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DENDROIDAL SETS AND SIMPLICIAL OPERADS

DENIS-CHARLES CISINSKI AND IEKE MOERDIJK

ABSTRACT. We establish a Quillen equivalence relating the homotopy theory
of Segal operads and the homotopy theory of simplicial operads, from which
we deduce that the homotopy coherent nerve functor is a right Quillen equiv-
alence from the model category of simplicial operads to the model category
structure for oco-operads on the category of dendroidal sets. By slicing over the
monoidal unit, this also gives the Quillen equivalence between Segal categories
and simplicial categories proved by J. Bergner, as well as the Quillen equiv-
alence between quasi-categories and simplicial categories proved by A. Joyal
and J. Lurie. We also explain how this theory applies to the usual notion of
operad (i.e. with a single colour) in the category of spaces.

INTRODUCTION

This paper is the last in a series of three, whose main goal is to establish a
homotopy theoretic equivalence between simplicial operads and dendroidal sets.
When we talk about operads in this paper, we will generally mean coloured operads,
i.e. operads controlling algebraic structures in which there are elements of different
“types”, such as the structure consisting of a ring together with a module over it,
or the structure of an (enriched) category given by the various hom sets, for which
the types are given by pairs of objects, the domain and the codomain. The more
classical uncoloured (“monochromatic”) operads are included as those coloured
operads in which there is only one colour. The category dSet of dendroidal sets
is an extension of the category sSet of simplicial sets. It is related by a nerve
functor to the category Operad of operads in exactly the same way as the category
of simplicial sets is related to the category (Cat of small categories. In fact, there
is a special dendroidal set 7, related to the trivial operad, which we also denote 7,
for which there are canonical isomorphisms of categories

ey dSet /n = sSet

(1) Operad /n = Cat ,
while the corresponding forgetful functors
iy sSet — dSet and  ji : Cat — Operad

are fully faithful embeddings.
The dendroidal nerve functor Ny extends the classical nerve functor N in the
sense that the diagram

Operad Na dSet

N
Cat —— sSet
1
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commutes. In [CM11], we proved that the category of dendroidal sets carries a left
proper Quillen model structure, which under the identification (I) induces the Joyal
model structure on sSet. In the Joyal model category structure, the fibrant objects
are the co-categories, also known as quasi-categories; see [Joy02, Lur09]. The fibrant
objects in the model structure on dendroidal sets are similarly referred to as co-
operads. In fact, there is a bit more structure around: there is a symmetric closed
monoidal structure on dSet, reminiscent of the Boardman-Vogt tensor product of
operads [BV73], and compatible with this Quillen structure in the precise sense
that it makes dSet into a monoidal model category. It turns out (see Theorem
1.14) that the category sOper of simplicial coloured operads also carries a Quillen
model structure, which, under the simplicially enriched version of the identification
(IT) relating simplicial operads and simplicial categories, induces the Bergner model
structure [Ber(O7a] on the category sCat of simplicial categories. The main result of
this paper, already announced in [CM11], can then be stated as follows:

Theorem 8.15. There is a Quillen equivalence
W, : dSet = sOper : heN g
between dendroidal sets and simplicial operads.

The right Quillen functor heN 4 is a homotopy coherent version of the dendroidal
nerve functor, and its left adjoint W) is closely related to the Boardman-Vogt res-
olution of operads [BV73, BM06, BM07]. In fact, the counit of the adjunction

WiheN o(P) —s P

is essentially the Boardman-Vogt resolution of P. On the other hand, for a cofibrant
and fibrant dendroidal set X, the unit X — heNgWi(X) can be viewed as a
strictification, or rectification, of the co-operad X by a “strict” operad Wi(X). The
force of this theorem is illustrated by the fact that, by considering the corresponding
slice categories over 7, it immediately implies one of the cornerstone facts in the
theory of oo-categories, proved by Joyal and Lurie [Lur09]:

Corollary 8.16. There is a Quillen equivalence
W, : sSet = sCat : heN
between simplicial sets and simplicial categories.

Recall that a reduced simplical set is one with a unique vertex. There is an
analogous notion of reduced dendroidal set, and our theorem will also be seen to
imply a similar equivalence between classical (monochromatic) simplicial operads
and a related Quillen model category structure on these reduced dendroidal sets:

Proposition 9.5. The category of reduced dendroidal sets carries an induced model
structure which is Quillen equivalent to the category of (uncoloured) simplicial op-
erads (with the model structure of [BMO06]).

The category of dendroidal sets is a category of presheaves of sets. In our earlier
paper [CM], we studied the related category of presheaves of simplicial sets: this is
the category of dendroidal spaces, identical to the category of simplicial objects in
dSet, and denoted sdSet. It contains as a full subcategory the category of preoperads
— those dendroidal spaces whose space of vertices (or objects, or colours) is discrete.
In [CM], we proved that the category of dendroidal spaces carries a Rezk style
Quillen model structure whose fibrant objects are referred to as dendroidal complete
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Segal spaces. We established a Quillen equivalence between the original model
category of dendroidal sets and this model category of dendroidal complete Segal
spaces. We also proved that this model category restricts to a Quillen equivalent
model category structure on the category PreOper of preoperads. Thus, together
with the main theorem in this paper, we obtain a square of Quillen equivalent model
categories

‘PreOper e sOper

() i iN

sdSet <——— dSet

in which Ny is the simplicial enrichment of the dendroidal nerve functor, while ~*
and ¢ are the inclusion functors.

The way we prove our theorem is based on these earlier results, and proceeds
as follows: We prove that the functors W), and hcN, of the main theorem form
a Quillen pair (Prop. 4.9), and we prove that the square (%) is commutative in
a homotopy theoretic sense, even though the top horizontal functor is not a right
Quillen functor (although it does preserve weak equivalences). Thus, using the fact,
from our earlier paper [CM], that the inclusion functors relating dSet, sdSet and
PreOper are left Quillen equivalences, we see that, to prove that W, and hcN g4 form
a Quillen equivalence, it is in fact enough to prove that the adjunction between
preoperads and simplicial operads is a Quillen equivalence. In order to do this, we
change the model structure on PreOper used in [CM] into a “tame” model structure,
with the same weak equivalences but considerably fewer cofibrant objects (Section
7). With fewer cofibrant objects to deal with, it is possible to show that the functor
Ny on top of diagram (x) is a right Quillen equivalence (Theorem 8.4). This last
argument is based on a fundamental property of the nerve functor, stating that it
preserves certain pushouts “up to an inner anodyne extension” (in particular, up
to a trivial cofibration); see Prop. 3.6. This fundamental property also implies
that X-cofibrant operads behave like cofibrant operads with respect to homotopy
pushouts (Theorem 8.7). An immediate consequence (Cor. 8.10) is that the model
category structure on the category of simplicial categories is in fact left proper,
a special feature which doesn’t seem to have been observed before. In the same
spirit, we see that any reasonable model of the operad F., defines a proper model
category which is Quillen equivalent to the model category of simplicial operads
(Cor. 8.11).

The plan of this paper, then, is as follows: In the first section, we give a detailed
proof of the existence of a closed model structure on the category of simplicial
operads. We have known this model structure for quite a while, and in fact al-
ready announced it in our first paper [CM11]. In the meantime, it has been proved
and used independently by M. Robertson [Rob]. The second section reviews ba-
sic definitions and facts concerning dendroidal sets; the reader can find detailed
treatments in the references [MW07, MW09, CM11]. In section 3, we prove the
fundamental property, already mentioned, that the dendroidal nerve functor from
operads to dendroidal sets preserves certain pushouts up to homotopy. In Section 4,
we take up the construction of a generalized Boardman-Vogt resolution of operads
from [BM06, BM07], and use it to construct the Quillen pair featuring in our main
theorem. Section 5 is essentially a review of those definitions and facts needed in



4 D.-C. CISINSKI AND I. MOERDIJK

this paper about dendroidal complete Segal spaces and about preoperads. In Sec-
tion 6, we examine weak equivalences between preoperads which satisfy some Segal
type fibrancy conditions. In Section 7, we explain how to modify the model struc-
ture on preoperads, in such a way that the nerve functor from simplicial operads
to preoperads becomes right Quillen, while the homotopy category of preoperads
doesn’t change. In Section 8, we collect all the results together, and deduce our
main theorem and some of its variations and consequences. Finally, Section 9 deals
with the reduced case mentioned above.

1. THE HOMOTOPY THEORY OF SIMPLICIAL OPERADS

1.1. Let us denote by Operad the category of coloured operads (=symmetric mul-
ticategories) in the category of sets. The objects of Operad will be simply called
operads.

A morphism of operads u : P — @ is said to be fully faithful if, for any integer
n > 0, and for any (n + 1)-tuple of objects (z1,...,2,,z) of P, the map

P(xy,...,xn;2) — Qu(xy), ..., u(z,); u(x))

is bijective. A morphism of operads v : P — @Q is essentially surjective if, for any
object y in @, there exists an object z in P as well as an isomorphism u(z) ~ y in
Q. A morphism of operads u : P — @ is an isofibration if, for any isomorphism
b:y — ¢ in @ and for any object x in P such that u(z) = y, there exists an
isomorphism a : # — 2’ in P such that u(a) = b (and u(z’) = y').

We recall the following basic result, stated in [MWO07] (a full proof can be found
in [Wei07]).

Theorem 1.2. The category of operads is endowed with a proper cofibrantly gen-
erated model category structure defined as follows. The weak equivalences are the
morphisms of operads which are fully faithful and essentially surjective, the cofibra-
tions are the morphisms which are injective on objects, while the fibrations are the
isofibrations.

1.3. Now, consider the category sOper of simplicial operads (i.e. of coloured operads
enriched in simplicial sets).
There is an adjunction

(1.3.1) 7o : sOper = Operad : 1

where the right adjoint ¢ sends an operad P to itself, while the left adjoint my sends
a simplicial operad P to the operad mo(P) defined by Obmo(P) = Ob P, while,
for any integer n > 0 and any (n + 1)-tuple of objects, mo(P)(x1,...,2n;x) is the
set mo(P(z1,...,2Tn;x)) of connected components of the simplicial set of operations
P(x1,...,2n;2). We will have to consider the following kinds of morphisms of
simplicial operads.

Definition 1.4. A morphism of simplicial operads u : P — Q is said to be fully
faithul if, for any integer n > 0 and for any (n + 1)-tuple of objects (z1, ..., %y, )
of P, the map

P(xy,...,zn;2) — Qu(xy), ..., u(zy);u(x))

is a weak equivalence (in the sense of the usual Quillen model structure on the
category of simplicial sets). A morphism of simplicial operads u :  — Q is said
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to be essentially surjective if the associated morphism of operads mo(u) : mo(P) —
mo(Q) is essentially surjective.

A morphism of simplicial operads v : P — Q is a local fibration (a local trivial
fibration) if, for any non-negative integer n and for any (n + 1)-tuple of objects
(x1,...,Zn,x) of P, the map

P(x1,.. .y 2n;2) — Qu(x1), ..., u(xy); u(x))

is a Kan fibration (a trivial fibration, respectively). A morphism of simplicial
operads u : P — Q. is an isofibration if it is a local fibration and if the induced
map of operads mo(u) : mo(P) — mp(Q) is an isofibration in the sense of 1.1.

A simplicial operad P is fibrant if the morphism from P to the terminal operad
is a local fibration (or, equivalenly, an isofibration).

1.5. Let C be a set. We denote by sOper ., the category of simplicial operads with
C as a fixed set of objects: the objects of sOper  are the simplicial operads P
such that Ob ® = C, and the morphisms of sOper , are the morphisms of simplicial
operads P — Q for which the induced map C' = Ob?P — ObQ = C is the
identity. Note that any morphism of sOper ., is in particular essentially surjective.

Remark 1.6. For any simplicial operad P, there is a functorial map
(1.6.1) P — Ez™(P)

which is fully faithful and the identity on objects, while Ez°°(?P) is fibrant: we
define Ez°°(P) by Ob Ex*(P) = Ob P on objects, while, for any (n + 1)-tuple of
objects (z1,...,z,,z) of P, we take

(1.6.2) Ez®(P)(x1,...,2n;2) = Bz (P(x1,...,20;2)),

where, one the right hand side, we apply Kan’s Fz> functor to the space of oper-
ations of . This defines a simplicial operad because Kan’s Fz>° functor preserves
finite products. In fact, more generally, this functor preserves finite limits as well
as filtered colimits, so that the functor P — Ex°°(P) has the same properties.
Moreover, Kan’s Fz® functor preserves Kan fibrations, so that the induced func-
tor on simplicial operads preserves local fibrations as well as isofibrations (for the
latter property, note that 7o(P) ~ mo(Ez>(P))).

Theorem 1.7. The category sOper ., is endowed with a right proper cofibrantly gen-
erated model category structure whose weak equivalences (fibrations) are the mor-
phisms of sOper ., which are fully faithful (which are local fibrations, respectively).

Proof. As recalled in the preceding remark, the usual Quillen model category struc-
ture on the category of simplicial sets has a finite limit preserving fibrant replace-
ment functor provided by Kan’s Ez® functor. Moreover the canonical interval
A[l] is naturally endowed with a structure of cocommutative co-unital comonoid
(the comultiplication is the diagonal A[1] — A[1] x A[1], while the co-unit is the
unique map A[l] — AJ[0]), so that the existence of this model category structure
on the category sOper , follows straight away from [BMO07, Theorem 2.1]. The right
properness easily follows from the analogous property in the usual model category
of simplicial sets. (I

Remark 1.8. A morphism in sOper . is a trivial fibration if and only if it is a local
trivial fibration in the sense of 1.4.
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Remark 1.9. The model structure of Theorem 1.7 can be constructed by more
elementary means: the category sOper , is the category of simplicial objects in the
category Operad o of operads with fixed set of object C, and one can check that
A = Operad o satisfies the hypotheses of [Qui67, Chapter II, Section 4, Theorem 4].

1.10. Consider two sets C' and D as well as a map f : C' — D. This map induces
an adjunction

(1.10.1) fi: sOper ., = sOper , : f*

in which the right adjoint sends a simplicial operad P with set of objects D to the
simplicial operad f*P with set of objects C defined by the formula

(1.10.2) " P(cr,... en;0) = P(f(er), ..., flen); flc)

for any integer n > 0 and any (n + 1)-tuple (c1,...,cpn,c) in C™FL
The following statement is then obvious.

Proposition 1.11. The adjunction (1.10.1) is a Quillen pair with respect to the
model category structures of Theorem 1.7. Moreover, the functor f* preserves weak
equivalences.

Remark 1.12. Consider an arbitrary morphism of simplicial operads u : P — Q.
If, with a slight abuse of notation, we still denote by u : Ob? — Ob Q, the
associated map on objects, we obtain a natural factorization of the morphism of
simplicial operads u of the form

(1.12.1) P—u'Q— Q

in which the first map P — «*Q is bijective on objects, while the second one,
u*Q — Q, is degreewise fully faithful (in the strong sense of 1.1).

We see in particular that the morphism wu is fully faithful (a local fibration) in
the sense of 1.4 if and only if the map P — u*Q is a weak equivalence (a fibration,
respectively) of the model structure of Theorem 1.7 (with C = Ob P).

Remark 1.13. The category Cat of small categories can be seen as the full sub-
category of the category of operads whose objects are the operads P such that
P(z1,...,z,;¢) = & for any non-negative integer n # 1 and any (n + 1)-tuple of
objects (z1,...,x,,x) of P. We thus get an adjunction

(1.13.1) Ji: Cat 2 Operad : j*

where j) denotes the inclusion. One can understand this adjunction as follows. Let
1 be the terminal category, seen as an operad. Then there is a canonical identifica-
tion Cat = Operad /7, so that the inclusion functor ji corresponds to the forgetful
functor Operad /n — Operad , while its right adjoint is the functor P — n x P.
In particular, the model category structure of Theorem 1.2 induces a model cat-
egory structure on Operad /n = Cat which is nothing but the canonical model
category structure (whose weak equivalences are the equivalences of categories and
whose cofibrations are the functors which are injective on objects). The adjunc-
tion (1.13.1) extends naturally to an adjunction relating simplicial categories and
simplicial operads.

