ¢(m) o X(go f)

a(g)oidx<f)

A.2. DEFINITION. A a strict cone (¢, ) from X to C is a pseudo cone such that all
natural isomorphisms in the family o are identity natural transformations.

Now we define a morphism between two pseudo cones from X to C, £; = (¢, ) and

Lo = (¢7ﬁ)

A.3. DEFINITION. A morphism of pseudo cones F' : L, — Ly consists of a family of
natural transformations F' = {F(n)}ncobw), having domain ¢(n) and codomain 1(n),
which s compatible with the families o and [ i.e. the following diagram commutes

6(n) L ()
Ot(f)ﬂ “B(f)
P(m) OX(f)mi/J(m) o X(f)

Let G : L3 — L3 = (v,d) be another morphism of pseudo cones from X to C,
then their composition is defined degreewise i.e. G o F' consists of the collection {(G(n) -
F(n))}neobv).- We observe that using the interchance law one gets the following equalities

(G(m) oidx(p)) - (F(m) oidx(s)) = (G(m) - F(m)) o (idx(y) - idx(y))
= (G(m) - F(m)) o idxy).-
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In other words the following diagram commutes

G(n)-F(n)

¢(n) — v(n)

¢(m) o X(f) s=rm=v(m) 0 X(f)

(G(m)-F(m))oidx (¢

Thus the composite of two morphisms of pseudo cones, as defined above, is a morphism
of pseudo cones. The associativity of vertical composition of natural transformations and
the interchange law of natural transformations one can prove the following proposition:

A.4. PROPOSITION. The composition of morphisms of pseudo cones as defined above is
strictly associative.

Thus we have defined a category. We denote this category of pseudo cones from X
to C' by PsCones(X, (). In this paper we will be mainly concerned with pseudo cones
having some additional structure which we describe next.

A.5. DEFINITION. A Pseudo Bicycle ® from X to C, denoted ® : X ~~ C, consists of a
triple ® = (L,0,7), where L = (¢, ar) is the underlying pseudo cone, 7 : ¢£(0) = A1)
is a natural transformation to the constant functor on the category X (07) taking value
le, and 0 = {o(k, 1)} kpcobnyxovw 5 a family of natural transformations

o(k,1) : o(k+1) = ¢(k) © ¢(L).
The functor ¢p(k)®¢(l) : X ((k+1)T)—C on the right is defined by the following composite

X (o x (67 k l _o—
X+ P25 x 0 < xS x 050

This triple is subject to the following conditions:

C.1 For any object x € X (m™), the map

o(m, 0)(x) : p(m £ 0)(z) — d(m)(2) @ ¢(0)(X(%")(2)) = (¢(m) © ¢(0))(z)
idgr(X (5 (x))

— @l

is required to be the inverse of the (right) unit isomorphism in C. The map 67 :
m*™ — 0" in the arrow above is the unique map in T'°P from m™ to the terminal
object. Similarly the map

60+ m) (@) 5 5(0) (X (57) () © ¢(m)(z) = (6(0) © ¢(m))()

(X (0 (@)gid
—  1le@dm)(x)

is the inverse of the (left) unit isomorphism in C'.
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C.2 For each pair of objects k,l € Ob(N'), we define a natural transformation Yo(k), o) :
d(k) © ¢(1) = ¢(1) © ¢(k) as follows:

. C . .
Vo) o) =7 © idgm)xp() © i x (g x5+

where Y° is the symmetry natural isomorphism of C. We require that each natural
transformation o(k, 1) in the collection o to satisfy the following symmetry condition

ok 1) — s o1+ b)

a(k,l)“ “o(l,k)

O(k) © ¢(1) 572 0(1) © ¢(k)

C.3 For any triple of objects k,l,m in N, the following diagram commutes

O((k 41 +m) —ZEE s 6(k + 1) © ¢(m)
U(k,ler)ﬂ
¢(k) © (L +m) o (k) Oidy(m)
idas(k)@"(lvm)ﬂ
B(E) © ($(1) © $(m)) s ($(k) © 6(1) © $(1m)

where the natural isomorphism cigw),e1),6(m) S defined by the following diagram
which, other than the bottom rectangle, is commutative:

X((k+ 1 +m)") — X ((k+1)*) x X(m*) — (X (k+) x X(I*)) x X (m")

P

2 X(ET) x X((I+m)™)

idx (X (™), X (655™))
X(ET) x (X(IM) x X(m™1)) —== (X (k) x X(I")) x X(m™)
B(k)x (p(1) x p(m)) l(¢(k)x¢(l))><¢(m)
Cx(CxQ) - (CxC)xC
—-®(-®-) = l(—®—)®—)
C C

where o is the associator of the symmetric monoidal category C, the arrow Fy =

(X (), X(67™) x id, the arrow Fy = (X(SFIH™), X (6EH+™)) and the arrow
Fy = (X(SFTH™), X (6714™)). We observe that the to and right vertical composite
arrows ate just the functor (¢p(k) © ¢(1)) © ¢(m) and the diagonal and left vertical
k) ©

arrow are just the functor ¢(k) ® (¢(1) © ¢p(m)).
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C.4 For each pair of maps f : k—p, g :l—>q in N, the following diagram should
commute
o(k.l)

ok +1) o(k) © o(1)
a(f+g)ﬂ “a(f)caa(g)
¢(p+q) o X(f+9) (9(p) o X(f)) © (¢(q) o X(9))

o(p.)oidx (f+g)
where a(f) © a(g) = id_g_ o (a(f) x alg)) o idx(r+g. We observe that (¢(p) ©
$(q) o X(f +g) = (o(p) 0 X(f)) © (¢(g) 0 X(g))-
Let ¥ : X ~» C be another bicycle which is composed of the pair (K, 9)

A.6. DEFINITION. A morphism of bicycles F' : ® — U is a morphism of pseudo cones
F: L— I which is compatible with the additional structure of the two bicycles, i.e. for

all pairs (k,1) € Ob(N) x Ob(N), the following diagram commutes

Bk + 1) =2 (ke + 1)

U(k,l)“ ﬂ/é(kyl)

¢(k) © ¢(l) Zm=r Y (k) © 9(1)

For any pair (k,l) € Ob(N) x Ob(N), the natural transformations F(k) and F(l)
determine another natural tranformation
F(k) x F() : ¢(k) x o(1) = ¢ (k) x (1)

which is defined on objects as follows:

(F(k) x F()(x,y) == (F(k)(x), F(F)(y)),
where (z,y) € Ob(X(kT)) x Ob(X(IT)). It is defined similarly on morphisms of the
product category X (k) x X (IT). The natural transformation F(k) ® F'(I) in the diagram
above is defined by the following composite

_®_
X((k+ 1)) —E X () x x(7) —220 oo Lo (32)
F(l)xF()||
p(k)x2h(l)

where L = (X (6;), X(6;)). Composition of morphisms of bicycles is done by treating
them as morphisms of pseudo cones. We will use the following lemma to show that the
composition of two composable morphisms of bicycles is always a morphism of bicycles.

