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Homotopy theory of nonsymmetric operads

FERNANDO MURO

We endow categories of nonsymmetric operads with natural model structures. We
work with no restriction on our operads and only assume the usual hypotheses for
model categories with a symmetric monoidal structure. We also study categories of
algebras over these operads in enriched nonsymmetric monoidal model categories.

18D50, 55U35; 18D10, 18D35, 18D20

1 Introduction

Operads are well-known devices encoding the laws of algebras defined by multilinear
operations and relations, eg there are operads Ass, Com and Lie whose algebras are
associative, commutative and Lie algebras, respectively. Morphisms of operads codify
relations between different kinds of algebras, eg there are morphisms Lie — Ass — Com
telling us that any commutative algebra is an associative algebra, and that commutators
in an associative algebra yield a Lie algebra.

There are two kinds of operads: symmetric and nonsymmetric operads. Symmetric
operads are needed whenever it is necessary to permute variables in order to describe
the laws of the corresponding algebras, eg Com and Lie. Nonsymmetric operads
are specially useful to deal with algebras in nonsymmetric monoidal categories, eg
given a commutative ring k& and a set .S which is not a singleton, the category of
k-modules with object set .S, which are collections of k—modules indexed by S x .S,
M ={M(x,y)}x,yes » has a nonsymmetric tensor product,

(M ®s N)(x,y) =P M(z. y) & N(x,2),
zeS
whose associative algebras, ie algebras over the operad Ass, are k —linear categories
with object set .S.

Any object M in a symmetric monoidal category %', such as the category of k—
modules, has an endomorphism symmetric operad Endy (M) in V' such that, if O
is another symmetric operad in %', the set of (J—algebra structures on M is the set
of symmetric operad morphisms O — Endy(M ). If M belongs to a nonsymmetric
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monoidal category 6 enriched over V', such as the category of k-modules with object
set .S, then there is a nonsymmetric operad End¢ (M) in V' such that the set of algebra
structures on M over a nonsymmetric operad O in ¥V is the set of nonsymmetric
operad morphisms O — Endg(M).

When the underlying symmetric monoidal category " carries homotopical information,
eg if we replace k—modules with differential graded k-—modules, one is often more
interested in a space of O—algebra structures on M rather than a plain set. Such a
space can be constructed by using the powerful machinery developed by Dwyer and
Kan [9; 7; 8] provided we can place the operads O and Endg (M) in an appropriate
model category of operads.

Model categories of operads were first considered by Hinich in the differential graded
context [13; 12], and by Berger and Moerdijk in a more general setting [4]. They dealt
with symmetric operads and showed that restrictive hypotheses are necessary to endow
the category of all operads with an appropriate model category structure, eg when k is
a Q—algebra or when the symmetric monoidal structure in " is cartesian closed and
there is a symmetric monoidal fibrant replacement functor.

Motivated by our interest in spaces of differential graded category structures, we
consider the nonsymmetric case, which surprisingly enough does not need any restrictive
hypotheses, just usual hypotheses for model categories with a monoidal structure; see
Schwede and Shipley [20].

Theorem 1.1 Let V' be a cofibrantly generated closed symmetric monoidal model
category. Assume that V' satisfies the monoid axiom. Moreover, suppose that there are
sets of generating cofibrations and generating trivial cofibrations in V' with presentable
sources. Then the category Op(V') of nonsymmetric operads in V' is a cofibrantly
generated model category such that a morphism f: O — P in Op(V) is a weak
equivalence (resp. fibration) if and only if f(n): O(n) — P(n) is a weak equivalence
(resp. fibration) in V' for all n > 0. Moreover, it V' is right proper then so is Op(V).
Furthermore, if V' is combinatorial then Op (') is also combinatorial.

This theorem can be applied to all examples in [20] (see also the references therein):

(1) Complexes of modules over a commutative ring k with the usual tensor product
of complexes.

(2) Simplicial k-modules with the levelwise tensor product ®j .

(3) Modules over a finite-dimensional Hopf algebra R over a field k& with the tensor
product over k, eg R = kG the group-ring of a finite group G'.

(4) Symmetric spectra with their smash product, and more generally modules over a
commutative ring spectrum.

Algebraic & Geometric Topology, Volume 11 (2011)



Homotopy theory of nonsymmetric operads 1543

(5) T'—spaces with Lydakis’ smash product.
(6) Simplicial functors with their smash product.

(7) S-modules with their smash product.

In particular, Theorem 1.1 will also be useful to study spaces of spectral category
structures.

Recall from Addmek and Rosicky [1, Definition 1.13 (2)] that an object X of V" is
presentable if there exists a cardinal A such that the representable functor V'(X, —)
commutes with A—filtered colimits in V. Presentable objects are also called small or
compact in some references. All objects are presentable in many categories of interest,
eg in all combinatorial model categories. Actually, up to set theoretical principles any
cofibrantly generated model category is Quillen equivalent to a combinatorial model
category; see Raptis [19].