(1.13.2) Ji : sCat = sOper : j*

A similar pattern appears if we fix a set of objects C: the category sCatc of simpli-
cial categories with a fixed set of objects C' can be seen as a full subcategory of the
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category sOper .. The terminal object of sCatc is the contractible groupoid whose
set of objects is C, which we will denote by EC'. We have a natural identification
sCatc = sOper /HEC, from which the model structure of Theorem 1.7 induces the
existence of a right proper model category structure on sCatc. The latter is in fact
the model category structure of Dwyer & Kan [DK80, Proposition 7.2].

The main purpose of this section is to prove the following theorem, which can be
seen as an extension to operads of the model category structure on sCat constructed
by J. Bergner [Ber07a).

Theorem 1.14. The category sOper of simplicial operads is endowed with a cofi-
brantly generated right proper model category structure in which a map u : P — Q,
is a weak equivalence (a fibration) if and only if it is fully faithful and essentially
surjective (an isofibration, respectively) in the sense of 1.4.

The proof of this theorem will require quite a few steps. We will now develop
the preparatory results needed for the proof, while the formal proof will be given
at the end of this section (page 15).

1.15. We introduce several classes of maps in the category of simplicial operads.
For this purpose, we will need the following construction. Given a simplicial set
X and an integer n > 0, we denote by C,,[X] the free simplicial operad with n-
ary operations decorated by the simplicial set X. In other words, the simplicial
operad C,[X] has objects 0,1,...,n, and, for each simplicial degree m, the only
non-identity operations of the operad C,[X],, are given by the set

(1.15.1) Co[X]m(1,...,1:0) = X,, .

Another way of defining C,,[X] is by saying that it represents the functor
(1.15.2)
sOper®™ — Set , P+ H Homygge: (X, P(x1, ..., &n;)).
(z1,...,Tn,x)EOb PP+1

This construction is certainly functorial in X.
Now we can go back to defining our classes of maps in sOper. The class C
contains:
(C1) the map @ — 7 (where n stands for the terminal category, seen as an
operad);
(C2) the maps Cy,[0A[m]] — C,,[Alm]], for any integer n > 0 and any boundary
inclusion 0A[m] — A[m], m > 0.
The class C is the saturation of C (i.e. the closure under pushout, transfinite
composition, and retracts). The class 4 contains
(A1) the maps of shape n — H which are fully faithful and essentially surjective
(in the sense of 1.4), while H is a category with set of objects {0, 1}, with
the property that H,, is countable for each integer n > 0, and that H is

cofibrant, seen as object of sOper o1 (or equivalently, of sCatgg 1)

(A2) the maps C,[A*[m]] — C,[A[m]] by any horn inclusion A*[m] — A[m],
m > 1,0 < k <m, and for any integer n > 0.
As before, the class 4 is the saturation of 4.
The following lemma shows that, for any monomorphism (trivial cofibration)
of simplicial sets X — Y, and for any integer n > 0, the induced morphism of
simplicial operads C,,[X] — C,[Y] is in C (in A, respectively).
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Lemma 1.16. Leti: X — Y be a morphism of simplicial sets, and u: P — Q,
a morphism of simplicial operads. The following properties are equivalent.
(i) For any integer n > 0 and any (n+ 1)-tuple of objects (x1,...,Tn,x) of P,
the morphism P(x1,...,xn;x) — Qu(xy1),...,u(zy,);u(x)) has the right
lifting property with respect to X — Y.
(ii) The morphism u has the right lifting property with respect to any map of
shape Cyli] : Cp[X] — CL[Y], for any integer n = 0.

Proof. This follows by a standard argument, once we noticed that C,,[X] represents
the presheaf (1.15.2). O

1.17. As will be shown later in the proof of Theorem 1.14, the class C is the class
of cofibrations in sOper, while A4 is the class of trivial cofibrations. Propositions
1.18 and 1.20 clarify this point.

Proposition 1.18. A morphism of simplicial operads has the right lifting property

with respect to the class C if and only if it is a local trivial fibration which is
surjective on objects.

Proof. The right lifting property with respect to the maps of shape (C1) is equiva-
lent to the surjectivity on objects, while, by virtue of Lemma 1.16, the right lifting
property with respect to maps of shape (C2) corresponds to the property of being
a local trivial fibration. O

Corollary 1.19. We have 4 C C.

Proof. The preceding proposition implies that any morphism with the right lifting
property with respect to C also has the right lifting property with respect to maps
of type (A2). It also implies, by examination of lifting properties, that, for any
set C', the image of any cofibration of sOper . in sOper is in C. As the inclusion
{0} — {0,1} = {0} IT {1} is certainly in C, this implies that any map of shape
(A1) is in C. Therefore, 4 C C, whence the result. O

Proposition 1.20. A morphism of simplicial operads is an isofibration if and only
if it has the right lifting property with respect to the class 4.

Proof. Lemma 1.16 implies that the right lifting property with respect to maps
of shape (A2) is equivalent to the property of being a local fibration. Therefore,
it is sufficient to prove that a local fibration v : 7 — Q, has the right lifting
property with respect to maps of shape (A1) if and only if the morphism of operads
mo(u) : mo(P) — m(Q) is an isofibration. Note that, if u is a local fibration, so
is the simplicial functor j*u : j*P — j*Q. Moreover, the simplicial functor j*u
is an isofibration if and only if u has this property (just remark that the functor
j* commutes with 7). In other words, it is sufficient to prove this lemma in the
case when both P and Q are in fact simplicial categories. But then, this is already
known; see [Ber07a, Propositions 2.3 and 2.5]. O

Proposition 1.21. A morphism of simplicial operads is both a weak equivalence
and an isofibration if and only if it has the right lifting property with respect to the
class C.

Proof. Let u : P — Q a morphism of simplicial operads. If u is surjective on ob-
jects and is a local trivial fibration, then it is surely a local fibration. Furthermore,
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the morphism of operads mg(u) is then fully faithful and surjective on objects, which
implies that it is a trivial fibration for the model category structure of Theorem 1.2.
In particular, the morphism 7o(u) is an isofibration, whence w is an isofibration.
Conversely, if u is an isofibration and a weak equivalence, then wu is obviously a
local trivial fibration, while mg(u) is a weak equivalence and an isofibration for the
model category structure of Theorem 1.2. Therefore, mo(u) must be surjective on
objects, which implies that v has the same property. We conclude the proof with
Proposition 1.18. g

1.22. If P is a simplicial operad and if X is a simplicial set, we denote by PX the
simplicial operads defined by Ob P* = Ob P and by

fPX(Ih...,J}n;JJ) :?(.’L‘l,...7$n;$)x

(where, for two simplicial sets X and Y, we denote by YX the internal Hom of
maps from X to Y).

Proposition 1.23. In a commutative triangle of sOper, if two of the maps are
weak equivalences, then so is the third. Furthermore, the class of weak equivalences
of simplicial operads is closed under retracts.

Proof. Using the canonical fibrant replacement functor given by Remark 1.6, it
is sufficient to prove this proposition in the full subcategory of fibrant simplicial
operads. As, for any simplicial set X and any simplicial operad P, the mor-
phism X — A[0] induces a canonical morphism of simplicial operads P — PX
which is bijective on objects, a morphism of simplicial operads P — Q is essen-
tially surjective if and only if, for any simplicial set X, the morphism of operads
7o(PX) — m(QX) is essentially surjective. On the other hand, the Yoneda
Lemma applied to the homotopy category of Kan complexes implies that a mor-
phism of fibrant simplicial operads P — Q, is fully faithful if and only if, for any
simplicial set X, the morphism of operads mo(P~) — mo(QX) is fully faithful. In
conclusion, a morphism of fibrant simplicial operads P — Q is a weak equivalence
if and only if, for any simplicial set X, the morphism of operads mo(PX) — 7o (QX)
is a weak equivalence of the model category given by Theorem 1.2. This immedi-
ately implies the proposition. (I

Proposition 1.24. The class of morphisms of sOper which are fully faithful (es-
sentially surjective, respectively) is closed under filtered colimits.

Proof. Let us consider first the case of essentially surjective maps. The functor
7o : SOper — Operad commutes with (filtered) colimits, so that it is suficient to
check the analogous property for operads, which is easy.

Consider now a filtered diagam of fully faithful morphisms of simplicial operads
u; : P, — Q;, and let us denote by u : P — Q, the colimit of these. Consider an
integer n > 0 and an (n + 1)-tuple (x1,...,2,,z) of objects of P. We may assume
that it comes from a compatible family of (n + 1)-tuples (z%,...,2¢, 2%) of objects
of P; for each i (by replacing the indexing category by a cofinal subcategory). We
then have natural identifications of the form

Hﬂﬂ»(m’i, szl ~ Plry,. . apsx),
i
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and, similarly,
lim Q(wi(a1), - wi@, )i wilah)) = Qu(@r), ... ulwn); u(x)).

The fact that u is fully faithful thus comes down to the fact that the class of weak
equivalences of simplicial sets is closed under filtered colimits. O

Proposition 1.25. The class 4 is contained in the class of weak equivalences.
The proof of this proposition will go through the following chain of four lemmas.

Lemma 1.26. Consider the following pushout square in the category of simplicial
operads.

!

P——7

Q—5> Q

If w is in C, is bijective on objects, and is a weak equivalence, and if f is injective
on objects, then u' is a weak equivalence.

Proof. We may assume that u induces the identity on objects, so that « must be
a trivial cofibration in the model category structure of Theorem 1.7 for C = Ob P.
Write C/ = Ob ?’, and ¢’ = BIIC (in such a way that f is the coproduct inclusion).
For a simplicial operad P, we define P II B to be the simplicial operad

:PHB?H(be]_Ln).

The pushout of the lemma can then be seen as the composition of two pushouts of
the following shape.

fP*>'PHBL>?’

QHQUBTQ/

Now, the right hand square is a pushout in sOper o and, as u is a trivial cofibration
of sOper ., the map u Il B must be a trivial cofibration of sOper ,. Therefore, the
morphism u' is a trivial cofibration in sOper o (Il

Lemma 1.27. Let ¢ : {0,...,n} — S be a surjection (n > 0). Then, for any
morphism of simplicial sets X — Y, the commutative square

CulX] CulY]

L

OO [X] ——= 01 C,[Y]

is a pushout in sOper. Moreover, if X — Y 1is a trivial cofibration of simplicial
sets, then the map p1Cr[X] — ©1CL[Y] is a trivial cofibration in the model category
structure on sOper ; given by Theorem 1.7.
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Proof. For a simplicial set X, the object ¢C,,[X] represents the presheaf

sOper® — Set , P[] P(fe(1),..., fe(n); f¢(0)).
f€Hom(S,0b P)

We deduce from this description of the functor ¢ C,[—] that, for any simplicial
operad P, the commutative square

HomsOper(QDICn [Y], ?) — HOInsOper(SD!Cn [X], ?)

| |

Homoper (Cn[Y], P) ———— Homyoper (Cn[X], P)

is cartesian; or, in other words, that the square of the lemma is cocartesian.

To prove the last assertion, as the functor ¢, is a left Quillen functor (Proposition
1.11), we may assume that ¢ is the identity. But then, if X — Y is a trivial
cofibration, it follows from Lemma 1.16 that the morphism C,[X] — C,[Y] has
the right lifting property with respect to the fibrations of the model structure given
by Theorem 1.7 for C' = {0,...,n}. Therefore, it must be a trivial cofibration. O

Lemma 1.28. Let f : C — D be an inclusion of sets. Then the pullback on
objects functor f* : sCatp — sCatc preserves cofibrant objects.

Proof. An object of sCatc is cofibrant if and only if it is a retract of a simplicial
category A such that, for each integer n > 0, A,, is isomorphic to the free category
on a directed graph (whose set of objects is C'), such that the degeneracies preserves
generators; see [DK80, 7.6]. Therefore, it is sufficient to prove that the functor f*
preserves free categories on graphs in a functorial way. Let G be a directed graph
with D as set of objects. Let us denote by f*G the graph whose set of objects is
C, and whose set of edges ¢ — ¢’ consists of the edges ¢ — ¢’ in G together with
the formal strings of edges of G of shape

c—d — - —d, —c, n>1,

with d; € D — C for 1 < i < n. This construction is functorial in G, at least
for morphisms of graphs which are the identity on objects. One checks that the
image by f* of the free category generated by G is naturally isomorphic to the free
category generated by f*G. (]

Lemma 1.29. Let u: K — H be a full embedding of small categories, in which
the set of objects of H is {0, 1}, while K only has one object 0 (such that u(0) = 0).
Consider a pushout of shape

jl(K)f;>P

j!(u)l l”

. g
J(H) —=Q

in the category Operad of operads. Then the map v is fully faithful.

Proof. The proof of this lemma is elementary but tedious: it consists of an explicit

description of the operad Q.

Suppose that P is an operad with set of objects C, and let ¢y = f(0). Then the
set of objects of the operad @ is the disjoint union of the set C' and of an element
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which we will denote by t. Up to permutations of the input objects, the n-ary
operations in @ (with n > 0) are of five kinds:

(i) e1,y...,¢p — ¢ (with ¢; and ¢ in C);
(ii) e1,...,¢, — t (with ¢; in C);
(iii) ¢1,...,Cast,...,t —> t (with ¢; in C and a sequence of b occurrences of ¢,
b>=1,a+b=n);
(iv) ¢1,...,Casty. ..yt —> ¢o (with ¢; in C and a sequence of b occurrences of ¢,

b>1,a+b=n)
(v) t — t (like case (iii), with n =b =1 and a = 0).

For (i) we take the same operations as in P.
For (ii), we take the operations to be represented by pairs (h,p), written as

h-p

where h € H(0,1) and p € P(cy,...,¢n;co); two such operations are identified by
the rule

hu(k) -p=h- f(k)p for any k € K(0,0).
For (iii), we take operations to be represented by (b + 2)-tuples, written as
h-p-(hy,..., h)

where h € H(0,1), (hi,...,hy) € H(0,1)°, and p € P(ci,...,¢Cq,Co,-.,C05C0)
(with b occurrences of ¢y before the semi-colon); two such operations are identified
according to the rules

hu(k)-p- (h1,...,hp) =h-f(E)p-(h1,...,hp)
for any k € K(0,0), and
hep(hiyeosu(k)hiy o he) =h-p oy f(k)- (he,... hy)
for any k € K(0,0) and 1 <14 < b.
For (iv), we take the operations of the form
p-(h1,...,hp)

with (hi,...,hy) € H(1,0)°, and p € P(cy,...,cq,cCo,--.,Co;Co); two such opera-
tions are identified by the rule

p(hl,,u(k)h“,hb):p Olf(k)(hl,,hb)

for any k € K(0,0) and 1 <14 < b.
Finally, for (v), we take the elements of H(1,1) as operations in Q(t,t).
Composition of such operations is defined in the evident way (modulo permu-
tations of arguments), but uses that the functor K — H is fully faithful in an
essential way. For example, if

o=h-p-(hy,...,h)and ¥ =p" - (h},... . hy),
are operations of type (iii) and (iv) respectively, with ' > 2, then
¢On+1 Y= (p/ On+1 f(k)p) : (h17 .. '7hb7 l27' D) ;7’)

where k is the unique operation such that u(k) = hh.
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Finally the operad @ (defined above) fits into a commutative diagram of operads

K*f>P

g
H——Q
(where we identify K and H with their images under the functor j), where the
map v sends operations in P to operations of type (i) in @, and, for h € H(4, j),

the value of g(h) is defined as follows:

h € Q(co; o) if i = j =0 (type (i)),

h-1le, € Q(eost) ifi=0,7=1 (type (ii)),
=V 1 he Qo) iFim1,7=0 (type (iv))

h e Q(t;t) iti=j7=1 (type (v)).