A.7. LEMMA. Let F : ® — WV and G : V— T be two morphisms of bicycles, then for
all pairs (k,1) € Ob(N') x Ob(N)

(G(k) 0 GM) - (F(k) © F(I) = (G(k) - F(E) © (G(1) - (D).

PRrROOF. The proof of the above lemma follows from the interchange law of compositions
of natural transformations. ]
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A.8. COROLLARY. Let F': ®— WV and G : Y — T be two morphisms of bicycles, then
their composite G o F' is a morphism of bicycles.

PrROOF. We know that G o F' is a morphism of pseudo cones. All that we have to verify
that the following diagram commutes

G-F(k+1)

o(k+1) v(k+1)

a(k,l)ﬂ ﬂé(kvl)

¢(k) © o) ZForsara (k) @ v(l)

Since F and G are morphisms of bicycles, therefore the following equality always holds
3k, 1) - (G- F(k+1)) = (Gk) © G()) - (F(k) @ F(I))) - o (k, 1).
The lemma A.7 tells us that
(G(R) o GM) - (F(k) © F(I)) = (G(k) - F(k)) © (G(1) - F(I)).

Thus the above diagram commutes. [

A.9. PROPOSITION. The definition of the category of all pseudo bicycles from X to C
determines a bifunctor

Bikes™(—,—) : 'Cat®” x Perm — Cat.

A.10. DEFINITION. A strict bicycle (£, 0) is a bicycle such that L is a strict cone and
all natural transformations in the collection o are natural isomorphisms.

Strict bicycles from X to C' constitute a full subcategory of the category of pseudo bi-
cycles Bikes"* (X, C'), which we denote by Bikes®"(X, C'). The definition of the category
of all strict bicycles from X to C' is functorial in both variables.

A.11. PROPOSITION. The definition of the category of all pseudo bicycles from X to C
determines a bifunctor

Bikes®"(—, —) : TCat®” x Perm — Cat.

B. Bicycles as oplax sections

In this appendix we want to describe a (pseudo) bicycle as an oplax symmetric monoidal
functor from the category N'. We will construct a symmetric monoidal category (C’X )PS.
The objects of this category are all pairs (n,¢) where n € Ob(N) and ¢ : X(n*) — C
is a functor. A map from (n,¢) to (m,) in (CX)PS is a pair (f,n) where f :n—m
is a map in the category N and 7 : ¢(n) = ¥(m) o X(f) is a natural isomorphism. Let
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(g9,0) : (m,v) — (k,«) be another map in (CX)PS, then we define their composition as
follows:

(9,8) 0 (f,m) :==(go f,Bxn),

where %7 is the composite natural transformation (8o X (f))-»n in which ¢o X (f) is the
horizontal composition of the natural transformations ¢(g) and idx s and (80 X(f))-n
is the vertical composition of the two natural transformations. Using the interchange law
and the associativity of compositions one can show that the composition defined above is
associative.

B.1. PROPOSITION. The composition law for the category (C’X)PS, as defined above, 1is
strictly associative.

PrOOF. Let (f,n(f)) : (n,¢) to (m,v), (9,8(9)) : (m,¢) — (k,@) and (h,0(h)) :
(k,a) — (j,0) be three composable morphisms in (C’X)PS. We want to show that

((h,0) o (g,B) o (f,n=(h,0)0o((g,80(f )

In order to do so it would be sufficient to verify the associativity of the operation x, i.e,
to verify (0% 3) xn) =6 % (5 *n). The situation is depicted in the following diagram

X (n") ° C
In
+ +
Yidx (5 I8
+ + +
Vidx () Yidx (g 16
+ + + -+

We begin by considering the left hand side, namely

0 (Bxm) = (0 oidx oidx(y) - ((Boidx)) - n),

where - represents vertical composition of natural transformations which is an associative
operation. Therefore by rearranging we get

0 (B xn) = (0 cidx) oidx) - ((Boidxy)-n)
((0 oidx(g) oidx(y)) - (B oidx(s)) - n-

Now the interchange law says that the vertical composite ((0oidx g oidx(s))- (Boidx(s)))
is the same as ((0 o idx(g)) - ) o (idx(s) - idx(p))) - n which is the same as (0 % ) 7. =
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Thus we have defined the category (CX )Ps. Next we want to define a symmetric
monoidal structure on the category (C’X)PS. Let (n,¢) and (m,v) be two objects of
(C’X)Ps, we define

(n,0) ® (m, V) := (n+m, ¢ © V),

where the second component on the right is defined as the following composite

X (60T x X (5™
X(n+m™) " 2SO m) x x2S e x oo

Let (f,n) : (n,¢) — (k,0) and (g, ) : (m, ) — (I, @) be two maps in (CX)PS, then we
define
(f;m) @(g,8) = (f + 9,1 P),

where f+ g : n+m—k+ [ is the map determined by the symmetric monoidal structure
on N and the natural transformation n ® 3 is defined to be the following composite:

Z.d_(?_ @) (77 X 6) @) idX((52+m)XX(5ﬁL+m)'

In other words for any € X((n+m)*)
(n© B)(w) = n(X(6;") (@) ® (X (5,7) (),

where z € X((n + m)%). It is easy to see that this defines a natural transformation
between the functors
dOY: X((n+m)t)—C

and the following composite functor

X (67T x X (6%T™)

X((n+m)") NN X(nt) x X<m+)X(f)i>((g)

X (k) % X(I7)

_®_
Voo

We observe that for any two maps f : n——k and g : m — [ in the category N, the
following diagram

n—+m n—+m
X ((n +m)*) LOTDXOTT 004y X ()

X(f+g)l lX(f)XX(g)
X((k+ 1)) X (k+) x X (IF)

(X (6. X(67)

This shows that n ® § is a natural transformation between the functors ¢ ® ¢ and (¢ ®
) o X(f + g). A routine verification of axioms of a symmetric monoidal category gives
us the following proposition:



492 AMIT SHARMA

B.2. PROPOSITION. The category (CX)PS 15 a symmetric monoidal category.