Categories of algebras over symmetric operads do not always have a model structure
with fibrations and weak equivalences defined in the underlying category. Sufficient
conditions can be found in Berger and Moerdijk [4]. In the framework of nonsymmetric
operads they do. When both algebras and operads live in the same ambient symmetric
monoidal model category V', satisfying the monoid axiom, this has been recently
proved by JE Harper [11, Theorem 1.2]. We here extend this result to algebras in a
monoidal model category 6 satisfying the monoid axiom and appropriately enriched
over V. This is necessary, for instance, to construct model categories of enriched
categories, of enriched A,—categories, or of any other categorified algebraic structure;
see Section 10.

Theorem 1.2 Let V' and 6 be cofibrantly generated biclosed monoidal model cate-
gories. Suppose V' is symmetric and € has a V' —algebra structure given by a strong
braided monoidal functor z: V' — Z(46) to the center of € such that the composite

functor
forget

Vs Z(€) —> 6

is a left Quillen functor. Moreover, assume that V' and € satisfy the monoid axiom (see
Definition 6.1 and Definition 9.1). Furthermore, suppose that ‘€ has sets of generating
cofibrations and generating trivial cofibrations with presentable source. Let O be a
nonsymmetric operad in V. The category Alg,(O) of O—algebras in ‘€ is a cofibrantly
generated model category such that an O —algebra morphism g: A — B is a weak
equivalence (resp. fibration) if and only if g is a weak equivalence (resp. fibration) in €.
Moreover, if € is right proper then so is Alg,(O). Furthermore, if € is combinatorial
then Alg,(O) is also combinatorial.
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The notion of monoidal model category in [20, Definition 3.1] makes sense with no
modification in the nonsymmetric context; see Definition 4.2.

Any operad morphism ¢: O — P induces a change of operad functor
¢*: Algy(P) — Alg¢(0)

by restricting the action of P to O along ¢. This functor is the identity on underlying
objects in 6, hence it preserves fibrations and weak equivalences. Moreover, the functor
¢* has a left adjoint ¢, therefore we have a Quillen adjunction

¢+
)] Alge(0) <¢_—** Alge(P).

The following result establishes conditions so that this is a Quillen equivalence if ¢ is
a weak equivalence of operads. These conditions are the nonsymmetric analogues of
those considered in [4] for symmetric operads.

Theorem 1.3 In the conditions of the previous theorem, assume further that € is
left proper. Let ¢: O — P be a weak equivalence between operads in V' such that
for all n > 0 the objects O(n) and P(n) are cofibrant in V'. Then Equation (1) is a
Quillen equivalence, in particular the derived adjoint pair is an equivalence between the
homotopy categories of algebras:

Ls
Ho Alg,(O) —— Ho Alg,(P).
¢*

This result will be useful to show that in many examples the homotopy theory of
enriched categories coincides with the homotopy theory of A.,—categories, eg when
the underlying symmetric monoidal category V" is any of the categories in the examples
(1)—(6) listed above; see Section 10.

When <€ is a simplicial model category and the simplicial structure is compatible with
z: ¥ — Z(%6) in a suitable way, the derived equivalence of homotopy categories in
Theorem 1.3 was obtained by Batanin in [2, Section 2] using totally different methods
closer to categorical algebra than to homotopy theory.

The paper is structured as follows. Sections 2, 5 and 6 deal with operads and Sections 7,
8 and 9 deal with algebras in a rather parallel way: we recall the basics on these
algebraic structures, we give very detailed constructions of some pushouts which are
the main ingredients for the proofs of our main theorems, and then we proceed with
the proofs. The other sections are auxiliary.
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Notation Throughout this paper %" and € will denote complete and cocomplete
biclosed monoidal categories (see Kelly [17, 1.5]) with tensor product X ® Y and
unit objects [ and I, respectively. We drop the subscript when it is clear from the
context. The category V" will be symmetric and internal morphism objects in V" will
be denoted by Hom(X, Y). We will add homotopical hypotheses when needed.

2 Operads

In this section we recall the well-known notion of nonsymmetric operad.

Definition 2.1 The category VN of sequences of objects V = {V(n)},=0 in ¥ is the
product of countably many copies of V. It has a right-closed nonsymmetric monoidal
structure given by the composition product U oV (compare [2, Definition 1.2])

Ueym=]] ] UmeV(p)®- & V(p.

n=0 2
> pi=m
i=1
The unit object is Io:

L(n) I theunitof ® inV, ifn=1,
o) =
0 the initial object of V', if n # 1.

Remark 2.2 The fact that o is nonsymmetric is obvious from the very definition.
One can easily check by writing down explicitly the formulas of (U o V) o W and
U o (V o W) how the symmetry constraint of ® is used to define the associativity
constraint of o. The right adjoint of —o V' is the functor Hom,(V, —) defined by

Homo(V.W)(n)=[] Hom(V(p))®---® V(pn), W(p1 +---+ pn)),

in particular —o V' preserves all colimits. On the contrary, the functor U o — does not
preserve all colimits, but it does preserve filtered colimits.
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Remark 2.3 If ¥ is a model category then the product category VN is also a model
category with fibrations, cofibrations and weak equivalences defined coordinatewise
[15, Example 1.1.6]. Moreover, if ¥ is cofibrantly generated (resp. combinatorial)
then U'N is also cofibrantly generated (resp. combinatorial).