The morphism v is fully faithful by construction. It remains to check that the
commutative square above is a pushout. Let R be another operad, and consider a
commutative square as below.

f

K—l-p
7

One defines a morphism v :  — R on objects by v(¢) = «a(c) and ~(t) = (1),
and on operations of type (i)—(v) respectively by:

(i) v(p) = a(p);

(ii) y(h-p) = B(h) o a(p);

(iii) v(h - p - (h1,...,hp)) = B(h) o a(p) o (B(h1),...,B(hy)) (this last circle
denotes the operad composition given by inserting 5(h1),...,8(hy) in the
entries a + 1,...,n of the operation a(p) — we could also have written
B(h)(a(p)(la(q% SRR 1a(c,,,)7 6(h1)7 RS B(hb))))v

(iv) (- (his-- o)) = alp) o (B(Ra), - - -, B(ha));

(v) v(h) = g(h).

One checks that v is a well defined map of operads, and that it is the unique one
such that vg = 8 and yv = a. (Il

We now are ready to present the

Proof of Proposition 1.25. Note that the class of morphisms of simplicial operads
which are fully faithful and essentially surjective is closed under retracts and under
small filtering colimits; see Propositions 1.23 and 1.24. As the class 4 is the sat-
uration of a small set of maps (up to completion by isomorphisms), namely 4, we
can apply the small object argument and see that any map in 4 is a retract of a
transfinite composition of pushouts of maps of type (Al) or (A2). Therefore, it is
sufficient to prove that any pushout of a map of type (A1) or (A2) is fully faithful
and essentially surjective.

Let us consider first a trivial cofibration of simplicial sets X — Y, a non-
negative integer n, as well as a pushout of the following form in the category of
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simplicial operads.

T
ColY] —Q

At the level of objects, the map f factors as a surjection ¢ : {0,...,n} — S
followed by an injection S — Ob P. By virtue of Lemma 1.27, the pushout square
above decomposes into two pushout squares

On[X] — ‘P!On[X] — P

S |

CrlY] —= @ ChlY] —=Q

in which ¢(a) is a trivial cofibration of sOper . By applying Lemma 1.26 to the
right hand square, we conclude that the map b is a weak equivalence.

Now, consider a weak equivalence of shape a : n = {0} — H, where H is a
cofibrant object of sOper (0.1} 8 well as a pushout square of the following form.

n—>H

fl Js
b
P—Q
Let K = a*H, and decompose the pushout above into two pushouts as below.

al az
N"——K—H

IF}

PR —2=Q

Lemma 1.28 shows that the morphism a; is in C, so that we can apply Lemma
1.26 to the left hand square, from which we deduce that the map by is a weak
equivalence. To finish the proof of Proposition 1.25, it is thus sufficient to prove
that the map by is a weak equivalence. Note that the map as is a fully faithful
morphism of operads in each simplicial degree. Therefore, by virtue of Lemma
1.29, the map by has the same property. In particular, the map by is fully faithful
in the sense of 1.4. Moreover, the map b is essentially surjective: my(b) is a pushout
of mg(a), which implies that it is an equivalence of operads (as the pushout of a
trivial cofibration of the model structure of Theorem 1.2), whence an essentially
surjective map. But then, the map by must be essentially surjective as well, whence
a weak equivalence. ([

Proof of Theorem 1.14. We will prove a slightly more precise result: namely that
the class of cofibrations is C and the class of trivial cofibrations is 4; see 1.15. We
already know that these classes are generated by small sets of maps, so that we can
use the small object argument to prove the existence of factorizations. By virtue of
Propositions 1.20, 1.21, 1.23 and 1.25, the conditions of [Hov99, Theorem 2.1.19]
are verified, which gives the existence of the expected model category structure on
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sOper. The right properness property comes from the fact that Kan’s £z functor
induces a fibrant replacement functor in sOper which commutes with finite limits
and which preserves fibrations (see Remark 1.6). O

2. DENDROIDAL SETS AND 00-OPERADS

In this section, nothing new happens: we just recall, for the convenience of the
reader, the results of [CM11, CM] on the homotopy theory of co-operads needed in
this paper.

2.1. The category of trees 2 is the full subcategory of the category of operads
whose objects are trees (by which we mean non empty finite rooted trees), seen as
operads: if T is a tree the corresponding operad is the free operad whose objects
are the edges of T, generated by an operation (ey,...,e,) — e for each vertex v
of T, where ey, ..., e, are the input edges at v (n > 0), while e is the output edge
at v. One proves that any morphism of {2 can be factored as a split epimorphism
followed by a monomorphism.

The category dSet of dendroidal sets is the category of presheaves of sets on the
category of trees Q. If T is a tree, we denote by

Q[T} = HOIIIQ(—, T)

the corresponding representable presheaf. The boundary inclusion 9Q[T] — Q[T
is defined as the union of the images of all the monomorphisms Q[S] — Q[T]
which are not isomorphisms. If e is an inner edge of T' (i.e. an edge which connects
two vertices in T'), and if T'/e denotes the tree obtained from T by contracting e,
then there is a unique monomorphism 9, : T/e — T in , called the inner face
associated to e, such that e is not in the image of d,. The corresponding inner
horn inclusion A°[T] — Q[T is the union of the images of all the monomorphisms
Q[S] — Q[T] which are not isomorphisms and which do not factor through ..

2.2. Let 0 be the tree without any vertices (as an operad, this is the terminal
category 1). By a slight abuse of notation, we write Q[0] = . Then the comma
category 2/0 is isomorphic to the category A of non-empty totally ordered finite
sets (in 0, these correspond to linear trees). In particular, the category dSet/n can
be identified with the category sSet of simplicial sets, and one has an adjunction

(2.2.1) iy : sSet = dSet : i*

in which the left adjoint has the property of being fully faithful: one checks that 7 is
a subobject of the terminal object of dSet. This adjunction extends the adjunction
(1.13.1) in the following sense. The inclusion A C (Cat extends to an adjunction

(2.2.2) T :sSet = Cat : N

and, similarly the inclusion Q C Operad extends to an adjunction

(2.2.3) 74 : dSet = Operad : Ny

such that the functors N and Ny, called the nerve functors, are fully faithful.

Moreover, for any simplicial set X, one has
(2.2.4) Tat(X) = H7(X).
By transposition, for any operad P, one has
(2.2.5) N j*(P) ~1i* Ny4(P).
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The essential image of the dendroidal nerve functor Nz can be characterized pre-
cisely: a dendroidal set X is isomorphic to the dendroidal nerve of an operad if and
only if, for any tree T" with a given inner edge e, the map

Xp = Homgg,, (T, X) — Hom g5, (A°[T], X)

is bijective. In particular, the functor 74 sends inner anodyne extensions to isomor-
phisms; see [MW09, Proposition 5.3 and Theorem 6.1].

2.3. We call normal monomorphisms (inner anodyne extensions, respectively) the
elements of the smallest saturated class of maps in dSet which contains the boundary
inclusions (which contains the inner horn inclusions, respectively). One checks
that a morphism of dendroidal sets X — Y is a normal monomorphism if and
only if it is a monomorphism such that, for any tree T in 2, the action of the
group Aut(T) on the set Y(T') — X(T) is free; see [CM11, Proposition 1.5]. A
dendroidal set X is called normal if @ — X is a normal monomorphism. Note that
any monomorphism between normal dendroidal sets is a normal monomorphism,
and that, for any map X — Y, if Y is a normal dendroidal set, then so is X.
For instance, for any tree T, the dendroidal set Q[T] is normal, but the terminal
dendroidal set is not.

A morphism of dendroidal sets is called an inner Kan fibration if it has the
right lifting property with respect to the class of inner anodyne extensions. An oco-
operad is a dendroidal set X such that the map from X to the terminal dendroidal
set is an inner Kan fibration (such objects are also called inner Kan complezes in
[MWO07, MWO09]).

A morphism of dendroidal sets p : X — Y is called an isofibration if it is
an inner Kan fibration and if the morphism of operads 74(X) — 74(Y) is an
isofibration (1.1).

Theorem 2.4 ([CM11, Theorem 2.4]). The category of dendroidal sets is endowed
with a unique left proper cofibrantly generated model category structure such that
the cofibrations are precisely the normal monomorphisms, and the fibrant objects
are precisely the co-operads. A morphism between oco-operads is a fibration of this
model category structure if and only if it is an isofibration.
Moreover, the class of weak equivalences is the smallest class of maps W satis-
fying the following properties:
(a) in any commutative triangle of dSet, if two maps are in W, then so is the
third;
(b) any trivial fibration between oco-operad belongs to W ;
(¢) any inner anodyne extension is in W.

The model categories of operads (1.2) and the model category of dendroidal sets
(2.4) are related as follows.

Proposition 2.5 ([CM11, Proposition 2.5]). The adjunction (2.2.3) is a Quillen
pair. Moreover, the dendroidal nerve functor Ny detects and preserves weak equiv-
alences, while its left adjoint T4 preserves weak equivalences.

Remark 2.6. Under the identification sSet = dSet/n, the model category of The-
orem 2.4 induces a model category structure on the category of simplicial sets,
whose cofibrations are the monomorphisms, and whose fibrant objects are the oco-
categories (also known as quasi-categories). In other words, the model category of
Theorem 2.4 contains the Joyal model category for co-categories.



DENDROIDAL SETS AND SIMPLICIAL OPERADS 17

2.7. There is a closed symmetric monoidal structure on the category of dendroidal
sets, with 7 as the unit object, while we denote by X ® Y and Hom(X,Y') the cor-
responding tensor product and internal Hom functors, respectively. This monoidal
structure is essentially characterized by the fact that the tensor product functor
preserves small colimits in each variable, and by the fact that, for any trees S and
T, we have a natural isomorphism

(2.7.1) Q[S] ® QIT) ~ Na(S @5y T)

where ®py denotes the Boardman-Vogt tensor product of operads; see [MWO07,
Section 5.1]. For any two simplicial sets X and Y, we have a natural isomorphism

(2.7.2) W(X) @ i(Y) ~ it (X) x iy(X) = il (X x V)

which turns the functor iy : sSet — dSet into a symmetric monoidal functor (if we
consider the category of simplicial sets as a symmetric monoidal category, with the
cartesian product as tensor product).

Proposition 2.8 ([CM11, Proposition 2.6]). The category of dendroidal sets is a
symmetric monoidal model category.

2.9. If X is a dendroidal set, we will refer to the elements of the set Xg =
Hom ,, (7, X) as objects of X.

Let X be an oo-operad. For an (n + 1)-tuple of objects (x1,...,2,,x) in X,
n > 0, the space of maps X (x1,...,x,;x) is obtained by the pullback below, in
which the map p is the map induced by the inclusion 90Q[C),] = nll- - -IIn — Q[C,,]
(with n + 1 copies of 7, corresponding to the n 4+ 1 objects of the corolla C,,).

X(21,...,Tn;2) — Hom(Q[C,], X)

(2.9.1) i J{P
U]

X7z+1

(T1,000sT0,T)

Under the equivalence sSet = dSet/n, we consider X (x1,...,z,;x) as a simplicial
set. Observe that X (x1,...,2,; ) is actually a Kan complex; see [CM11, Propo-
sition 6.13]. This space of operations may be described with a more homotopy
theoretic flavour as follows.

Proposition 2.10. Let X be an co-operad, and (x1,..., Ty, x) an (n+ 1)-tuple of
objects in X, n > 0. Then there is a canonical homotopy pullback square

X(.Z'],...,l'n;x) - Map(Q[Cn]’X)

| |

A0] Map(n, X )"+

(T1,0s %0, T)

in the category of Kan complexes.
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Proof. Using the identification sSet = dSet/n), one sees that the pullback square
(2.9.1) can be seen as the composition of the two following pullback squares.

X(x1,...,2n;2) — 43* Hom(Q[C,), X) — Hom(Q[C,], X)

| | lp

n ii* Hom(n, X) X+l

(1, s,

On the other hand, [CM11, Corollary 6.8] means that the left hand square above
is itself the composition of two pullback squares

X(z1,...,xn;x) — 01k(i* Hom(Q[C), X)) —— 41i* Hom(Q[C,], X)

| | |

N ————— > i1k (i* Hom(n, X)) ivi* Hom(n, X)

(T15000sTn,T)

in which, for an co-category C, k(C) is the maximal Kan subcomplex of C' in the
sense of Joyal [Joy02, Corollary 1.5], while [CM11, Proposition 6.7] asserts that the
middle vertical map is a Kan fibration. By virtue of [CM, Proposition 3.3], we know
that, for any normal dendroidal set A and any oo-operad X, we have a canonical
identification Map(A, X) = k(i* Hom(A, X)), whence this proposition. O

Definition 2.11. Let f: X — Y be a morphism of co-operads.
The map f is fully faithful if, for any (n + 1)-tuple of objects (x1,...,x,,x) in
X, the morphism

X(x1,. oy xn;x) — Y (f(x1),..., f(xn); f(x))

is a simplicial homotopy equivalence.
The map f is essentially surjective if the morphism of operads 74(X) — 74(Y)
is essentially surjective.

Remark 2.12. For an oo-operad X, the set of isomorphism classes of objects in the
category j*74(X) ~ 74*(X) is canonically in bijection with the set of connected
components of the Kan complex Map(n, X); see [CM11, 4.1]. Therefore, using
Proposition 2.10, we see that the notions of essentially surjective map and of fully
faithful map have a purely homotopic meaning in the model category of dendroidal
sets. In fact, we have:

Theorem 2.13 ([CM, Theorem 3.11]). A morphism between co-operads is a weak
equivalence if and only if it is fully faithful and essentially surjective.

3. ADDING FREE CELLS

This section is quite technical: we will study some specific pushouts in the model
category of dendroidal sets. This will be used later to produce a Quillen equivalence
between the homotopy theories of Segal operads and of simplicial operads (see
the proof of Lemma 8.2). Our calculations will also have implications for the
computation of homotopy pushouts in the model category of simplicial operads
(see Theorem 8.7 and its corollaries).



DENDROIDAL SETS AND SIMPLICIAL OPERADS 19

3.1. Let m > 0 be a fixed integer, and write f for the operation corresponding to
the unique vertex of the corolla C,,. We find it convenient to write 0C,, for the
operad nII...II 5 (m + 1 copies of 1), so that we have a morphism 0C,,, — C,,
which is bijective on objects. Given an operad P (in the category of sets) as well
as an (m + 1)-tuple of objects (zg,...,Zm,x) in P, we define the operad P[f] as
the pushout below.

(zo,--~7$m,7f0)

0Cy,

P
(3.1.1) i l

Cp ———— Plf]

We also define the dendroidal set Ng(P)[f] as the following pushout.

9Q[Cn] Na(P)
(3.1.2) J{ J{
Q[Cp] Na(P)[f]

We have a canonical comparison map
(3.1.3) Na(P)[f] — Na(P[f])
which happens to be bijective on objects.

Proposition 3.2. If the operad P is X-cofibrant, then the morphism (3.1.3) is a
normal monomorphism between normal dendroidal sets.

Proof. As the map P — P|[f] is a Y-cofibration between X-cofibrant operads, it
is a monomorphism®. Therefore, as the dendroidal nerve of a Y-cofibrant operad
is normal, the dendroidal nerve of this map is a normal monomorphism between
normal dendroidal sets. It is thus sufficient to check that the morphism (3.1.3) is a
monomorphism. For this purpose, we just have to see that the commutative square

(X0, sTm )

QCn] Na(P[f])
is cartesian. As the dendroidal nerve functor preserves pullbacks, this follows from
the fact that the commutative square of operads (3.1.1) is cartesian. (]

3.3. The main result of this section is that the map (3.1.3) is an inner anodyne
extension (3.6). This will require further preparation.

Given a tree T, an element of Ny(P[f])r = Hom(T, P[f]) is completely deter-
mined by a labelling of the edges of T' by objects of P together with a (compatible)
labelling of the vertices of T' by operations of P[f] (here, we are just reformulating
that N4(P][f]) is a strict inner Kan complex, and thus satisfies the strict dendroidal

LThe proof of this fact can be found in [BMO03, Proposition 5.1] in the case of an operad with
one object. The case with several objects is proved similarly; see also the Appendix of [BMO09],
where a little mistake of [BMO3] is corrected.
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Segal condition; see [CM, Corollary 2.7]). Now, an operation in P[f] may be rep-
resented by another tree S whose vertices are labelled by operations of P or by
the letter f; such a representation will be said canonical if no inner edge of S has
both vertices labelled by elements of P (otherwise we may compose them) and if
no unary vertex of S is labelled by an identity of P[f]. If ¢ is an operation in P[f],
represented by a canonical labelling of a tree S, we will write m(q) for the multi-
plicity of f in q, that is the number of vertices of S which are labelled by the freely
added operation f. Note that the number m(q) does not depend on the choice of
a canonical presentation of ¢q. For a tree T and an element ¢ of Ng(P[f])r, we
define m(q) = >, ¢y (1) m(4v), where V(T") denotes the set of vertices of T', while,
for each v € V(T'), the letter ¢, stands for the operation of P[f] attached to v.