PROOF. The unit object of (C’X)PS is the pair (0, ¢(0)), where ¢(0) : X(07) — C is the
constant functor assigning the value 1. We begin by verifying that the tensor product
defined above defines a bifunctor

S (O () ()

) o ((k0),(1¢) — ((m,9),(n,¢)) and ((p,6)(q,0))
— ((a, ¢(a)), (b, #(b))) be a pair of composable arrows in the prod-

)
)PS X ( )P We will show that

Let  ((f,n), (g,
(1, 6(m)), (1. 0)

uct category (C’

=

(po f,n(f)*d(p)) @ (gog,5(f) *0(p)) = ((p,d(p)) © (¢,0(q)) o ((f,n(f)) © (9, 5(9)))-

Throughout this proof we will refer to the following commutative diagram

X (881, x sk
X(f+9) X(f)xX(9) ~ () %B(9)

m-+n m—+n
X ((m 4 n) DX OTOR by X(nh) oy O % C

(m)xp(n)
X(p+q) X(p)xX(q) 50)x6(a)

X((a+b)+) X(CL+) XX<b+)W>CXC

(X (8270), X (6570))

Since the addition operation, +, is the symmetric monoidal structure on A, therefore
pof+qog=(p+q) o(f+g). We recall that

(po fin(f)*d(p) ®(qog,B(f)*0(p)) =(pof+qog,(n*xd)©(B*0)(pof+qgog)).

By definition, the natural transformation (n* ) ® (8 *0)(po f + q o g) is the following
composite:

id_g- o (((0(p) o idxip) - n(f)) x (((0(q) o idx(y) - B(f))) © idxsr+t)ux(gh+y)-

We observe that the above composite is the same as the following composite:

id_s— o ((6(p) x 0(g)) o (idx(p) % idx(g) = (n(f) x B(9)) © iy, xizmon,

The composite natural transformation ((p,d)® (¢,8))o ((f,n)® (g, B8(g))) is, by definition,
the same as (# ® 6 oidsiy) - (n© F). Unwinding definitions gives us the following equality

(0 ©d0idsy) - (n©B(f+9)) =
(id_@)_ s} (5 X 0) o) Z.d(X(5;'2+n),X(5:{l+") e} ldX f+g))
(id_g_o(nxf)o Zd X (a5, X(6k+l)))
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The above diagram tells us that (X (6m%"), X (6™t")) o X(f + g) = (X(f) x X(g)) o
(X (05, X (07 *1)). Now the interchange law of composition of natural transformations
gives the following equalities

(0 ©doidpy) - (n©B(f+9)) =
(id_®_ o ((5 X 9) o (idx(f) X idX(g)) o id(X(é’lj“),X(élkH))

id_g— o ((6 x 0) o (idx(p) X idx(g)) - (nx B))o id(X(6£+l)7X(§;c+l)).
]

We will refer to the category I'F (/\/, (CX)PS) as the category of elements of the
exponential from X to C.

B.3. PROPOSITION. The construction of the category of elements of the exponential de-

scribed above defines a bifunctor

(—_)Ps : 'Cat” x Perm — Perm. (33)

The category (CX )PS has an associated projection functor prys : (CX )PS — N which
projects the first coordinate. Now we are ready to define a bicycle

B.4. DEFINITION. A oplax symmetric monoidal section of (C’X)PS 15 a unital oplax sym-
metric monoidal functor ® : N — (C’X)PS such that pry o ® = idy. A morphism of
oplax symmetric monoidal sections of (CX )Ps 15 an oplax natural transformation between

two oplax symmetric monoidal section of (CX)PS.

We will denote the category of all oplax symmetric monoidal section of (CX )Ps by
ror (w7, (¢)").
B.5. PROPOSITION. The category of all oplax symmetric monoidal section of (CX)PS 18
tsomorphic to the category of all bicycles from X to C. We begin by defining I.

PROOF. We will define a pair of functors I : I'9F (N, (CX)PS> — Bikes™ (X, () and
J: BikesPS(X, C)—T0oL (N, (C’X)Ps> and show that they are inverses of one another.
For an object ® € Ob(I'%F (N, (CX)PS>) we define the bicycle I(®P) to be the pair (Lg, 0g)

where Lg is a pair (¢, ag) consisting of a collection of functors ¢ which is composed of a
functor ¢(n) : X(n) — C, for each n € Ob(N'), which is defined as follows:

o(n) = B(n).
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and a collection of natural transformations ag consisting of one natural transformation
ag(f) for each f € Mor(N), which is defined as follows:

ag(f) == ®(f).

Finally o4 is a collection consisting of a natural transformation o4 (k,[), for each pair of
objects (k,1) € Ob(N') x Ob(N') which is defined as follows:

U@(/f, l) = )\@(k’, l),

where A\g is the natural transformation providing the oplax structure to the functor F.
The pair £, = (¢, ag) is a normalized lax cone because ® is a functor from N to (C’X )Ps.
The conditions in the definition of a bicycle, namely C.1, C.2, C.3 follow from the oplax
structure on ®. Thus we have defined a bicycle I(®). A morphism F : & — O in
ror (./\/ , (C’X )Ps) determines a collection of natural transformations Cr consisting of a

natural transformation F'(n) for each n € Ob(N'). This collection defines a morphism of
bicycles because F' is an oplax symmetric monoidal functor.
Now we define the functor J. Let ¥ : X ~» (' be a bicycle from X to C' which is

represented by a pair (L, 0y) and whose underlying lax monoidal cone is given by a pair
Ly = (1, ay). We define a oplax symmetric monoidal section of (C’X )Ps, ®, as follows:

d(n) :=(n), and O(f) == ag(f).