For an integer k > 0 and for any tree T, we define the set Nd(P[f])gc) as

(3.3.1) Na(P[DE = {g € Na(Pf])7 | m(q) < k}.

This defines a dendroidal subcomplex Ng(P[f])*) C N4(P[f]). Therefore, the
dendroidal set Ng(P[f]) admits an increasing filtration

(3.3.2) Ng(P) = Na(P[f])© € Na(P[fHV C ... € Na(P[fN™ C ...

such that Ny(P[f]) = U0 N4(P[f])*®). The filtration above can be refined as
(3.3.3) Ng(P[f)® = AP c AP < .. A® ¢ .. c Ng(P[f])*D

in which, for each integer n > 0, A%k) is the dendroidal subcomplex of Nd(P[f])(k‘H)
defined as follows:

(3.3.4) A®) = Ny(P[)H® U U image of ¢,

qeu®

where U™ is the set of all non-degenerate dendrices q : Q[T] — Ng(P[f])F+D
such that T has at most n + k vertices and such that, for any vertex v of T', the
corresponding decoration ¢, satisfies m(q,) = 0 or is a corolla decorated by an
isolated occurrence of f. Remark that, if 7" is a tree with at least one vertex, any
non-degenerate element ¢ in Ng(P[f])r may be obtained as the inner face (along
T — T") of an element of Ny(P[f])r- which belongs to U, for a big enough integer
n'. In other words, we have that Nq(P[f])*+1) =, <, AP Note that we have
an identification -

(3.3.5) AP = Na(P)[f).

Lemma 3.4. Let X — Y be a normal monomorphism of dendroidal sets, and
n = 1 an integer. Assume that any non-degenerate dendrex s : Q[T] — Y which
does not factor through X has the following properties.

(i) The tree T has ezxactly n + 1 vertices.
(if) The map QT] xy X — Q[T is an inner anodyne extension.

Then the map X — Y 1is inner anodyne.

Proof. There exists a set ¥ of non-degenerate dendrices s : Q[T] — Y which do
not factor through X, the trees T having exactly n + 1 vertices, such that the
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commutative square
Hoes 0QT] — X U Sk, (Y)

| |

R e

is cocartesian (apply [Cis06, Lemme 8.1.34] for A = ). As the left vertical map of
this square is a monomorphism, this square is also cartesian. This implies that the
cartesian square

e QT xx ¥ —— X

L

Heex QT ———Y

is cocartesian, and ends the proof of the lemma, for the class of inner anodyne
extensions is closed under small sums and pushouts. ([l

Lemma 3.5. If P is X-cofibrant, then, for any integers n,k > 0 such that n+k is
positive, the inclusion AS{") C Agi)l is an inner anodyne extension.

Proof. We already know that this map is a normal monomorphism (Proposition
3. 212 In order to simplify the notations, we will write A( ) = A, and, similarly,
UF) = U,. Henceforth, we assume that n+k > 0. Let q : Q[T] — Ap41 be
a non-degenerate dendrex which does not factor through A,,. This means that T
must have exactly n + 1 + k vertices and that ¢ € Up41. Let I; be the set of inner
edges of T which are adjacent to at least one of the vertices labelled by f, and write
Al4a[T] for the union in Q[T of the images of all the outer face maps as well as of
the inner face maps 9, : Q[T'/e] — Q[T, for e ¢ I,. By virtue of [MWO09, Lemma
5.1], the inclusion of Afa[T] into Q[T] is an inner anodyne extension (the set I, is
not empty because we assumed n + k to be positive). Therefore, by Lemma 3.4, it
is sufficient to prove that we have a cartesian square of the form below.

AT —— A,

L

QT —L> Appy

As any map of Q factors as a (split) epimorphism followed by a monomorphism, it
is sufficient to prove that, for any injective map 9 : Q[S] — Q[T], the composed
morphism

QS| 5 QIT] 5 Ania
factors through A, if and only if 9 factors through Afe[T].

Assume first that 9 : S — T is an outer face. We then have that m(9(q)) < k+1
and that S has at most n + k vertices. In fact, one easily sees that, if g0 does not
belong to Ng(P[f])*), then it must be in U,, (because an outer face does not affect
compositions). To finish the proof of the lemma, it is now sufficient to prove that,
for any injective map 0 : Q[S] — Q[T] which does not factor through an outer
face of T', the composed morphism g0 factors through A,, if and only if 9 factors
through A%[T]. The assumption that d does not factor through an outer face of
T means that 0 is obtained as a finite composition of inner face maps, i.e. is a
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map obtained by contracting a finite family J of inner edges of 7. The number of
vertices of S is then n + 1 + k — j, where j is the number of elements in the set
J. We also have that m(g0d) = k + 1 (because going from 7' to S via inner faces
only involves composition of some operations in P, so that the global number of
occurrences of f doesn’t change). Therefore, the map ¢0 cannot factor through
Ng(P[f])*). This implies that g0 factors through A,, if and only if ¢d is a face of
an element of U,. This latter property may be reformulated as the existence of an
inner edge e ¢ I, such that g0 factors through the composition of ¢ with the inner
face 0/e : Q[T /e] — Q[T (so that ¢(9/e) still has k + 1 isolated occurrences of f
and only n + k vertices). The dendrex ¢ being non-degenerate, g0 factors through
q(0/e) if and only if 9 factors through d/e, which precisely means that e € J. This
shows that Q[T xa,,, A, ~ A%[T], and completes the proof. O

Proposition 3.6. If the operad P is ¥-cofibrant, then the morphism (3.1.3) is an
inner anodyne extension.

Proof. The class of inner anodyne extensions is closed under countable composition.
Therefore, this proposition follows straight away from Lemma 3.5 and from the
identification (3.3.5). O

3.7. Let P be a Y-cofibrant operad, (n;);c; a small family of integers, and wu; :
0C,, — P, i € I a family of maps. We get the following comparison map of
pushouts

(3.7.1) (HQ[CM})H(LLEI

e 29(C1,]) Na(P) — Nd<(gcm) H(LI aC, ) P) '

i€l g
Corollary 3.8. The map (3.7.1) is an inner anodyne extension.

Proof. Given a subset J of I, write

A= (HQ[Cni])H(HiEJ aQ[CM])Nd(P) and By = ((HC’H)H(

P.
ieJ ieJ )

Hie J OC"L

We proceed by transfinite induction to prove that the comparison map A; —
N4(By) is an anodyne extension for all subsets J of I. For this purpose, we notice
that, for a subset J C I and an element j € J, if f; denotes the unique non trivial
operation of C,,,, we have the following pushout.

Aj—tjy —— Na(By—g53y)

| |

Ay Na(By—gy)lfi]

Therefore, by transfinite induction, the map A; — Na(B;_g;1)[f;] is an inner
anodyne extension. On the other hand, by virtue of Proposition 3.6, the map

Na(By—y)[fi] — Na(Bs_31f5]) = Na(By)

is an inner anodyne extension, which ends the proof of this corollary. O
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4. THE BOARDMAN-VOGT CONSTRUCTION
4.1. Recall from [BV73, BM06, BM07] the Boardman-Vogt construction
W(P) — P

of a simplicial operad P (with respect to the interval A[1]). The map W(P) — P is
a weak equivalence, while the W (P)-algebras are the “P-algebras up to homotopy”
in the usual Quillen model category of simplicial sets. We will only need to under-
stand the Boardman-Vogt construction for the operads freely generated by trees;
see [BMO0G6, pages 819-820] and [MWO09, Remarks 7.2 and 7.3] for a very precise
explicit description in this case. We recall the main properties of this construction
below.

Let T be a tree, seen as an operad. By virtue of [BM07, Theorem 3.5], the
Boardman-Vogt resolution of T gives a morphism of operads ¢ : W(T') — T which
is functorial in T (seen as an object of the category ) and such that:

(a) the simplicial operad W (T') is cofibrant in the model category structure of
Theorem 1.14;

(b) the map ¢ : W(T) — T is bijective on objects and a weak equiva-
lence (in particular, the map & induces a natural isomorphism of operads
mo(W(T)) ~T).

4.2. As this will be needed later, we now recall the explicit description of the
Boardman-Vogt construction for trees.

Let T be a tree, seen as an operad. It admits the following description. Its
objects are the edges of T'. For an (n + 1)-tuple of edges (eq,...,e,,€), n > 0, the
set of operations T'(eq, ..., en;€e) is the set of subtrees V' of T such that eq,..., e,
are exactly the input edges of V', while e is the root of V' (whence there is at most
one such operation). The simplicial set of operations from (eq, ..., e,) to e in W(T)
is
(4.2.1) W(T)(e1,... enie) = 1T ANV

VeT(er,....ense)

where, for a subtree V' C T, (V') denotes the set of inner edges of V' (in particu-
lar, this Kan complex is either empty, or isomorphic to the power A[l]i(v)). The
composition in W(T) is defined by grafting trees, where the newly arising internal
edges are assigned length 1; we refer the reader to [MWO09, Remark 7.3] for a precise
description of the composition law.

We will now study the functoriality of this construction (we will consider succes-
sively the case of a bijection, of an inner face, of an outer face, and of a degeneracy).

Let ¢ : S — T be a morphism of trees (remark that, once a planar structure
is chosen for T', there is a unique planar structure on S such that ¢ preserves the
planar structures). Consider an (n + 1)-tuple of edges (di,...,d,,d) of S, and

write (e1,...,en,e) for its image by ¢. We want to understand the morphism of
simplicial sets
(4.2.2) W(p): W(S)(d1,...,dn;d) — W(T)(e1,...,en;e€).

If S(dy,...,d,;d) = @, there is nothing to say. From now on, we will denote by
U an element of S(dy,...,d,;d) (which we presume to exist), and write V for the
element of T'(eq,...,en;e).
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If ¢ is a bijection, then it maps U isomorphically onto V', and the map (4.2.2)
is the isomorphism associated to the induced bijection ¢(U) ~ i(V).

If p is an inner face, say ¢ = 0y : T/t — T, for ¢t an inner edge of T, then
there are two cases. Either ¢t ¢ V, and then U = V, so that the map (4.2.2) is
the identity, or ¢ € V, and then U is obtained from V by contracting the edge
t. In the latter case, the map (4.2.2) is obtained as the product of the identity of
A[1]"™) with the inclusion {0} — A[1], composed with the canonical isomorphism
A[l]i(U) x A[l] ~ A[l]i(v) provided by the identification ¢(U) = i(V) — {t}.

If ¢ is an outer face obtained by removing a vertex v in T' (necessarily with the
property that all the edges incident to v are outer), then v is not in V, and we
must have U = V' (because we already assume that the leaves ey, ..., e, and root
e of V belong to S as dy,...,d, and d, respectively), so that the map (4.2.2) is the
identity.

If  is a degeneracy, say ¢ = o, for a unary vertex s in .S, then there are again
two cases. Either s is not in U, and then ¢ maps U isomorphically onto V', so that
the map (4.2.2) is the isomorphism associated to the induced bijection i(U) ~ i(V),
or s occurs in U. In the latter case, V is obtained from U by identifying the two
edges, say a1 and as, on either side of s. Let us call a the image of a; and ay in V.
The map (4.2.2) is the morphism

AL~ AP @ teneh A APV AL > AP
obtained as the product of the isomorphism induced by the bijection i(U)—{a1, a2} ~
i(V) — {a} with the map A[1]> — A[1] given by the formula (z,y) — max{z,y}.
4.3. We denote by
(4.3.1) Wi : dSet — sOper

the colimit preserving functor whose composition with the Yoneda embedding 2 —
dSet coincides with the Boardman-Vogt construction on trees; i.e., for any tree T,
one has

WA(QIT]) = W(T).
This functor can also be described as the left adjoint to the homotopy coherent
nerve functor
(4.3.2) heNg = W* : sOper — dSet
defined by
hCNd(T)T = Homsope,(W(T), ?)
for any simplicial operad P and any tree T

The naturality of the map e : W(T) — T = mo(W (T')) now extends to a natural
morphism of simplicial operads

(4.3.3) Wi(X) — 7a(X).

Proposition 4.4. For any dendroidal set X, the natural map moW)(X) — 74(X)
is an isomorphism of operads.

Proof. As both functors moW, and 7, commute with small colimits, it is sufficient
to check this when X is of the form Q[T for a tree T, in which case this follows
from property (b) of 4.1. O
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Proposition 4.5. The functor W, : dSet — sOper sends normal monomorphisms
to cofibrations and inner anodyne extensions to trivial cofibrations.

Proof. In order to prove that the functor W), sends normal monomorphisms to
cofibrations, it is sufficient to check that it sends the generating normal monomor-
phisms to cofibrations. In other words, it is sufficient to check that, for any tree T,
the map
i: Wi(0Q[T]) — W(Q[T])
is a cofibration. If T' = 7, then the map Wi(9Q[n]) = @ — Wi(Qn]) = 7n is
known to be a cofibration. Therefore, we may assume that T has at least one
vertex. In this case, the map i is bijective on objects. For an (n + 1)-tuple of edges
(e1,...,en,e) in T, n > 0, one checks, by inspection of the definition, that, unless
{e1,...en} is exactly the set of input edges of T and e = r is the root of T', the
map
Wh(OQT))(e1, .- en;e) — Wi(Q[T])(e1, ..., ens€)
is the identity. In the case when this is not the identity, this map can be identified
with the inclusion
A" — A[1)?,
where d is the number of inner edges of T', and where, for an integer m > 0, one
defines OA[1]™ by induction as follows: dA[1)° = @, dA[1] = {0} 11 {1}, and, for
m>1,

OA[™ = AN ' x A[IJUA[]™ ! x 0A[1] € A[L]™ ! x A[1] ~ A[1]™.

We deduce that, in the case where T has at least one vertex, the morphism ¢ has
the left lifting property with respect the class of local trivial fibrations. Therefore,
by virtue of Proposition 1.18, the morphism ¢ must be a cofibration for any tree 7.

Similarly, in order to prove that the functor W, sends inner anodyne extensions
to trivial cofibrations, it is sufficient to prove that, for any tree T with a given inner
edge t, the map

j: Wi(A'[T]) — Wi(Q[T))

is a trivial cofibration. As before, one sees that this map is always bijective on
objects. For any (n+1)-tuple of edges (e1,...,en,e) in T, n > 0, unless {ey,...e,}
is exactly the set of input edges of T' and e = r is the root of T', the map

WH(AYT)) (€1, ..., ense) — WH(QT)) (e, ..., en;e)

is the identity. Otherwise it can be identified canonically with the trivial cofibration
of simplicial sets:

This implies that the morphism j has the left lifting property with respect to the
class of local fibrations. Proposition 1.20 thus implies that j must be a trivial
cofibration. O

Corollary 4.6. For any fibrant simplicial operad P, its homotopy coherent nerve
heN 4(P) is an oo-operad.

Remark 4.7. The preceding corollary is [MWO09, Theorem 7.1] in the case where
the underlying model category is the one of simplicial sets. Note that the proof of
Proposition 4.5 is just a slightly more precise version of the proof of loc. cit. By
this, we mean that the analog of Proposition 4.5 is true (with essentially the same
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proof) if we replace the category of simplicial operads by the category of operads
in an adequate symmetric monoidal model category.

Proposition 4.8. For any fibrant simplicial operad P, there is a canonical iso-
morphism T4(heN g(P)) ~ 7o(P).

Proof. Tt follows from property (b) of 4.1 that, for any operad P in the category of
sets, there is a natural isomorphism

Ny(P) ~ heNg(P) .
indeed, for any tree T, one has
HomOme[(T7 P) = Homopmd(wo(W(T)), P) ~ Homop(W(T), P) .
If © is a simplicial operad, then the map P — 7o(?P) induces a morphism
heN g(P) — heN g(mo(P)) = Ng(mo(P)),
from which we obtain, by adjunction, a canonical morphism
Ta(heN 4(P)) — 7o (P) .

Note that the functors 74, hcN4 and 79 don’t affect objects. Therefore, this mor-
phism is bijective on objects. Let (x1,...,2,,x) an (n + 1)-tuple of objects of P,
with n > 0. We have to prove that, if P is fibrant, the induced map

Ta(heNg(P)) (21, ..., xn;2) — mo(P(z1, ..., Tn; T))

is bijective. Now, we remark that W(T) = T whenever T is a tree with no in-
ner edges (e.g. T =mn or T = C,). This implies that the set of 0-simplices of
heN g(P) (a1, ..., 2n;2) can be identified with the set of O-simplices of the sim-
plicial set P(x1,...,2n;x). As heNg(P) is an oo-operad, by virtue of [MWO09,
Proposition 6.3, Lemma 6.4 and Proposition 6.10], we know that the set of op-
erations 74(hcNga(P))(x1,...,Tn;x) is the quotient of the set of O-simplices of
heN g(P)(x1,...,zn;2) by the equivalence relation ~ defined as follows. Write
Ct for the tree obtained from the corolla C,, by grafting a new edge under the
root. We have two outer faces u,v : C,, — C;I: the face u misses the new root
(whence is an outer face), while the face v misses the old one (and is thus an inner
face). There is also the outer face d : ¢4 — C;I which corresponds to the map
from the old root to the new one in C;. For two elements

P,q € heNg(P)(x1, ..., Zn; x) C heNg(P)o, ~ Homyoper (Crn, P)

we say that p ~ ¢ if there exists a morphism h : Q[C;¥] — heNg(P) such that
hu = p and hv = ¢, and such that hd is degenerate (i.e. factors through 7). To
finish the proof, it is thus sufficient to prove that, if two 0-simplices p and ¢ of the
Kan complex P(x1,...,T,;2) are in the same connected component, then p ~ q.
For this, we have to understand the elements A of the set

hCNd(fP)Ci = HOHlSOper(VV(CI)7 fP)
such that hd is degenerate. Let ay,...,a, be the input edges of C;", and r be the
root edge, while 7’ is the remaining edge of C;I. Let f : {a1,...,an,r’,7} — ObP

be the map defined by f(a;) = z; and f(r) = f(r') = x. We then have an
identification

W(CH)(ay, ... an;7) = A[1],
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which induces a map
(WG, ) — Homsu (A[L], Bz, ).

Let Homsoper{a1 ..... . ﬂ(W(C’,f), [*P)aeg be the set of maps ¢ : W(C,f) — f*P
in sOper, . which send the unique map " — r in W(C,}) to the identity

of z. Then the Testricted map

Homso};erm (W (ChH), [*P)dgeg — Homgser (A[1], P21, ..., 20 x)) .

1,...,a,n,7",'r}

is easily seen to be bijective. If p and ¢ are in the same connected component of
the Kan complex P(x1,...,zn;x), then we can choose a path

H:A[l] — P(x1,...,2n;2)

such that H(0) = g and H(1) = p. This morphism extends uniquely to a morphism
of simplicial operads h : W(C;") — P which sends a; to z; and which sends the
map ' — r to the identity of x, such that the map

W(CH (a1, ... an;71) — P(x1,...,T0;7)

is H. Thus we must have the relations hu = p and hv = ¢ (see 4.2). In other words:
p~q. ]

Proposition 4.9. The functor W, : dSet — sOper is a left Quillen functor.

Proof. As we already know that W, preserves cofibrations (Proposition 4.5), it
is sufficient to check that its right adjoint hcN, sends fibrations between fibrant
objects of Theorem 5.7 to fibrations; see [JT07, Proposition 7.15]. Let f: P — Q
be a fibration between fibrant simplicial operads. It follows from Proposition 4.5
that heNg(f) is an inner Kan fibration between oo-operads. Therefore, the map
heNg(f) is a fibration if and only if its image by the functor 7,4 is an isofibration
(2.4). But, by definition of fibrations of simplicial operads, we already know that
mo(f) is an isofibration of operads. Proposition 4.8 ends the proof. O

5. SEGAL OPERADS: THE NORMAL MODEL CATEGORY STRUCTURE

This section is a reminder of the homotopy theory of Segal operads and of com-
plete dendroidal Segal spaces, as developed in our second paper [CM].

5.1. The category of simplicial dendroidal sets (i.e. of simplicial objects in dSet)
is denoted by sdSet. We will view the category dSet of dendroidal sets and the
category sSet of simplicial sets as full subcategories of sdSet in the obvious way
(through the constant presheaf functors). In particular, if we have a simplicial set
K and a dendroidal set A, the cartesian product K x A will mean the cartesian
product of K and A, seen as simplicial dendroidal sets; in other words, for an
integer n > 0 and a tree T, we have

(511) (K X A)n,T = Kn X AT .

A map between simplicial dendroidal sets X — Y is a normal monomorphism
if, for any integer n > 0, the morphism of dendroidal sets X,, — Y,, is a normal
monomorphism.

If X is a simplicial dendroidal set, we denote by

dSet —> sSet°?

5.1.2
( ) Ar— X4
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the colimit preserving functor such that, for any tree T', one has the identification
(5.1.3) XU = Xp

The Boardman-Vogt tensor product of dendroidal sets (2.7) induces a closed
symmetric monoidal structure on the category of simplicial dendroidal sets, for
which the tensor product of two objects X and Y is defined by the formula

(5.1.4) (X®Y),=X,®Y,, foranyn>0.

5.2. The category of preoperads is the full subcategory of sdSet whose objects
are the simplicial dendroidal sets X such that the simplicial set X, is a discrete
simplicial set (which we will view as a set). In this case, we will call X, the set
of objects of X. We write PreOper for the category of preoperads. The inclusion
functor of the category of preoperads into the category of simplicial dendroidal sets
is denoted by

(5.2.1) " : PreOper —» sdSet .
It admits a left adjoint

(5.2.2) @ sdSet — PreOper
as well as a right adjoint

(5.2.3) Vs : sdSet —s PreOper

(see [CM, 7.2]). We will need the explicit description of the left adjoint v, so we
recall it here. Let X be a simplicial dendroidal set. Given a tree T, the simplicial
set y(X)r is simply X7 in the case where there does not exist any map from T
to m; in the case where T is linear, i.e. admits such a map € : T — 7 (which is
necessarily unique, since 7 is a terminal object in ©/n = A), there is the following
pushout square

XnLXT

[

o (Xy) —=n(X)r

in the category of simplicial sets.

A morphism between preoperads is a normal monomorphism if it is a normal
monomorphism in sdSet.

The tensor product of simplicial dendroidal sets (5.1.4) preserves preoperads,
so the category PreOper is a closed symmetric monoidal category. Moreover, the
inclusion functor of dSet into sdSet factors through the category of preoperads, and
defines a colimit preserving symmetric monoidal functor

(5.2.5) dSet — PreOper , X — X

5.3. Let T be a tree. Let us denote by I(T) the set of subobjects of Q[T] of shape
Q[S], where S is a subtree with at most one vertex (i.e. S must be either a corolla,
or a copy of n). The set I(T) is naturally endowed with the structure of partially
ordered set induced by the relation of inclusion of subobjects. Another way to
describe the set I(T) is

(5.3.1) I(T) = {edges of T} IT {vertices of T'} .
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As subtrees, an edge of T' correspond to a map n — T', while a vertex v correspond
to a map C),, — T which send the unique vertex of C,, to v. The partial order on
I(T') can be described by the property that e < v if and only if v is a vertex of T
and e is either an input edge of v, either the output edge of v.

The Segal core of T is the colimit

(5.3.2) Sc[T] = lim Q9]
Q[S]el(T)
in the category of dendroidal sets. The natural map
(5.3.3) Sc[T] — Q[T
is a (normal) monomorphism: in the case where T has at most vertex, we just get

Sc[T] = Q[T], while, if T has at least one inner edge, Sc[T] is the union in Q[T]
of all the corollas Q[C,,,] C Q[T], where v runs over the set of vertices of T, while

Cp, — T denotes the corolla at v.
Note that, although the Segal core is not a functor, for any morphism of trees
S — T which is a composition of outer faces, there is a canonical commutative

square

(5.3.4) i
Sc[T] —— Q[T

-

which has the nice property of being cartesian.

Proposition 5.4 ([CM, Proposition 2.4]). For any tree T, the map (5.3.3) is an
inner anodyne extension.

Definition 5.5. A Segal operad is a preoperad X such that, for any tree T with
at least one inner edge, the morphism of simplicial sets

XQ[T] — XSC[T]

induced by the inclusion (5.3.3) is a simplicial weak equivalence.
A Segal operad X is Reedy fibrant if, for any tree T', the morphism of simplicial
sets
XQ[T] N XBQ[T]

is a Kan fibration.

Proposition 5.6. Let X be a preoperad such that, for any tree T, the map X T —s
XOUT] is 4 Kan fibration. The following conditions are equivalent:

(i) the preoperad X is a Segal operad;
(i) the preoperad X is a Reedy fibrant Segal operad;
(iii) for any tree T with at least one inner edge, the map XUTT y XSelT] 4s g
trivial fibration;
(iv) for any tree T with a given inner edge e, the map XQUT] 5 XA s g
trivial fibration of simplicial sets.

Proof. The equivalence between conditions (i) and (ii) holds by definition, and is
stated here only for the record. The boundary inclusions 9Q[T] — Q[T generate
the whole class of normal monomorphisms of dendroidal sets. Therefore, under
our assumption on X, for any normal monomorphism A — B in the category



30 D.-C. CISINSKI AND I. MOERDIJK

of dendroidal sets, the induced morphism of simplicial sets X — X4 is a Kan
fibration. This immediately implies that conditions (ii) and (iii) are equivalent. The
equivalence between conditions (iii) and (iv) follows from [CM, Corollary 5.6]. O

We now can summarize [CM, Theorems 8.13 & 8.17, Remark 8.18] as follows.

Theorem 5.7. The category of preoperads is endowed with a left proper cofibrantly
generated symmetric monoidal model category structure for which the cofibrations
are the normal monomorphisms and the fibrant objects are the Reedy fibrant Segal
operads. Furthermore, the inclusion functor dSet — PreOper preserves and detects
weak equivalences and is a left Quillen equivalence.

Remark 5.8. An explicit set of generators for the class of normal monomorphisms
of preoperads consists of the inclusion @ — 7 together with all the maps of shape

(OA[R] x Q[T U An] x 9Q[T]) — 1(An] x Q[T))

for any integer n > 0 and any tree T with at least one vertex; see [CM, Proposition
7.5].

Theorem 5.9. The category sdSet of simplicial dendroidal sets admits a model
category structure, called the dendroidal Rezk model structure, which is completely
characterized by the following properties.

(i) The class of cofibrations is the class of (termwise) normal monomorphisms.

(ii) If X — Y is a morphism of simplicial dendroidal sets such that, for any
integer n = 0, the morphism of dendroidal sets X,, — Y, is a weak equiv-
alence of the model structure of Theorem 2.4, then it is a weak equivalence.

(iii) If X — Y is a morphism of simplicial dendroidal sets such that, for any
tree T, the morphism of simplicial sets X7 — Y1 is a weak equivalence of
the usual Quillen model structure, then it is a weak equivalence.

(iv) The inclusion functor PreOper —» sdSet preserves and detects weak equiv-
alences and is a left Quillen equivalence.

(v) Any preoperad X is canonically isomorphic in Ho(sdSet) to the simplicial
dendroidal set

T — Map(Q[T], X)

(where Map(—, X) denotes the mapping space functor obtained by choosing
a simplicial frame of a fibrant resolution of X in the sense of [Hov99, 5.2.7],
for instance).

Proof. Properties (i), (ii) and (iii) (as well as the fact that these determine the
model structure) are summarized in [CM, Theorem 6.6], while the first part of
property (iv) holds by definition [CM, Definition 8.1], and the second part by [CM,
Theorem 8.15]. As for property (v), we remark that, using the Quillen equivalence
dSet C PreOper (5.7), it is sufficient to prove it in the case of a dendroidal set;
but then, this is a translation of [CM, Propositions 3.3, 6.13 and 8.8, and Remark
8.18]. O

The following two sufficient conditions for a morphism of preoperads to be a
weak equivalence will be used several times.

Corollary 5.10. Let X — Y be a morphism of preoperads, and assume that one
of the two conditions below is satisfied.
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(a) For any integer n > 0, the morphism of dendroidal sets X,, — Y, is a
weak equivalence of dendroidal sets.

(b) For any tree T, the morphism of simplicial sets X0 — Yr is a weak
equivalence of the usual Quillen model category structure.

Then the morphism X — Y is a weak equivalence of preoperads.
Proof. This follows from assertions (ii), (iii) and (iv) of the preceding theorem. O

Proposition 5.11. The class of weak equivalences is closed under filtered colimits
in the category of preoperads.

Proof. There are many ways to prove this. For instance, one can use the fact that a
morphism of preoperads is a weak equivalence if and only if it is a weak equivalence
of simplicial dendroidal sets for the dendroidal Rezk model category structure; see
Theorem 5.9 (iv). But the latter is a left Bousfield localization of the generalized
Reedy model structure on sdSet whose class of weak equivalences is the class of
(dendroidally) termwise simplicial weak equivalences; see [CM, Definition 6.2]. As
the class of simplicial weak equivalences is closed under filtered colimits, this implies
that the class of weak equivalences of the dendroidal Rezk model structure is closed
under filtered colimits as well: for any filtered diagram D of simplicial dendroidal
sets, the map from the homotopy colimit of D to the colimit of D is a termwise
simplicial weak equivalence. (I

6. WEAK EQUIVALENCES BETWEEN SEGAL OPERADS

6.1. The adjunction between the category of dendroidal sets and the category of
operads (2.2.3) extends naturally to an adjunction between the category of simpli-
cial dendroidal sets and the category of simplicial objects in the category of operads
(which must be distinguished from the category of simplicial operads):

(6.1.1) T4 : sdSet = Operade i Nyg.

The category of simplicial operads is the full subcategory of Operad A" Which con-
sists of presheaves P : A°? — Operad such that the simplicial set Ob 2 is discrete,
which means precisely that Ng(?P) is a preoperad. Moreover, if X is a preoperad,
the simplicial object 74(X) is clearly a simplicial operad. Therefore, the adjunction
(6.1.1) restricts to an adjunction

(6.1.2) T4 : PreOper = sOper : Ny

in which the right adjoint Ny still has the property of being fully faithful. However,
the adjunction (6.1.2) is not a Quillen pair because the functor 7; does not send
normal preoperads to cofibrant simplicial operads (in fact, if 2 is a Y-cofibrant,
then X = Ny4(P) is a normal preoperad, but 74(X) = P might not be cofibrant).
Our purpose, in this section, is to correct this defect of the model category structure
of Theorem 5.7 by shrinking the class of cofibrations as much as we can. But before
doing this, we have to study the notion of Segal operad a little more closely.

Remark 6.2. The functor Ny : sOper — PreOper is fully faithful and its essential
image consists of the preoperads X satisfying the dendroidal (strict) Segal condi-
tions; this means that, for any tree T (with at least one inner edge), the map

XQ[T] N XSC[T]
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is an isomorphism (this is an easy translation of [CM, Corollary 2.7]). In particular,
for any simplicial operad P, the preoperad Ny(P) is in fact a Segal operad.

6.3. Let X be a preoperad. Given an (n + 1)-tuple of objects (z1,...,Z,,2) of X
(i.e. an element of X;H'l), n > 0, we define the simplicial set X (z1,...,z,;2) by
the following pullback square in the category of simplicial sets.