This defines a functor ® which is given the oplax symmetric monoidal structure by a
natural transformation \g : ® o (— % —)= (- ® =)o (P x P) which is defines as

CX)PS
follows:
)\q;(k, l) = O'\p(]{], l)
]

Along the lines of the symmetric monoidal category (C’X ) Ps, we want to define another
symmetric monoidal category (C’E(X))PS for every pair (X,C) € Ob(I'?) x Ob(Perm).
The objects of (CS(X))PS are all pairs (17, (7)), where 17 € Ob(£) and ¢(77) : £(X)(17)—C

is a basepoint preserving functor. A map from (77, ¢(77)) to (1,1 (77)) in (CS(X))PS is a pair
(f,n(f)) where f: 7—m is a map in the category £ and n(f) : ¢(77) = (m) o £(X)(f)

—

is a natural transformation. Let (g,3(g)) : (m, () — (k, «(k)) be another map in
(O ))PS, then we define their composition as follows:

(9,8(9)) o (f;n(f)) = (go f,B(g) *n(f)),

where 3(g) * n(f) is the composite natural transformation (3(g) o idx(s)) - n(f) in which
#(g) oidx () is the horizontal composition of the natural transformations 3(g) and idx s
and (8(g) o X(f)) - n(f) is the vertical composition of the two natural transformations.
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Using the interchange law and the associativity of compositions, an argument similar
to B.1 can be written which proves that the composition defined above is associative.

The category (C’E(X ))Ps is a symmetric monoidal category with the symmetric monoidal
structure being an extension of the symmetric monoidal structure of (CX ) P Let (12, o(1))
and (m, ¥ (m)) be two objects of (CS(X))PS, we define

(7, ¢(7)) @ (i, () == (A0, ¢() [ 4 (m)),
where the second component on the right is defined as the following composite

e o) 5™ e (x) () x 2 ) A e « cﬁc (34)

)
where Ag(x)(n, m) is the map given by the pseudo-functor structure of £(X). Let (f,n(f)) :
(71, ¢(17)) — (’575(@) and (g, 8(g)) : (7, v¥()) — (L a(l)) be two maps in (CX))"

then we define
(f;n(f)) @ (g9,8(9)) == (fOg,n 1 B(fUyg)),

where fllg : nldm — k[l is the map determined by the symmetric monoidal structure
on £ and the natural transformation n [ 5(f0Og) is defined as follows

(nEB(f8g)) := (id—g-) o (n(f) x Blg)),

where 1(f) x 8(g) : ¢(7) x () = 0(k) x a(l) is the product of n(f) and B(f). An argu-

ment similar to Proposition B.2 shows that (C’S(X))Ps is a symmetric monoidal category

which is permutative if C'is permutative. We will refer to the category I'sl" (2, (CS(X )) Ps)

as the symmetric monoidal completion of the category of elements of the exponential from
X to C.

B.6. PROPOSITION. The symmetric monoidal completion of the category of elements of
the exponential described above defines a bifunctor

(—2(_))135 : 'Cat” x Perm — Perm. (35)

The category (C’Q(X))Ps has an associated projection functor prg : (C”:(X))PS —
which to projects the first coordinate.
B.7. DEFINITION. A strict symmetric monoidal section of (C’E(X))Ps 1S a strict symmetric
monoidal functor ® : N'— (C”Q(X))Ps such that prp o ® = ide. A morphism of strict
symmetric monoidal sections of (C’S(X ))Ps s a symmetric monoidal natural transformation
between two strict symmetric monoidal section of (C’X)PS

We will denote the (pointed) category of all strict symmetric monoidal sections of
(C’E(X))PS by 5" <£, (Cﬂ(x))Ps) There is an obvious inclusion functor Z : (C¥ )Ps
(O ))PS which is defined on objects as follows:

(2, ¢) = ((n), ¢((n))).
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B.8. PROPOSITION. The inclusion functor T : (C’X)PS — (C”Q(X))PS 1s a unital oplax
symmetric monoidal functor.

PRrROOF. Let (k, ¢(k)) and (I,4(1)) be two objects in the category (C’X)PS. Then

Z((k+1,0(k) © (1) = ((k +1), o(k) © (1))

There is a partition map py; : (k+ 1) — (k,l) in £ which makes the following diagram
commutative:

SX)((k + 1)) $(k)Ov(1) o
£(X) (pry w«m
L(X)((k,1))

This diagram implies that the partition map p; defines a map

(Prs, id) = ((k +1), o((k)) © $((1)))) — (&, 1), o((k)) B (1))

in (CE(X))PS. We denote this map by Az((k, ¢(k)), (I,1(1))). We observe that Z(0, ¢(0)) =
((),#(())). Thus Z strictly preserves the unit. Now we need to check the unit, symmetry
and associativity conditions, we begin by checking the symmetry condition. We observe
that the following diagram commutes

(k‘-i-lgbk? oY) ——— (l-i-kgbl)@?ﬂk)
Az((k l Az ((Le(h)

(( ) () B (1)) —= (L k), ¢((1)) B (( )))

(cx)™ (cee)™ . . :
because Vi) o) = VB SR (D)) © idg(x)(py)- This equality follows from the

following commutative diagram:

L(X) (k1) B((K)Ep((1)

LX)k +1)) L(X)((k, 1))

S(X)(Vﬁ,/l)l Q(X)('Y(%C) (l))l “G H

LX)+ 7))~ S (LK)

((D))BFP((k))

ce0)” - :
where (7(’3,@7(0,(}) = 7(((k),¢((12))),((l),w((l)))' A similar argument shows that the pair (Z, A7)

satisfies the associativity condition OL.3. Thus we have proved that Z is a unital oplax
symmetric monoidal functor. [
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B.9. THEOREM. For every pair (X,C) € Ob(I'Cat) x Ob(Perm), the category
ror (/\/, (C’X)PS> is isomorphic to the category T'y" (2, (C”:(X))Ps).
PROOF. We will define a functor E : I'OF <N, (C’X)PS> — Tl (2, (CQ(X))PS> which
is the inverse of the functor iy : I'&" (2, (CR(X))P‘;) — [OF </\/, (C’X)Ps>. Let @
be a oplax symmetric monoidal section of I'F (N , (CX )PS>, then composition with 7
gives us a unital oplax symmetric monoidal functor Zo ® : N'— I'{¥" (2, (C”Q(X))Ps>.
Now proposition 2.44 and the isomorphism of categories [N, & (S, (C’E(X))Ps>]gL o

[Tep, Tt (2,, (C£X) PS)] tells us that Zo® uniquely extends to a strict symmetric monoidal
functor £(Z o ®) along the inclusion map i : N'— £. Moreover this functor is a strict
symmetric monoidal section of (C*™* ))Ps. We define