X(z1,...,zp;2) — X¢,
(6.3.1) l l
A[0] Xyt

(£E1,.4.,$n,1‘)

We remark that, as X, is discrete, the map

(6.3.2) H X(z1,...,2n;2) — Xo,
(xl,...,xn,x)eX;]‘+1

is an isomorphism of simplicial sets.
We define a functor

(6.3.3) o : PreOper — dSet

by the formula: (X )7 = mo(Xr) for any preoperad X and any tree 7.

Lemma 6.4. For any preoperad X and any tree T, the natural map
mo(X STy — Hom g, (Sc[T], w0 (X))

is bijective.

Proof. This is an easy consequence of the isomorphism (6.3.2) and of the fact that
the functor mg : sSet — Set commutes with small sums as well as with finite
products. O

Proposition 6.5. If X is a Segal operad, then mo(X) is isomorphic the dendroidal
nerve of an operad.

Proof. We know that a dendroidal set Y is isomorphic to the dendroidal nerve of
an operad if and only if it satisfies the strict dendroidal Segal condition; see [CM,
Corollary 2.7]. If X is a Segal operad, then, for any tree T' with at least one inner
edge, the map

mo(Xp) = mo (XU — o (XxSelT]y

is bijective. Lemma 6.4 thus implies that the dendroidal set mo(X) satisfies the
strict dendroidal Segal condition. O

Corollary 6.6. For any Segal operad X, one has canonical isomorphisms of den-
droidal sets: mo(X) ~ Ngmo1q(X) == Ng71470(X).

Proof. By comparing the corresponding universal properties, we see that we obvi-
ously have a natural isomorphism of operads 74(mo (X)) =~ mo(74(X)), which implies
this corollary because of Proposition 6.5 (and using the fully faithfulness of the den-
droidal nerve functor). O
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Definition 6.7. Let f: X — Y be a morphism between preoperads.
The map f is said to be fully faithful if, for any (n + 1)-tuple (z1,...,zn,z) of
objects of X, n > 0, the induced morphism of simplicial sets

is a weak equivalence.
The map f is said to be be essentially surjective if the morphism of operads
mo(7a(f)) is essentially surjective.

Remark 6.8. Using (the proof of) Proposition 6.5, it is easy to explicitly describe
the operad my(74(X)) associated to a given Segal operad X: its objects are those
of X (i.e. the elements of the set X,), while the sets of operations are given by the
formula
mo(Ta(X)) (21, .-y xn; ) = mo(X (21, ..., Tn; ).

In particular, if a morphism between Segal operads X — Y is fully faithful,
then the morphism of operads mo(74(X)) — mo(74(Y)) is fully faithful as well.
Therefore, if a morphism between Segal operads X —— Y is fully faithful and
essentially surjective, then the morphism of operads mo(74(X)) — mo(74(Y)) is a
weak equivalence of the model category of Theorem 1.2.

Proposition 6.9. Let f : X — Y be a morphism of preoperads. The following
conditions are equivalent.
i) The morphism X, — Y, is bijective, and for any n > 0, the morphism o
n 7
simplicial sets Xco, — Yo, is a weak equivalence.
ii) The morphism f is fully faithful, and the morphism X, — Y, is bijective.
n n
(iii) For any tree T, the morphism of simplicial sets XSelT] —y ySelTl s g weak
equivalence.

Proof. This follows right away from the isomorphism (6.3.2): everything comes
down to the fact that the class of weak equivalences of simplicial sets is closed
under small sums, under finite products, and under retracts. (I

Corollary 6.10. A morphism X — Y between Segal operads is fully faithful and
induces a bijection on objects X, ~ Y, if and only if, for any tree T, the morphism
of simplicial sets X7 — Y7 is a weak equivalence.

Corollary 6.11. Let X — Y be a morphism of preoperads. Assume that, for any
tree T', the morphism of simplicial sets X0 — Y7 is a weak equivalence. Then X
is a Segal operad if and only if Y is a Segal operad.

Lemma 6.12. For any Segal operad X, there exists a functorial morphism of
preoperads X — R(X) such that:
(a) the preoperad R(X) is a Reedy fibrant Segal operad;
(b) for any tree T, the morphism of simplicial sets X0 — R(X)r is a weak
equivalence.

Proof. We factor the morphism from X to the terminal preoperad by applying the
small object argument to the set I of maps

(AR n] x QIT]U Aln] x 0Q[T]) — y(A[n] x Q[T])
forn > 1,0 < k < n, and any tree T. This gives a morphism of shape X — R(X)

such that the map from R(X) to the terminal preoperad has the right lifting prop-
erty with respect to I. Note that all the elements A — B of I are normal
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monomorphisms (this follows from [CM, Lemma 7.4]), and have the property that
the morphisms Ag — Bg are weak equivalences for any tree S (this latter prop-
erty comes from the explicit description of the functor v (5.2.4), and from the
cube lemma [Hov99, Lemma 5.2.6]). In particular, for any tree T, the morphism
R(X)T] — R(X)?T] is a Kan fibration. The fact that R(X) is a Reedy fibrant
Segal operad now comes from Proposition 5.6 and from Corollary 6.11. ]

Proposition 6.13. A morphism between Segal operads is a weak equivalence of
the model category of Theorem 5.7 if and only if it is fully faithful and essentially
surjective.

Proof. Let f: X — Y be a morphism of preoperads. Using Corollaries 5.10 and
6.10, as well as Remark 6.8 and Lemma 6.12, we can embed f into a commutative
square

X — R(X)

|

Y —— R(Y)
whose horizontal maps are weak equivalences, are fully faithful and bijective on
objects, and induce equivalences of operads

Tamo(X) = mqmo(R(X)) and 74mo(Y) =~ 7amo(R(Y)) .

This implies that f is a weak equivalence (is fully faithful and essentiall surjective)
if and only if R(f) has the same property. In other words, it is sufficient to prove
that a morphism between Reedy fibrant Segal operads is a weak equivalence if and
only if it is fully faithful and essentially surjective. But this is already known: see
[CM, Theorem 8.11]. O

Theorem 6.14. The functor Tqmg = moTq : PreOper — Operad is a left Quillen
functor which preserves weak equivalences.

Proof. 1t is clear that this functor sends normal monomorphisms to morphisms of
operads which are injective on objects. Therefore it is sufficient to prove that this
functor preserves weak equivalences. Note that, by Remark 6.8, if f: X — Y is
a morphism of Segal operads which is fully faithful and essentially surjective, then
its image by Tqmg = w7y is fully faithful and essentially surjective. In other words,
by virtue of the preceding proposition, we already know that this functor preserves
weak equivalences between Segal operads. To finish the proof, it is sufficient to
construct, for any preoperad X, a functorial weak equivalence into a Reedy fibrant
Segal operad X — L(X) whose image by 74m9 = mo7q is an isomorphism. For this,
we will consider two classes of morphisms. The first class consists of morphisms
(a) (A [n] x QT] U Aln] x 9Q(T]) — n(An] x Q[TY)

for any tree T' and any integers n > 0, 0 < k& < n, while the second is the class of
maps

(8) 1(OA[R] x QIT) U Aln] x A°[T]) — 2w(Aln] x Q[T))

for any tree T with inner edge e, and any integer n > 0. A preoperad X is a Reedy
fibrant Segal operad if and only if the morphism from X to the terminal object

has the right lifting property with respect to maps of shape («) and (8): this is
a translation of Proposition 5.6 by a standard adjunction argument. We define
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L(X) by applying the small object argument to the class of maps of shapes («) and
(8). The explicit description of the functor y (5.2.4), [CM, Lemma 7.4], and the
cube lemma [Hov99, Lemma 5.2.6], show that any map of shape («) is a normal
monomorphism A — B such that, for any tree S, the map As — Bg is a trivial
cofibration of simplicial sets. The same arguments show that any map of shape () is
a normal monomorphism A — B such that, for any integer n > 0, the map A,, —
B, is a trivial cofibration of dendroidal sets (even an inner anodyne extension). In
particular, by Corollary 5.10, any map of shape («) or (3) is a trivial cofibration of
preoperads. This imply that the map X — L(X) is indeed a fibrant resolution of
X. On the other hand, if a morphism of preoperad A — B has the property that,
for any tree S, the map Ag — Bg is a weak equivalence of simplicial sets, then
the morphism of operads 74mg(A) — T4mo(B) is an isomorphism, while, if it has
the property that, for any integer n > 0, the map A,, — B,, is a weak equivalence
of dendroidal sets, then the map my74(A) — mo74(B) is an isomorphism (see
Proposition 2.5). In particular, the functor 74m9 = mo74 sends any map (a) or
(8) to an isomorphism. As this functor preserves colimits, this implies that it
sends any transfinite composition of pushouts of maps of shape («) or (8), such as
X — L(X), to an isomorphism. O

Remark 6.15. We have the following (essentially) commutative diagram of cate-
gories.

inclusion

dSet PreOper
(6.15.1) x A—Wom
Operad

The embedding dSet C PreOper is a left Quillen equivalence which preserves weak
equivalences (5.7). Therefore, Proposition 2.5 and Theorem 6.14 give rise to the
following (essentially) commutative diagram of homotopy categories.

Ho(dSet) Ho(PreOper)
(6 152) \ %07{1
o(Operad)

This has the following technical but useful consequence.

Corollary 6.16. Let J; be the dendroidal nerve of the contractible groupoid with
set of objects {0,1}. If X is a Reedy fibrant Segal operad, then any isomorphism in
the underlying category of Tqmo(X) comes from a morphism of preoperads J; — X.

Proof. This immediately follows from the fact that J; is cofibrant and from the
commutative diagram (6.15.2), because the analogous property for oco-operads is
known to hold; see [CM11, Proposition 6.20]. O

7. SEGAL OPERADS: THE TAME MODEL CATEGORY STRUCTURE

7.1. For a simplicial set K and a tree T, we denote by T[K] the free simplicial
operad generated by the tree T" and decorated by K. To be more precise, we define
this first in the case where T has at most one vertex. For T = 7, we just get
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T[K] = n, while, for T = C,, a corolla, T[K] = C,[K] (see 1.15). For a general tree
T, this defines a functor

F(K,T):I(T) — sOper , (SCT)r— F(K,T)(S)=S[K],

where I(T) is the partially ordered set of subtrees of 7' with at most one vertex;
see 5.3. The simplicial operad T[K] is simply the following colimit:

(7.1.1) TK] = h_rrgF(K, T).
I(T)
The latter can be described very concretely: its objects are those of T' (i.e. the

edges of T'), while the spaces of operations T[K](eq,...,e,;€e) can be described by
the formula

(7.1.2) T[K](e1,. .. en;€) = 1T KV
SeT(e1,...,en;e)

where T'(eq, ..., e,; e) denotes the set of subtrees of T whose input edges are exactly
e1,...,e, and whose output edge is e, and where V(S) denotes the set of vertices
of S. The composition is defined by grafting trees and by the fact that, if a tree
S is obtained by grafting the trees Si,...,Sk, then there is a canonical bijection
V(S) ~V(Sy)II---TTV(Sk), which induces an isomorphism

KV 5 s KV(S0) ~ V()

We obtain a functor
sSet x §) — sOper

(7.13) (K,T)— T[K].

We also define a functor
sSet x 0 — PreOper

(7.14) (K, T) — Q[K,T]

as follows. For a simplicial set K and a tree T', the simplicial dendroidal set Q[K, T
fits into the following pushout.

HeeE(T) K xn—— K x Q[T

T

Heerer A0 X —— Q[K, T
For a 0-connected simplicial set K, we have the formula:
(7.1.6) QIK,T] ~ (K x Q[T)]) .

Therefore, if K is O-connected, a map from Q[K,T] to a preoperad X is simply a
morphism of simplicial sets K — Xr. In the general case, the maps out of Q[K, T
are still understandable: for a preoperad X, the datum of a map Q[K,T] — X
is equivalent to a pair (v, f), where v is a function from the set of edges E(T) to
Xy, while f is a morphism of simplicial sets from K to X, such that the following
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square commutes.

f X

K
.
Al0] —2= x D)

Finally, these constructions may be compared as follows.

Proposition 7.2. For any simplicial set K and any tree T, there is a canonical
isomorphism of operads

74K, T)) =~ T[K] .

If moreover T has at most one vertex, then the unit map
QIK,T] — Na(T[K])

is an isomorphism.

Proof. Let us prove first that, for any tree T" with at most one vertex, we have a
canonical isomorphism Q[K,T| ~ Ny(T[K]). If T = 7, there is nothing to check,
while, if T'= C,, is a corolla (n > 0), we proceed as follows. Given a tree S, we see
(by considering first the case where K is a set with a single element, and then by
using the pushout square (7.1.5)) that

K if S is obtained by grafting linear trees with C),, and n # 1,
Q[K,Chls = { ObC, 1T (K x {surjections S — C,,}) if S is a linear tree,
& otherwise.

It is easy to see that the set Ny(C,[K])s admits the same description, which
means that we have natural isomorphisms Q[K, C,,] ~ N4(C,[K]). The inclusions
Sc[T] — Q[T being sent by 74 to isomorphims, we see that we have a natural
isomorphism
lim - 74(Q[K, S]) = 7a(QUK, T]),
SeI(T)
which ends the proof, by construction of T'[K] (7.1.1). O

7.3. For a simplicial set K and a tree T, we define the Segal core of Q[K,T] as the
following colimit.
(7.3.1) Sc[K,T) = lim Q[K, S]

SeI(T)

We immediately see that we have the following canonical pushout of simplicial
dendroidal sets.

Heepr K xn——— K x Sc[T]
(7.3.2) l i
HeeE(T) A[0] x 7 —— Sc[K, T

With this description, it follows that the canonical map

(7.3.3) Sc|K,T] — QIK, T]



38 D.-C. CISINSKI AND I. MOERDIJK

is a monomorphism between normal preoperads. For any monomorphism of sim-
plicial sets K — L, one obtains a commutative square

Sc[K,T] — Q[K, T]

|

Sc[L, T] —— Q[L, T]
which is easily seen to be cartesian. This induces a map
(7.3.5) Sc[L,TIUQ[K,T] — Q[L, T
which is also a monomorphism between normal preoperads.
Proposition 7.4. The maps (7.3.3) and (7.3.5) are trivial cofibrations.

Proof. Tt is clearly sufficient to treat the case of the map (7.3.3). By applying the
cube lemma [Hov99, Lemma 5.2.6] to the obvious morphism of squares from (7.1.5)
to (7.3.2), this proposition becomes a direct consequence of Proposition 5.4 and
Corollary 5.10. O

Remark 7.5. The functor 74 sends the map (7.3.3) to an isomorphism of simplicial
operads 74Sc[K, T| ~ 74Q[K,T] = T[K]: this follows from Proposition 7.2 and from
formula (7.1.1). Therefore, the map (7.3.5) is also sent by 74 to an isomorphism.

Proposition 7.6. For any tree T any integer n = 0, there is a canonical isomor-
phism
M(A[n] x Sc[T) U IA[n] x Q[T]) ~ Sc[A[n], T] U Q[OA[n], T].

Proof. This is clear whenever n > 2 by Formula 7.1.6. If n = 0, then Q[0A[n]] is
contained in Sc[A[n], T], and we are reduced to prove that we have an isomorphism
of shape y((A[n] x Sc[T]) ~ Sc[A[n],T), which is true again by 7.1.6. It remains
to understand the case where n = 1. We have a canonical commutative square

v(Aln] x Sc[T|UdA[n] x Q[T]) —— Sc[Aln], T] U Q[0A[n], T]

| l

(Aln] x Q[TT) QA[n], T

The left vertical map is a monomorphism (this follows from [CM, Lemma 7.4], for
instance). On the other hand, the lower horizontal map is known to be an isomor-
phism (7.1.6 again). Therefore, the upper horizontal map is a monomorphism, and
it remain to check that it is an epimorphism for n = 1. In other words, we have
to check that we have a surjection of shape Q[T I Q[T] — Q[OA[1], T], which is
obvious. O

7.7. We now define four new classes of morphisms of preoperads. The class C

contains:

(TC1) the map @ — n;

(TC2) the inclusions Q[0A[n],T] — Q[A[n], T] for any integer n > 0 and any
tree T with a unique vertex;

(TC3) the maps of shape Sc[A[n], T] U Q[0A[n], T] — Q[A[n],T] for any integer
n > 0 and any tree T.

The class C is the saturation of C. The class A contains:
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(TA1) the maps of shape n — H which are weak equivalences, and such that H is
countable, with set of objects H,, = {0,1}, while the map {0} II1{1} — H
is in C (a preoperad X is countable if each of the sets X,, 1 is countable);

(TA2) the inclusions Q[A*[n],T] — Q[A[n],T] for n > 1, 0 < k < n, and any
tree T' with a unique vertex;

(TA3) the maps of shape Sc[A[n], T] U Q[OA[n], T] — Q[A[n],T] for any integer
n > 0 and any tree T

The class A is the saturation of the class A.
Note that condition (TA3) is identical to condition (TC3).

Definition 7.8. A morphism of preoperads is a tame cofibration if it belongs to
the class C.

A morphism of preoperads is an isofibration if it has the right lifting property
with respect to A.

A preoperad X is a fibrant Segal operad if the morphism from X to the terminal
object is an isofibration.

Proposition 7.9. Let f: X — Y be a morphism of preoperads.

(a) The morphism f has the right lifting property with respect to the inclusion
@ — n if and only if it is surjective on objects.

(b) Given a morphism of simplicial sets v : K — L, the map f has the
right lifting property with respect to the induced maps Q[K,T| — Q[L, T,
for any tree T with a unique vertex, if and only if, for any (n + 1)-tuple
(x1,...,Tn,x) of objects of X, n > 0, the morphism

X(z1,. . xn;x) — Y (f(x1),..., flxn); f(z))

has the right lifting property with respect to the map u.

(c) The morphism f has the right lifting property with respect to the inclusions
Sc[A[n], TUQ[OA[n], T] — Q[A[n], T], for any integer n = 0 and any tree
T, if and only if, the morphism XTI — YU x oy X5 4s o trivial
fibration for any tree T with at least one inner edge.

Proof. Assertion (a) is obvious, while (b) follows from the construction of Q[K, T
(see the end of 7.1). Assertion (c) follows from Formula 7.1.6 and Proposition 7.6
(note that Sc[T] = Q[T] whenever T has at most one vertex). O

Corollary 7.10. A morphism of preoperads f : X — Y has the right lifting
property with respect to tame cofibrations if and only if the following three conditions
are verified:
(i) it is surjective on objects;
(ii) for any (n+ 1)-tuple (z1,...,x,,x) of objects of X, n > 0, the morphism
X(z1,.. ., xn;x) — Y(f(21),..., f(zn); f(x)) is a trivial fibration;
(iii) the map XN — YUTT sy XS is a trivial fibration for any tree T
with at least one inner edge.
In particular, by Proposition 6.13, if X and 'Y are Segal operads, such a morphism
is a weak equivalence.

Proof. By virtue of the preceding proposition, conditions (i), (ii) and (iii) corre-
spond to the right lifting property with respect to maps of shape (TC1), (TC2)
and (TC3), respectively. O
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Corollary 7.11. A preoperad X is a fibrant Segal operad if and only if it satisfies
the following two conditions:
(i) for any (n+ 1)-tuple (z1,...,2n,2) of objects of X, n > 0, the simplicial
set X(x1,...,xn;2) is a Kan complex;
(ii) for any tree T with at least one inner edge, the morphism X7 — XSelT]
s a trivial fibration.

In particular, any fibrant Segal operad is a Segal operad.

Proof. Here again, conditions (i) and (ii) express the property of the map from X
to the terminal object of having the right lifting property with respect to maps
of shapes (TA2) and (TA3), respectively. Note that, in that case, the right lift-
ing property with respect to maps of shape (TA1) is automatic: indeed, H must
have the property that Hr = @ for any non linear tree 7', which imply that it is
isomorphic to n x H; in other words, all the maps of shape (TA1l) must have a
retraction. [

Corollary 7.12. A simplicial operad P is fibrant if and only if its dendroidal nerve
Ny(P) is a fibrant Segal operad.

7.13. Let X be a preoperad, and f : S — X, a map from a set S to the set of
objects of X. We define the preoperad f*(X) as the one whose dendrices are the
simplicial sets obtained by the pullbacks

[ (X)r ——Xr

(7.13.1) J{

GE(T) _r. X7;E(T)

in which E(T) denotes the set of edges of T', while the right vertical arrow is the
obvious evaluation map. We have a canonical morphism of preoperads

(7.13.2) X — f*(X).

Any morphism of preoperads u : X — Y factors into a morphism X — u;(Y)
which is bijective on objects followed by the canonical map qu(Y) — Y.

Lemma 7.14. Let X be a preoperad. For any surjective map f : § — X, the
induced morphism f*(X) — X is a universal weak equivalence (i.e. it is a weak
equivalence which remains so after any base change).

Proof. For any integer n > 0, it is easy to see that the morphism of dendroidal
sets f*(X), — X, has the right lifting property with respect to the boundary
inclusions 9Q[T] — Q[T (observe that, except in the case where T = 1), these
inclusions are bijective on objects, so that the lifts are in fact unique). In other
words, this map is a termwise trivial fibration of dendroidal sets. Corollary 5.10
ends the proof. O

Proposition 7.15. Any morphism with the right lifting property with respect to
tame cofibrations is a weak equivalence.

Proof. Let f: X — Y be a morphism with the right lifting property with respect
to tame cofibrations. In particular, f is surjective on objects, so that, by virtue of
Lemma 7.14, the map fp (Y) — Y is a weak equivalence. On the other hand, we
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see from Corollary 7.10 that the map X — f;(Y") still has the right lifting property
with respect to tame cofibrations: the only apparently non trivial property to check
is condition (iii), which follows from the fact that the maps

f;(Y)Q[T] Xf;(Y)Sc[T] XSC[T] — YQ[T] Xy se[T] XSC[T]

are bijective. In other words, we may assume that f is bijective on objects. We
see that, for any tree T with at least one vertex, the morphism of simplicial sets
Xr — Yr is a trivial fibration (if T is a corolla, this follows from condition (ii)
of Corollary 7.10; this property extends to any tree T" with at least one inner edge,
by condition (iii) of the same corollary, and from the fact that the class of trivial
fibrations of simplicial sets is closed under small sums). Corollary 5.10 thus implies
that f is a weak equivalence. O

Proposition 7.16. Let Y be a Segal operad. If a morphism f: X — Y has the
right lifting property with respect to maps of type (TA2) and (TAS3), it must satisfy
the following three conditions:
(i) the preoperad X is a Segal operad;
(ii) for any (n+ 1)-tuple (z1,...,x,,x) of objects of X, n = 0, the morphism
X(x1,.. . xn;2) — Y(f(z1),..., f(zn); f(z)) is a Kan fibration;
(iii) for any tree T, the map XU — YUV x50y XS s q trivial fibration.

Proof. We already know from Proposition 7.9 that conditions (ii) and (iii) are
equivalent to the right lifting property with respect to maps of shape (TA2) and
(TA3), respectively. Let us prove that X must be a Segal operad. Let T be a tree
with at least one inner edge. We then have the following commutative square.

X7 Yr

e

XSC[T] - YSC[T]

The bottom map is a Kan fibration: as the class of Kan fibrations is closed under
small sums and small products, this follows from condition (ii) and isomorphisms
of shape (6.3.2). Moreover, as Y is a Segal operad, the right vertical map is a
weak equivalence. As the model category of simplicial sets is right proper, this
implies that the projection YT x ysciry YST1 — X5elT] i5 a weak equivalence.
Therefore, condition (iii) implies that the left vertical map is a weak equivalence,
or, in other words, that X is a Segal operad. (]

Proposition 7.17. Let Y be a fibrant Segal operad. If a morphism f: X — Y
is an isofibration, then the induced morphism of operads 174 7o(X) — Tqmo(Y) is
an isofibration.

Proof. Let yo ~ y1 be an isomorphism in the category underlying the operad
Tam0(Y), and let z¢ be an object of X such that f(z¢) = yo. By virtue of Lemma
6.12, we can choose a Reedy fibrant resolution u : Y — Y such that u is a weak
equivalence which is bijective on objects, and Y’ is a Reedy fibrant Segal operad.
Let K be a Segal operad with set of objects K; = {0,1} such that the inclusion
n ~ {0} — K is a normal monomorphism and a weak equivalence (for instance,
K might be choosen to be the nerve of the contractible groupoid with set of objects
{0,1}). As K is cofibrant and Y’ Reedy fibrant, the isomorphism yy ~ y; may be
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lifted to a map K — Y’ sending e to y. for e = 0,1 (Corollary 6.16). We can
apply the small object argument to the class of maps of shapes (TA2) and (TA3) to
factor the map K — Y into a weak equivalence K — K’ followed by a morphism
K’ — Y’ which is bijective on objects and has the right lifting with respect to
maps of shapes (TA2) and (TA3). Proposition 7.16 implies that K’ is a fibrant
Segal operad and that, for any tree T', the map K7 — Y/ is a Kan fibration. It is
then time to form the following pullback square.

Hl > K/

,

Y ——Y'

As the right hand morphism is a termwise Kan fibration, while the lower horizontal
map is a termwise simplicial weak equivalence (6.10), the upper horizontal map is a
termwise simplicial weak equivalence, whence a weak equivalence (5.10). Let us fix
a countable tame cofibration n I17 — H which is a bijection on objects, and such
that there exists a weak equivalence H — n: one obtains this by applying the
small object argument to the class of maps of shapes (TC2) and (TC3) to factor
the codiagonal nIln — n; the fact that H may be assumed to be countable comes
from the fact that any map of shape (TC2) or (T'C3) has a finite codomain, while
the fact that H — 7 is a weak equivalence comes from Proposition 7.15. Remark
that H' is a fibrant Segal operad by Proposition 7.16. This implies that the map
H' ~nx H — nis fully faithul and surjective on objects. In particular, this map
has the right lifting property with respect to tame cofibrations (7.10). Therefore,
we can choose a map H — H’ which is bijective on objects. Composing with
H' — Y, we thus obtain a map y : H — Y that lifts the isomorphism 3y ~ y1.
Finally, we see that we have constructed a commutative square

0
n—-—X

|, b

H——Y

and we would like it to admit a lift from H to X. But, as H is countable, the left
vertical arrow is a map of type (TA1), so that such a lift h : H — X exists by
assumption on f. The map h induces an isomorphism zy ~ x; in 74 mo(X) which
lifts the isomorphism yg =~ 1. (]

Corollary 7.18. A morphism between fibrant Segal operads is both an isofibration
and a weak equivalence if and only if it has the right lifting property with respect to
tame cofibrations.

Proof. Any morphism between Segal operads with the right lifting property with
respect to tame cofibrations is certainly an isofibration as well a weak equivalence;
see Corollary 7.10. Let f : X — Y be an isofibration between fibrant Segal
operads which is also a weak equivalence. As f is fully faithful, we immediately see
that f satisfies conditions (ii) and (iii) of Corollary 7.10. To prove that f has the
right lifting property with respect to tame cofibrations, it is thus sufficient to check
that it is surjective on objects. But, by virtue of the preceding proposition, the
induced morphism of operads 74 m(f) is then an isofibration, and as it is clearly a
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weak equivalence, it must be surjective on objects. As the functor 747y does not
affect the objects, this means that f is surjective on objects as well. (Il

Theorem 7.19. The category of preoperads is endowed with a left proper cofibrantly
generated model category structure whose cofibrations are the tame cofibrations,
while the fibrant objects are the fibrant Segal operads and the fibrations between
Segal operads are the isofibrations. Moreover, the identity functor is a left Quillen
equivalence from this model category to the model category of Theorem 5.7.

Proof. As any tame cofibration is a normal monomorphism, the class of tame cofi-
brations which are also weak equivalences is closed under pushout, retracts, and
transfinite composition. Therefore, the category of preoperads admits a cofibrantly
generated model category structure whose weak equivalences are the same as those
of the model category structure of Theorem 5.7, and whose cofibrations are pre-
cisely the tame cofibrations: this immediately follows from Proposition 7.15 and
from Jeff Smith’s theorem [Bek00, Theorem 1.7 and Proposition 1.18]. Moreover,
it is clear that the class A is contained in the class of trivial cofibrations (the only
non obvious case is about maps of type (TA3), which is solved by Proposition 7.4).
Therefore, any fibrant object is a fibrant Segal operad, and any fibration is an isofi-
bration. We will now prove that any isofibration between fibrant Segal operads is
a fibration for this model category structure. Consider a commutative square

A—2>X

iibif

B——Y

where i is a tame cofibration and a weak equivalence, while f is an isofibration
between fibrant Segal operads. We want to produce a lift from B to X. We
can factor the map b into a morphism k : B — B’ in A and an isofibration
b : B — Y. It is then sufficient to prove that the commutative square

A—sX

B —Y

admits a lift, where ¢/ = ki. For this, it is sufficient to prove that the map 4’ is in the
class A. We can choose a factorization of i’ as a map j : A — C in A followed by
an isofibration ¢ : C' — B’. But then, the map ¢ is an isofibration between fibrant
Segal operads and a weak equivalence. Therefore, by virtue of Corollary 7.18, the
morphism ¢ has the right lifting property with respect to any tame cofibration. This
implies that the tame cofibration i’ is a retract of j, whence is in A. The property of
left properness follows from the analogous property for the model category structure
of Theorem 5.7 and from the fact that any tame cofibration is in particular a normal
monomorphism. The last assertion of the theorem is obvious. (Il

8. STRICTIFICATIONS

In this section we will prove that the homotopy theories of co-operads, of Segal
operads, and of simplicial operads are all canonically Quillen equivalent. We will
start by comparing Segal operads and simplicial operads.
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Proposition 8.1. The functor 74 : PreOper — sOper sends tame cofibrations to
cofibrations.

Proof. Tt is sufficient to check that the functor 74 sends maps of type (TC1), (TC2),
or (TC3) (cf. 7.7) to cofibrations. The case of (TC1) is clear, while maps of type
(TC2) are sent to maps of type (C2) (this follows from Proposition 7.2). As for the
maps of type (TC3), we know from Remark 7.5 that they become isomorphisms in
the category of simplicial operads. (|

Lemma 8.2. Consider a pushout square of preoperads

A—=U

T

B——V

in which i is a map of type (TC1), (TC2), or (TC3) (see 7.7). If the simplicial
operad 174(U) is X-cofibrant, then so is 74(V'), and the comparison morphism

1% HU Nd Td(U) — Nd Td(V)
is a weak equivalence.

Proof. We have a cocartesian square

Td(i)l/

in which the morphism 74(¢) is a cofibration (by the preceding proposition), so that
the morphism 74(f) is a cofibration. As 74(U) is X-cofibrant, this implies that
Ta(f) is a X-cofibration and that the simplicial operad 74(V) is E-cofibrant. Let
us write V = V Il Ng74(U). It remains to prove that V — Ng74(V) is a weak
equivalence.