E(®) :=£(Zo?).
The uniqueness of the extension implies that the object function of the functor E is a

bijection. A morphism F : ®——W¥ in 'OF <./\f , (C’X ) PS) can be seen as an oplax symmetric

monoidal functor F': N'— [I; (CX )PS], where [ is the category having two objects 0 and
1 and exactly one non-identity morphism 0 — 1, such that the following two diagrams
commute

NEE)] N
X‘ l[io;(cX)Ps] X‘ l[il;(CX)PS]
(CX)Ps (CX)PS

where ig : 0—— I and i¢; : 1 — I are the inclusion functors. We recall that the
codomain functor category inherits a strict symmetric monoidal (permutative) structure

from (CX )PS. We can compose this functor with the oplax symmetric monoidal functor
[1,Z] to obtain a composite functor

Ni) [ (CX)PS] H) [ (C’E(X))Ps]

This composite oplax symmetric monoidal functor extends uniquely to a strict symmetric
monoidal functor

L(;Z]o F): £—I; (C’S(X))PS]
along the inclusion map i : N'— £. This extended strict symmetric monoidal functor
can be seen as a morphism in the category T's" (2, (CS(X))PS>. We define

E(F):=£L([[;Z]o F).
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One can check that E(FoG) = E(F)o E(G). The uniqueness of the extension of [[;Z]o F
o £([I;Z] o F) implies that the functor F is fully faithful. Thus we have proved that the
functor E is an isomorphism of categories. [

C. The adjunction £ - K

In this Appendix we will establish an adjunction £ 4 KC, where £ : 'Cat — Perm is
the realization functor defined in section 6 and K : Perm — I'Cat is the functor which
is also defined in section 6. We will establish the desired adjunction in two steps. In the
first step we show that the mapping set Perm(£(X),C) is isomorphic to the set of all

strict symmetric monoidal sections from £ to (C”Q(X))Ps, namely Ob(I'%" (2, (C’E(X))Ps>).

Throughout this section X will denote a I'- category and C' will denote a permutative
category. In the second step we show that the Hom set I'Cat(X, K(C)) is isomorphic

to the set of oplax symmetric monoidal sections Ob(I'9* <N , (C’X )Ps>). We begin by

constructing a strict symmetric monoidal functor ¢ : £ — <Z(X ) For each

i € Ob(£) we will define a functor i(77) : £(X)(n*)— L(X). For an ¥ € Ob(L£(X)(n")),

we define
() (Z) := (1, 7).
For a morphism a : Z— ¢ in £(X)(n™"), we define
i(a) == (idgz, a),

where (idz,a) : (1, Z) — (7, ) is a morphism in £(X). For each morphism (h,¢) :
ni—m in £ we will define a natural transformation i((h, ¢) : i(7) = i(m) o £(X)((h, ¢)).
Let & € Ob(£(X)(n")), we define

( h,¢)) (@
where ((h, ¢), idex)((he) @) © (7, Z) — (7, £(X)((h, )(“)) is a morphism in £(X). It
is easy to see that for any morphism (h, ) : £— ¢ in £(X)(n") the following diagram
commutes

(7, ) s (1, £(X) (b, 6)) ()
(idﬁﬂ)l l(idm,S(X)((h@))(a))
(7. 7) = (7, 2. 0)) (7)
in the category £(X). Thus we have defined a natural transformation i((h, ¢)).
C.1. PROPOSITION. The collection of functors {i(1i)}zen glue together to define a strict
symmetric monoidal section of (Z(X)E(X))PS

PROOF. Clearly prg o i = ide. Further i(idm) = i(77) (D i(m). "
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. , , , o S0\ P 7y ) P
A strict symmetric monoidal section of <£(X ) ) L L— (E(X ) ) , and a
strict monoidal functor ¢ : £(X)— C determine another strict symmetric monoidal

: 2(x)) Ps —e(x)\ T . .
section of (C’ ) , namely (¢ o ¢. We want to show that 7 is a wuniversal
strict symmetric monoidal section i.e. for any strict symmetric monoidal section of ¢ :
£— (CE(X))PS, there exists a unique strict symmetric monoidal functor ¢ : L(X)—C.

. Ps
such that <¢£(X)> 01 = ¢.
C.2. LEMMA. The section i is a universal strict symmetric monoidal section.

PROOF. Let ¢ : £ — (CS(X))PS be a lax symmetric monoidal section. We begin by
- _ Ps
constructing a strict monoidal functor ¢ : £(X) — C such that (qﬁg(X)) oi=¢. On

objects of £(X), the functor ¢ is defined as follows:

o((71, 7)) = ¢(70)(7).

The morphism function of ¢ is defined as follows:

o(((h,¥),a)) = ¢(111) (a) © ¢((h, ¥))(Z).

One can easily check that ¢ is a functor.
Let (1, ¥) be another object in £(X), we consider

¢((7, ) e (112, 9)) = o(0m, A7, m) (7, §))) = ¢(Aln) (A7, 1)~ (7, 9))),

where (Z,7) is the concatenation of Z and ¢. Since ¢ is a symmetric monoidal functor,
therefore ¢(7idm) = ¢(i7) & ¢(n1). Now we observe that

S(AM) (7, 71) (7, 9))) = () B () (A7, 1)~ ((,7))) =
()(%) @ &(m)(§) = o(71, 7) ©

—

(17, 9).

<

where the second equality follows from (34). Thus the functor ¢ preserves the symmetric
monoidal product strictly. Finally, we would like to show that this functor is uniquely

defined. Let G : £L(X)——C be another a strict monoidal functor such that (GS(X))PSOZ' =
¢. Then for every object (77, Z) in £(X)

G((1,7)) = G 0 i(7)(T) = ¢(71)(Z) = (71, 7).
A similar argument for morphisms of L(X) shows that G agrees with ¢ on morphisms also.
Thus we have proved that ¢ is a universal normalized lax symmetric monoidal section. m
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C.3. NOTATION. As seen above we may compose a bicycle with a functor to obtain an-
other bicycle. More precisely, let F': L(X)—C' be a strict symmetric monoidal functor,
then we will denote by F o i the composite strict symmetric monoidal functor

_ o\ Do (e, (Fee0)’
g (s, (Z(X)2<X))P) @ (e(re00)”)

This composition defines a functor which we will denote by

rar (e (=)™,

i [L(X), Q) — 3 (2 (02<X>)PS) .

The above lemma and argument similar to the proof of theorem B.9 lead us to the
following corollary:

C.4. COROLLARY. The functori* : [L(X), )& —Tgr (2, (CQ(X))PS) is an isomorphism
of categories which is natural in both X and C.

The above corollary together with theorem B.9 and proposition B.5 provide us with
the following chain of isomorphisms of categories:

Bikes"(X, ) =% (W, (0)") =

Tt (2, (CS<X>)P5> LX), O (36)

Now we start the second step involved in establishing the adjunction £ 4 K. We want

_ Ps
to define an oplax symmetric monoidal functor € : N'— (C’C(C)> . In order to do so we

will define, for each n € Ob(N), a functor €(n) : K(C)(n*)—C. On objects this functor
is defined as follows:
€(n)(®) := &((idn+))

and on morphisms it is defined as follows:

e(n)(F) := F(n)((idn+)),

where F: ®— VU is a morphism in C(C). It is easy to see that the above definition pre-
serves composition and identity in (C)(n*). We recall that for each map f : n—m in N
we get a functor £(f) : £L(m™)——L(n") which maps an object (f1, fa, ..., fr) € Ob(L(m))
to (fiof,faof, ..., feo f) € Ob(L(n)). The functor K(C)(f) : K(C)(nt) — K(m*) is
defined by precomposition i.e. for each strict symmetric monoidal functor ® : £(n) —C,
K(C)(f)(®) := ® o L(f). For each morphism f : n— m we will define a natural trans-
formation e(f) : e(n) = e(m) o K(f). We recall that the identity map of n determines a
map can : (id,+) — (f) in the category L£(n) i.e. the following diagram commutes

Supp(id,+) = n —=%——n = Supp(f)

S

n
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For an object ® € K(n*) we define

e(f)(®) := P(can).

We observe that domain of ®(can) is €(n)(®) = ®((id,+)) and its codomain is

e(m)(K(C)(f)(®)) = K(C)(f)(®) (id+) = B((f))-

Let F' : ® — ¥ be a morphism in K(C)(n*t), then we have the following commutative
diagram
D((idy+)) — 2 () (37)
F(n)((id,,+ ))l lF(m)(f)
V((idn+)) — e Y()
where we observe that the map F'(n)((id,+)) is the same as €(n)(F') and the map F(m)(f)

is the same as (e(m) o K(C)(f))(F). Thus we have defined a natural transformations e( f)
for all f € Mor(N). For another morphism ¢ : m —k in the category A/ one can check

that e(g o f) = e(g) o e(f).

C.5. PROPOSITION. The functor € defined above is an oplax symmetric monoidal section
x\ Ps
of (C ) .
let X and Y be a I'- categories and C' be a permutative category. We will say that an

_ Ps
oplax symmetric monoidal section H : N — <C’£(X)> is co-universal if for any other

_ Ps
oplax symmetric monoidal section M : N — (C’L(Y)> there exists a unique morphism
of I'- categories F' : Y — X such that the following diagram commutes

N, (CZ(X)> "

N
(CL(Y))PS
In the above situation we get a bijection
Ob(P 9" (N, (CY)PS>) ~ Homroa (Y, X).

Ps
C.6. PROPOSITION. The oplax symmetric monoidal functor € : N'— (C”C(C)> defined

above 1s co-universal.
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D. Local objects in Cat-model categories

D.1. INTRODUCTION. A model category E is enriched over categories if the category F
is enriched(over Cat), tensored and cotensored, and the functor [—; —] : E?xE—Cat is
a Quillen functor of two variables, where Cat = (Cat, Fq) is the natural model structure
for categories. The purpose of this appendix is to introduce the notion of local object
with respect to a map in a model category enriched over categories.

D.2. PRELIMINARIES. Recall that a Quillen model structure on a category E is deter-
mined by its class of cofibrations together with its class of fibrant objects. For examples,
the category of simplicial sets sSets = [A%, Set] admits two model structures in which
the cofibrations are the monomorphisms: the fibrant objects are the Kan complexes in
one, and they are the quasi-categories in the other. We call the former the model struc-
ture for Kan complexes and the latter the model structure for quasi-categories. We shall
denote them respectively by (sSets, Kan) and (sSets, QCat). In this appendix we con-
sider categories enriched over Cat. If £ = (FE,[—; —]) is a category enriched over Cat,
then so is the category CatFunc(E; Cat) of enriched functors F — Cat. An enriched
functor F':E—— Cat isomorphic to the enriched functor [A, —] : E— Cat is said to be
representable. The enriched functor F' is said to be represented by A. We say that an
enriched (over Cat) category E = (E,[—, —]) is tensored by I, where I is the category
with two objects and one non-identity arrow, if the enriched functor

I,[A,—]] : E—Cat

is representable (by an object denoted I ® A) for every object A € E. Dually, we say that
an enriched category E is cotensored by I if the enriched functor

1I,[—, X]] : E? — Cat

is representable (by an object denoted X! or [I, X]) for every object X € E.

D.3. DEFINITION. We shall say that a model category E is enriched over categories if
the category E is enriched over Cat, tensored and cotensored over I and the functor
[—,—] : E? x E— Cat is a Quillen functor of two variables, where Cat = (Cat, Eq)
i.e. Cat is endowed with the natural model category structure.

D.4. NoTATION. We will denote the homotopy mapping spaces or the function complexes
of a model category M, see [DK80b], [Hov99], [Hir02], by Maph,(a,b), for each pair of
objects a,b € M.

D.5. FUNCTION SPACES FOR CATEGORIES. If C' is a category, we shall denote by J(C')
the sub-category of invertible arrows in C. The sub-category J(C) is the largest sub-
groupoid of C'. More generally, if X is a quasi-category, we shall denote by J(X) the
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largest sub- Kan complex of X. By construction, we have a pullback square

J(X) X
| |
NJ(r(X)) ————— N7 (X)

where 71 (X) is the fundamental category of X and h is the canonical map. The function
space X4 is a quasi-category for any simplicial set A. We shall denote by X4 the full
sub-simplicial set of X4 whose vertices are the maps A — X that factor through the
inclusion J(X) C X. The simplicial set X (1) is a path-space for X. We recall that
71(X) = ho(X).