The case where ¢ is of type (T'C1) is clear: the functors 74 and N4 don’t affect
the objects and preserve sums, so that we must have V = nIINy(U) ~ Ny4(nllU) =
Ng(V'). The case where i is of type (TC3) is easy to understand too: in this case,
we have a commutative square of shape

U—— Ng14(U)

fl iNde(f)

V——= Ng1q(V)

in which the left vertical map is a trivial cofibration (because it belongs to A),
while the right vertical map is an isomorphism (by Remark 7.5, the map 74(f) is
a pushout of an isomorphism). Therefore the map V' — N, 74(V) has a section
which is a trivial cofibration, whence it is a weak equivalence.
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It remains to consider the case where i is a map of type (TC2). More precisely,
we have to understand pushout squares of shape

Q[OA[m],Cp] —=U
zl if
Q[A[m], Cp] ——=V

for m,n > 0. By virtue of Corollary 5.10, it is sufficient to prove that, for any
integer ¢ > 0, the morphism of dendroidal sets
Vq — Ny Td(V)q = Ny Td(Vq)

is a weak equivalence of the model category structure of Theorem 2.4. Let us denote
by I, the set of all surjective maps Afg] — A[m]. We then have pushout squares
of the following type in the category of operads.

erlq ICn —— C,[0Am]lg —— 7a(Uy)

| L

Hyer, On —— CulAlm]lg —— 7a(Vy)
Let us form the following cocartesian squares in the category of dendroidal sets.

erlq 00 Cp] —— Q[0A[m], Cnlg — Uy —— Na7a(Uq)

| | |

I fel, Q[Cy] S w
Note that, by virtue of the last assertion of Proposition 7.2, we have Q[K,C,] =
N4(Cp|K]) for any simplicial set K. We know that the comparison map
S — Ng1a(S) = Ny(Cr[A[m]]4) = Q[A[m], Cy]q
is an inner anodyne extension: this follows by applying Corollary 3.8 to the left

hand square. By applying Corollary 3.8 to the composed square (which makes sense
because we assumed 74(Uy,) to be E-cofibrant), we obtain that the map

W — Nd Td(W) ~ Nd Td(V)q

is an inner anodyne extension as well. We next observe that we have the pushout

S w

—_—

Q[A[m]v Cn]q - Vq

from which we deduce that the map W — V, is an inner anodyne extension.
Finally, the commutative triangle

I

— Ny Td(Vq)
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shows that the map V, — Ny 74(V,) is a weak equivalence. O

Proposition 8.3. Let X be a preoperad. If X is tamely cofibrant (i.e. if the map
@ — X is a tame cofibration), then the unit map X — Ng714(X) is a weak
equivalence.

Proof. By the small object argument, we may assume that X is a retract of an
object Y, such that Y = (JY;, where

g=YyCcY,C---CcY,Cc---CY, i€el,

is a sequence of maps indexed by a well ordered set I with initial element 0, such
that each of the inclusions Y = hﬂ< Y; — Y;, i € I, fits into a pushout of shape
<1

Ai*>)/i/

I

B, —Y;

where the map wu; is a morphism of type (TC1), (TC2), or (TC3) (7.7). Note
that the functors 74 and Ny both preserve small filtered colimits. As the class of
weak equivalences is closed under retracts and under filtered colimits (5.11), it is
sufficient to prove that the unit map Y; — Ny 74(Y;) is a weak equivalence for each
i € I. We do this by transfinite induction. For ¢ = 0, we must have Y] = @, which
implies that wg is of type (TC1). Therefore, Yy = 1, and the map Yy — Ny 74(Y0)
is an isomorphism. It remains to study the case where ¢ > 0. Proposition 8.1
implies that, for any tamely cofibrant preoperad W, the simplicial category 74(W)
is cofibrant, whence »-cofibrant. We deduce from Lemma 8.2 that the comparison
map Y; Iy Ny 174(Y!) — Ng74(Y;) is a weak equivalence. Moreover, the map
Y] — Ng7a(Y/) is a weak equivalence, because it is a filtered colimit of the weak
equivalences Y; — Ng74(Y;), j < i. As the model category of preoperads is left
proper, and as the map Y/ — Y} is a cofibration, the map ¥; — Y; Iy, Ny Ta(Y7)
is a weak equivalence. It follows that the composed map Y; — Ny 74(Y;) is a weak
equivalence as well, thus completing the induction step and the proof. O

Theorem 8.4. The functor 74 : PreOper — sOper is a left Quillen equivalence
(where PreOper is endowed with the tame model category structure (7.19)). More-
over, its right adjoint Ny : sOper — PreOper preserves and detects weak equiva-
lences.

Proof. By virtue of Proposition 8.1, the functor 74 preserves cofibrations. More-
over, the functor N, preserves and detects weak equivalences: indeed the nerve
of a simplicial operad is a Segal operad, and a morphism of simplicial operads is
fully faithful and essentially surjective if and only if its nerve is fully faithful and
essentially surjective. One deduces from this property of the nerve and from Propo-
sition 8.3 that the functor 74 sends trivial cofibrations between cofibrant objects
to trivial cofibrations. In particular, it sends the class A into the class of trivial
cofibrations. This implies right away that the functor Ny sends fibrations between
fibrant objects to isofibrations between fibrant Segal operads, whence to fibrations
(Theorem 7.19). Therefore, the adjunction (74, Ng) is a Quillen pair; see [JT07,
Proposition 7.15]. Proposition 8.3 and the fact that the nerve functor Ny preserves
and detects weak equivalences imply that this is in fact a Quillen equivalence. [
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Remark 8.5. The category PreCat of (Segal) precategories studied by Bergner in
[Ber07b] is simply PreOper/n. Therefore, the two model structures on PreOper
induce two (Quillen equivalent) model category structures on PreCat. Similarly,
the category sCat of simplicial categories can be described as sCat = sOper/n. As
both functors 74 and Ny preserve the object n (which is fibrant on both sides of the
adjunction), the preceding theorem immediately implies:

Corollary 8.6 ([Ber07b, Theorem 8.6]). The nerve adjunction
T : PreCat = sCat : N

is a Quillen equivalence (where PreCat is endowed with the model category structure
induced by Theorem 7.19).

A reformulation of the proof of Proposition 8.3 gives the following result.

Theorem 8.7. Consider a pushout of simplicial operads

p—Lsp

Q—>Q
in which the map i is a cofibration, while P and P’ are X-cofibrant. Then this

square is homotopy cocartesian. (In particular, if the map p is in addition a weak
equivalence, then q is a weak equivalence as well.)

Proof. Let H be the class of morphisms between Y-cofibrant simplicial operads
1: P — Q such that, for any map p : P — P’, with P’ ¥-cofibrant, the pushout
square

LY

T
Q—>qQ
is homotopy cocartesian, while 7’ is a Y-cofibration. Let us first check that the class
H has the following properties.
(a) For any X-cofibrant simplicial operad P, the map @ — P is in H.
(b) For any map ¢ : P — Q in H and any morphism p : P — P’ with 2’
Y-cofibrant, the morphism ?' — Q. Ilp P’ is in H.
(¢) For any well ordered set I with smallest element 0, and any functor P :
I — sOper such that, for any i € I, the map hﬂ< P; — P, is in H, the
. L <
map P — mie[ P isin H.
(d) The class H is closed under retracts.
Property (a) reflects the fact that X-cofibrant simplicial operads are closed under
small sums as well as the stability of weak equivalences by small sums. Property
(b) comes from the fact that, for any two commutative squares of the following
form in a model category

XH_X/HX//

L

YHY/HYN
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if the left hand square and the composed square are homotopy cocartesian, then so
is the right hand square. Property (c) comes from the fact that homotopy cocarte-
sian squares are closed under homotopy colimits, because, as weak equivalences
of simplicial operads are closed under filtering colimits (1.24), any filtered colimit
of simplicial operads is weakly equivalent to the corresponding homotopy colimit.
Finally, property (d) expresses the stability of the classes of X-cofibrations and of
homotopy cocartesian squares under retracts. The conclusion of this digression is
that it is sufficient to prove the theorem in the case where the map i is of shape
(C1) or (C2) (cf. 1.15): indeed, it follows from the small object argument that
any cofibration between Y-cofibrant simplicial operads is a retract of a transfinite
composition of pushouts of such morphisms. As the nerve functor Ny is a right
Quillen equivalence which preserves weak equivalences (8.4), it is sufficient to prove
that the commutative square

Na(p)
—_—

Nq4(P) Ny (P

Ny (7) Nd(i’)
Na(q)
Ny(Q) =% Ny(Q))

is homotopy cocartesian in the model category of preoperads for which the cofi-
brations are the tame cofibrations. The last assertion of Proposition 7.2 implies
that Ng(i) is a map of shape (TC1) or (TC2) (7.7), whence, in particular, a tame
cofibration. As the model category of preoperads is left proper (7.19), we see that
Lemma 8.2 concludes the proof. ([

Corollary 8.8. For any X-cofibrant simplicial operad P, the model category sOper /P
1S proper.

Proof. The property of right properness is already known (this comes from the
right properness of the model category of simplicial operads; see 1.14). As for left
properness, this immediately follows from the preceding theorem and from the fact
that any simplicial operad above a Y-cofibrant simplicial operad is X-cofibrant. [J

Corollary 8.9. The model category of non-symmetric simplicial operads is proper.

Proof. This is the preceding corollary for P = Ass. (]

Corollary 8.10. The model category of simplicial categories is proper.

Proof. Apply Corollary 8.8 to P = . O

Corollary 8.11. Let Eo, be any X-cofibrant (e.g. cofibrant) simplicial operad which
is weakly equivalent to the terminal operad. Then the model category sOper/E, is
proper, while the forgetful functor sOper /E«, — sOper is a left Quillen equivalence.

Proof. For any simplicial operad P, the projection F, x P — P is a weak equiv-
alence, which proves that the forgetful functor from sOper/E., — sOper is a left
Quillen equivalence. We conclude again with Corollary 8.8. ]

Remark 8.12. We do not know if the model category of simplicial operads is left
proper or not, though.
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8.13. The inclusion functor dSet C PreOper induces an equivalence of homotopy
categories (5.7)

(8.13.1) Ho(dSet) ~ Ho(PreOper) .

On the other hand, we have the total right derived funtor of the homotopy coherent
nerve functor (4.9)

(8.13.2) RhcN 4 : Ho(sOper) — Ho(dSet)
as well as the functor induced by the nerve functor (8.4)
(8.13.3) Ny : Ho(sOper) — Ho(PreOper)

(we do not need to derive the functor Ny because it preserves weak equivalences on
the nose).

Theorem 8.14. The composition of the nerve functor (8.13.3) with the equivalence
(8.13.1) is canonically isomorphic to the derived homotopy coherent nerve (8.13.2).
In particular, the total right derived functor of the homotopy coherent nerve functor
is an equivalence of categories.

Proof. For any fibrant simplicial operad P and any tree T', as Ny is a right Quillen
functor, we have

Map(QT], Na(®P)) = Map(T', P)
(because 74(Q[T]) = T) and, similarly, as hcN4 is a right Quillen functor, we have
Map(QT], heN () = Map(Wi(T), ).

The natural weak equivalence W (T') — T between cofibrant objects thus gives a
functorial homotopy equivalence between Kan complexes

Map(QT], No(2)) — Map(Q[T], heN ().

Properties (iii) and (v) of Theorem 5.9 give that Ny(P) and hcN 4(P) are naturally
isomorphic in Ho(sdSet). Property (iv) of Theorem 5.9 implies then that they are
canonically isomorphic in Ho(PreOper). The last assertion follows from Theorem
8.4. O

Proposition 4.9 and the preceding theorem, put together, give:

Theorem 8.15. The adjunction W, : dSet = sOper : heNy is a Quillen equiva-
lence.

Both the homotopy coherent nerve functor hcN 4 and its left adjoint W, preserve
the object 7, which is fibrant (on both sides of the adjunction). Therefore, under
the identifications sSet = dSet/n and sCat = sOper/n, we also get the following
comparison result, originally due to Joyal and Lurie:

Corollary 8.16 ([Lur09, Theorem 2.2.5.1]). The homotopy coherent nerve adjunc-
tion
Wi« sSet = sCat : heN

is a Quillen equivalence (where the category sSet is endowed with the Joyal model
structure).
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9. CLASSICAL OPERADS AND REDUCED 00-OPERADS

9.1. We write dSet, for the full subcategory of the category dSet of dendroidal sets
whose objects are the presheaves X on 2 such that X, is the set with one element.
The objects of dSet, are called reduced dendroidal sets.

The obvious forgetful functor

(9.1.1) dSet, — n/dSet
has a right adjoint
(9.1.2) r:n/dSet — dSet,

defined as follows: if X is a dendroidal set with a given objects z € X, then r(X)
is the dendroidal subcomplex of X whose dendrices are obtained by the following
pullbacks, for any tree T',

r(X)pr —— Xr

(9.1.3) L . i

o)
* XE®

where x denotes the set with one element, while F(T') is the set of all edges of the
tree T', and the right vertical map is the obvious evaluation map.

Remark that, as the functor (9.1.1) is fully faithful and commutes with colimits
as well as with limits. The category dSet, is also an accessible subcategory of

n/dSet.

Proposition 9.2. If X is an co-operad with a distinguished object x, the reduced
dendroidal sets r(X) is an co-operad.

Proof. This immediately follows from the fact that, for any tree T with a given
edge e, the inclusion A¢[T] — Q[T is bijective on objects. O

Proposition 9.3. There is functorial inner anodyne extension X — R(X) which
is bijective on objects and such that R(X) is an co-operad.

Proof. This resolution functor is obtained by applying the small object argument
to the set of inner horn inclusions. The fact that this does not affect objects again
comes from the fact that inner horn inclusions are all bijective on objects. ([

Proposition 9.4. The category dSet, of reduced dendroidal sets is endowed with a
model category structure whose weak equivalences (cofibrations) are the morphisms
which are weak equivalences (normal monomorphisms) in the category dSet. The
fibrant objects of this model category are precisely the reduced dendroidal sets which
are also co-operads.

Proof. We will prove the existence of this model category structure using again Jeff
Smith’s theorem [Bek00]. Note that, as the classes of weak equivalences and of
cofibrations are detected by the forgetful functor (9.1.1), it is clear that the class
of trivial cofibrations is saturated. The class of normal monomorphisms in dSet, is
generated by the class of maps p(9Q[T]) — p(QYT]) for any tree T with at least
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one vertex, where p denotes the left adjoint of the inclusion dSet, C dSet: for a
dendroidal set X, we have a pushout of the following shape.

x,7——X

|

p(X)

We see from this description that a morphism of dSet, has the right lifting property
with respect to normal monomorphisms in dSet, if and only if it has this property
in the whole category dSet. In particular, such a morphism is a weak equivalence.
This achieves the proof of the existence of the model structure.

Let us prove that the fibrant objects are the reduced oo-operads. It is clear that
any reduced oo-operad is fibrant. For the converse, if X is a fibrant object, we
have, by Proposition 9.3 an inner anodyne extension X — R(X) in dSet, with
R(X) an ooc-operad. This implies that X is a retract of R(X) in dSet,, whence is
an oo-operad. (Il

n

Proposition 9.5. The forgetful functor dSet, — n/dSet induces a fully faithful
functor Ho(dSet.) — Ho(n/dSet).

Proof. The inclusion of dSet, into n/dSet is a fully faithful left Quillen functor
which preserves weak equivalences, cofibrations, as well as fibrant objects. This
immediately implies that the induced functor Ho(dSet,) — Ho(n/dSet) is fully
faithful. O

Remark 9.6. The forgetful functor Ho(dSet,) — Ho(dSet) is easily seen to be
full and conservative; in particular, two reduced dendroidal sets are isomorphic
in Ho(dSet,) if and only if they are are isomorphic in Ho(dSet). However, this
functor is not faithful. For instance, one can consider two groups G and H, seen
as categories with one object. Maps from 4 N(G) to 4y N(H) in Ho(dSet,) are
just homomorphisms of groups G — H, but the set of maps from i N(G) to
iy N(H) in Ho(dSet) is the set of homotopy classes of maps between the classifying
spaces BG — BH: we know from Hurewicz that this is the quotient of the set of
homomorphisms G — H by the action of the group of inner automorphisms of H.

9.7. We write sOper, for the category of simplicial operads with a single object.
The objects of sOper, will be called the classical operads. This category is endowed
with a model category structure provided by Theorem 1.7.

As both functors W) and hcN 4 do not affect the sets of objects, they restrict to
an adjunction

(9.7.1) Wi @ dSet, = sOper, : heNg.
Proposition 9.8. The adjunction (9.7.1) is a Quillen equivalence.

Proof. This immediately follows from Theorem 8.16. ]

Remark 9.9. By slicing over 7, the adjunction (9.7.1) restricts to a Quillen equiv-
alence between the model category of simplicial monoids and the model category
of reduced simplicial sets (whose fibrant objects are the oo-categories with a single
object).
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Remark 9.10. Similar results hold for the homotopy theory of dendroidal sets with
a fixed set of objects C, which is Quillen equivalent to the category of simplicial
operads with the same fixed set of objects. There are also variations with Segal
operads, and so on. We leave these as exercises for the interested readers.
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