D.6. LEMMA. If C is a category, then the simplicial object N(J(C)) = J(N(C)), where
N : Cat — sSets is the nerve functor. Further this isomorphism is natural in C, i.e.
there is a natural isomorphism between the two composite functors NJ = JN.

PRrOOF. We recall that the Kan complex J(N(C)) is defined by the following pullback
square:

J(N(C)) N(C)

NJ(C) = N(J (1 (N(C)))) —————= N(n(N(C))) = N(C)

Since the above commutative diagram is a pullback diagram in which the right vertical
arrow is the identity therefore we have the isomorphism J(N(C')) = NJ(C). The second
statement follows from the functorality of pullbacks. ]

The category Cat can be enriched over simplicial sets by defining
Mapga:(C, D) == N([C, D]).

Thus making Cat a simplicial category. The adjunction 7; : sSets = Cat : N makes
Cat a (sSets, QCat)-model category, see [Joy08, Prop. 6.14]. In other words the functor
N([—;—]) : Cat” x Cat — sSets is a Quillen functor of two variables with respect to
the natural model category structure on Cat and the Joyal model category structure on
sSets. We recall from [Sha, Appendix B.3] the mapping space:

Mapgae(C, D) = J(Mapea,(C, D)) = J(N(C, DI)) (38)

D.7. LOCAL OBJECTS. Let ¥ be a set of maps in a model category E. An object X €
is said to be Y-local if the map

Maply(u, X) : Mapl(A', X) — Mapl,(A, X)

is a homotopy equivalence for every map u : A— A" in X. Notice that if an object
X is weakly equivalent to a X-local object, then X is Y-local. If the model category
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E is simplicial (=enriched over Kan complexes) and ¥ is a set of maps between cofi-
brant objects, then a fibrant object X € FE is ¥-local iff the map Mapyges(u, X) :
Mapggers (A’ X)— Mapygers (A, X) is a homotopy equivalence for every map u : A— A’
in 3, where Mapegers(—, —) @ E? x E — sSets is the mapping space functor provid-
ing the simplicial enrichment of the category E. Now the argument used to prove [Sha,
Lemma B.6] adapted to the present setting proves the following lemma:

D.8. LEMMA. Let E be a model category enriched over categories. If u : A— B is a
map between cofibrant objects, then the following conditions on a fibrant object X € E are
equivalent

1. the map [u, X| : [B, X]|—[A, X] is an equivalence of categories;

2. the object X s local with respect to the pair of maps {u,I ® u}, where I @ u :
I®A—I®B.

E. From oplax to symmetric monoidal functors

Throughout this paper we have been using a universal characteristic property of the
permutative category £ namely any oplax symmetric monoidal functor F : N'— M,
where M is a permutative category extends uniquely to a symmetric monoidal functor
L(F) : £— M. The objective of this section is to provide a proof of this universal
property. We begin by understanding the Leinster’s category £ abstractly.

The forgetful functor U : Perm — Cat has a left adjoint S : Cat — Perm which
associates to a category C' the permutative category S(C') freely generated by C [GJ08,
Sec. 3.1]. This permutative category is defined as the following coproduct:

S(C) = | | (),

where S™(C) is the symmetric n-power of C. We observe that the nth symmetric group
Y, acts naturally on C™ with the right action defined by

X0 = (93'0.(1), To(2)y .- 7$U(n))7

for 7 := (z1,22,...,2,) € C" and o € 3,,. If we apply the Grothendieck construction to
this right action, we obtain the symmetric n-power of C|

SC) = zn/cn,

Explicitly, an object of S™(C) is a finite sequence T = (1,2, ..., x,) of objects of C, and
the hom set between T and ¥ is defined as follows:

SUOVE T = | | Cla1,he) X Cla2,Yo() X+ X Cl&n, Yo(m)).

o€



SYMMETRIC MONOIDAL CATEGORIES AND I'-CATEGORIES 505

The tensor product on S(C') is defined by concatenation and the symmetry natural iso-
morphism is given by the shuffle permutation. The unit of S(C') is the empty sequence.
There is an inclusion functor

e : C—S(0)

which takes an object ¢ € Ob(C) to the one element sequence (¢) € S(C). This functor
exhibits S(C') as the free permutative category generated by C. More precisely, for every
permutative category A, the restriction functor

5 : Perm(S(C), A) — Cat(C, A)
is a bijection. We observe that the object set of the category £ is the following:
Ob(L) = Ob(S(N)).

Let P be a permutative category. For each pair of functors Fy, Fy : P — Sets one
can define another functor which is denoted by Fi x F, : P —— Sets and is called the
convolution product of Fy with F» as follows:

keN pleP
Fy % Fy(m) := / / Fi(k) x F3(l) x P(k®1,m).
P
The above construction defines a bifunctor
— % — : [P; Sets| x [P; Sets| — [P; Sets].

This bifunctor endows the functor category [P;Sets] with a monoidal structure whose
unit object is the functor P(0, —) : P— Sets. See [Day73], [Day70],[IK86].

The adjunction (S,U) discussed above has a counit map i.e. for each permutative
category P there is a symmetric monoidal functor ep : S(P)— P. This counit functor
provides us with the following composite functor

*

P [PP; Sets] N [S(P); Sets|

where Y is the Yoneda’s embedding functor. We denote this composite functor by pp :
P—[S(P)”; Sets]. For each m € Ob(P) we get a functor pp(m) : S(P)” —Sets which
is defined as follows:

pp(m)((ki, ks, ... k) = P(ep(k);m) = P(k @k @ @ kyim)

where k = (ky, ks, ..., k,) is an object of the permutative category S(P). For another
object I = (Iy,13,...,l5) in S(P) we define:

Pe(=,1) := pp(l)xpp(la)*- - pp(ly) = P(ep(=); ) xPlen (=) lo)*- - -+ P(ep(=)i s). (39)
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—

In other words the mapping set Pe(k,f) is the following coend:

a1€5(P) as€S(P) -
[ [ Plent@t) < x Plen@it) x S(PIFias  @ ® - @ a)
sp)  sp)  S(P)
The above iterated coend has a simple description: A map in the mapping set PE(IZ, f)
can be described as an (s + 1)-tuple (f1, fa,..., fs;h), where [[| = s, h: r— s is a map

inNand fi: ® k;j—1l;isamapin P for all 1 <i < s. These formulas for mapping
JERT1(9)
spaces for P¢ could possibly be deduced from results in [MW15].

E.1. LEMMA. The collection of mapping sets {P¢(k,1) : k,I € Ob(S(P))} glue together
to define a permutative category P¢ whose object set is the same as that of S(P).

PrROOF. We begin the proof by defining composition in the category P¢. Let

(flaf?a"'?fs;h) : E—>l_;(917927"'7gt;Q):f—>m: (mlv"'amt)

be two maps in P¢. We define their composite to be a map (cy,ca,...,¢5q0h) : k—sm
where the arrow v; is defined as follows:
Q@ fj
can j€a—1()
® k— ® ® ky, — ® lij—m;
z€qoh~1(4) J€q1 (1) weh=1(j) j€q1(i)

for 1 < i < t. The isomorphism can in the above diagram is the unique isomorphism
provided by the coherence theorem for symmetric monoidal categories between words of
the same length. The associativity of this composition follows from the coherence theorem
for symmetric monoidal categories and the associativity of composition in the permutative
category P. The permutative structure is given by concatenation.

]

E.2. REMARK. The permutative category £ is isomorphic to the permutative category

().

As above, let k and [ be two objects of P° having lengths |k| = 7 and |I] = s respec-
tively. We define a function

s

/\E:f: Pe(E’ f) —>P<é1kl’ ®1l1)
1= ]:
as follows: .
)\E,f((flaf27"'7fs;h)) :(® X fj)ocan

i=1j€h=1(i)

E.3. LEMMA. The collection of functions {A;; ke Ob(P)} glue together to define a
strict symmetric monoidal functor

Ap: PP— P (40)

whose objects function maps an object k = (k1,kay oo yky) to ki @ ko ® -+ - @k, in Ob(P).
P P P
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PROOF. We have to check that the function defined above respects composition in the cat-
egory Pe. Let (fla f27 ) f57 h) tk— 1l and (91792, s agt;Q) Hl—m = (mme- cee 7mt)
be two composable arrows in the category P¢. We will show the following equality:

)\lq,'rﬁ((fla f27 e fS; h)) © /\]}'7[((91,927 cee agt;q)) =
)\E,m«ghg?’ cee Jgt7q> © (fl; f27 ERI fsa h)) (41>

This is equivalent to showing that the following diagram commutes:

t
® ® k= Rk
1=1 zeqoh=1(i) {

canl Jcan
t

B ® @ ® ke ® © k
i1 jeq-1(3) weh-1(7) =1 jen-1()

ie-

t K]

® ® f ® ® f

i=ljcq—1(s) ]l i=ljen=1(:)
t s
® Q it ®l
i=1 jeq1(i) =1

X gi
j€a—13) J \ can

t t

QMmi+———— R @

i=1 ® 9 i=1jeq-1(i)
j€a=1(i) Jeq

The composite of the top left arrow and the three left vertical arrows is the same as
Ao ((f1y for ooy fsi ) oAz /(915 92, - - -5 915 ¢)) and the composite of the right three vertical
arrows and the bottom horizontal arrows is M (91,92, 9i59) 0 (fa, fo, -, fsi h)). The
bottom square is obviously commutative because both composite arrows are composites of
the same two arrows. The top rectangle is made up of canonical isomorphisms provided by
the coherence theorem for symmetric monoidal categories. Now the commutativity of the
top rectangle follows from [JS93, Corollary 1.6] which implies that any diagram made of
canonical coherence maps commutes. The commutativity of the middle rectangle follows
from the naturality of the canonical isomorphisms provided by the coherence theorem for
symmetric monoidal categories.

]

We recall that the bifunctor — ® — : P x P— P providing the permutative structure
of a permutative category P extends uniquely to a functor

_®— :]f[})-——+11
1=1

for all » € N. Similarly any natural transformation n: (—® —)o (F x F) = Fo(—® —)
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extends uniquely to a natural transformation 7, as shown in the diagram below:

E.4. NoTATION. We will refer to the functor — é) — as the r-fold extension of the per-
mutative structure of P and refer to n, as the r-fold extension of n.

Any lax symmetric monoidal functor (F, u,n) : P— D determines a strict symmetric
monoidal functor
Fe:. P°— D* (42)
The object function of F° is defined as follows:
k= (ki ko, ... k) (F(kr), F(ko), ..., F(k)).
Given another object I = (l1,...,1,) in P we define a map
Fyp: Pk, 1) — D*(F(k), F(I))

as follows:
(f17f27 e >f87h) = (g17g27 -y s; h>7
where the map ¢, : ® F(k;) — F(l;) is the following composite:
JjeR=1(3)

© Fk)“5F( © k)-HEa),
jeh=1(i) jer=1(i)
where 7; = h™!(). An application of the coherence theorem for symmetric monoidal
categories shows that F¢ is a functor and it is easy to see that it preserves the permutative
structure.

The next theorem is about the universality of the above construction. The existence
part of the unique symmetric monoidal functor mentioned in the theorem below follows
from [BKP89, Thm. 3.13] which is a statement about algebras over 2-monads. We will
provide a direct proof here.

E.5. THEOREM. The symmetric lax monoidal inclusion functor v : P— P¢ is universal:
for any symmetric permutative category D and a symmetric lax monoidal functor ¢ :
P —— D there ezists a unique strict symmetric monotidal functor ¢ : P* — D such that
You=¢:

P—— p¢

N

D
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PrRoOOF. We define the functor ¢ : P—— D to be the following composite:
P pe i p

The uniqueness of this functor is an easy consequence of the symmetric monoidal structure
on the permutative category P¢ and the strict symmetric monoidal nature of the functor
.

An oplax symmetric monoidal functor F' : P — D uniquely determines a Lax sym-
metric monoidal functor between the opposite categories namely F°P : PP — D°P. This
duality provides us with the following corollary:

E.6. COROLLARY. Let P be a strict symmetric monoidal category, then there exists an-
other strict symmetric monoidal category P, which is equipped with an inclusion functor
L 1 P— P, which is universal: For any strict symmetric monoidal category D and an
oplax symmetric monoidal functor F' : P —— D there exists a unique strict symmetric
monoidal functor ¢ : P,— D such that ¢ o1 = F i.e. the following diagram commutes:

P—>P

Nk

D

The strict symmetric monoidal category P, is isomorphic to ((P°P)¢)°P.
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