Indeed, let I be a set of generating cofibrations and J a set of generating trivial
cofibrations in V. For any n > 0, let s,: " — VN be the left adjoint of the projection
onto the n—th factor, which is defined by

ifm=n,

the initial object, if m # n.

|4
(sn (V) (m) = {0

Given a set S of morphisms in " we consider the following set of morphisms in VN :

Sn o= ().

n=0
The sets Iy and Jy are sets of generating cofibrations and generating trivial cofibra-

tions in ¥'N | respectively.

Definition 2.4 A nonsymmetric operad O in V' is a monoid in the monoidal category
of sequences VN with the composition product o

Remark 2.5 The previous condensed definition of an operad O can be unraveled by
noticing that the multiplication u: O o O — O consists of a series of multiplication
morphisms, 1 <7 <n, p; >0,

Pnipy.pnt OM) @ O(p1) @ -+ @ O(pn) —> O(p1 + -+ pa).

The associativity condition amounts to saying that the following diagram is always
commutative:

On) ® ® O(Z qij

n Di / i=1 j=1
om & ®(O(p,-) &R 0<q,-,-)) a0 4 \

i=1 j=1

n Di
zlass. and sym. (@) (Z qi )

i=1j=1

n n  pi
Om)® O(pi)) ® O(gij) — u®id
( g gg J \n‘ o /
O(Z pi) ® Q) Q) i)

i=1 i=1j=1
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Here the order of tensor factors in @7_, jl.’ _, O(gij) is determined by the lexico-
graphic order of the pair (i, j). Moreover, the unit is just a morphism u: I — O(1)
such that the following morphisms are (compositions of) unit constraints in V":

1&0m) —2% 5 o) 0m) —2 o),

n:l,..., 1

id@u®" w
On) I®" —— O(n) ® O(1)®" —= O(n).

Remark 2.6 The multiplication morphisms in the previous remark are determined by
the following morphisms, 1 <i <m, n >0,

0;: O(mM)® O(n) — O(m +n—1),

defined as
left and right unit) ~! . .
(’)(m) ® (’)(n) (left an rli t unit) O(m) ®H®(l_1) ® O(l’l) ® H®(m_l)
oil lid®u®(’._”®id®u®(m_i)
u’m: A=l pmzi . )
Om+n-—1) ! L ! O(m)®(’)(l)®(’_1)®O(n)®0(1)®(m—l)‘

An operad can actually be defined as a collection of morphisms o; as above together
with a unit morphism u: I — O(1) such that, for 1 <i < m, the following diagrams
commute:

() Ifl1<j<i:
Ol +m—1)® On)

0; ®id
(O ® O@m)) ® O(n) °j
%lass. and sym. (’)([ +m+n—2)
(O() ® O(n)) @ O(m) % +n—1
0; ®id

O(l+n—1)0 O@m)
Q) fi<j<m+i:
O(l+m—-1)®0(n)

o; ®id
(O() ® O(m)) ® O(n) °j
Elass. (’)(l—i-m—i—n—Z)
o) ® (O(m) ® O(n)) oi
1d®oj ;41

o) ® Om +n—1)
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These relations are illustrated by the trees in Figure 10 below. Moreover, forall 1 <i <n
the following composite morphisms must be unit constraints in V'
®id °
3) 100 — 0(1)® On) —L— O®),

@ 0 el -2 0m) & O(1) —— Om).

3 Trees

The combinatorics of operads is that of trees with additional structure. In this section
we recall some facts about trees that we need in order to prove our main theorems. We
also give a different characterization of operads in terms of trees.

Definition 3.1 A planted tree is a contractible finite 1—-dimensional simplicial com-
plex T with set of vertices V(7T'), a nonempty set of edges E£(7T'), and a distinguished
vertex r(T) € V(T) of degree 1, called root. Recall that the degree of v € V(T) is
the number of edges containing v. Nevertheless, we will mostly use the number

v = (degree of v) — 1.

The level of a vertex v € V(T) is the distance to the root, level(v) = d (v, r(T)), with
respect to the usual metric d such that the distance between two adjacent vertices
{v,w}e E(T) is d(v,w) = 1. The height ht(T) of a planted tree T is

ht(T) = max level(v).
veV(T)

Definition 3.2 A planted planar tree is a planted tree T together with a total order <
in V(T), called planar order, such that:

e If level(v) < level(w) then v < w.
o If {v1, v}, {wy, wy} € E(T) are edges with

level(vy) = level(w;) = level(vy) — 1 = level(w;,) — 1,
and v; < wq, then vy < w,.
Given e = {v, w} € E(T) with v < w we say that e is an incoming edge of v and the

outgoing edge of w (there is only one if w # r(7T") and none otherwise).

There is another useful order in V(7') that we call the path order <. Given v € V(T),
consider the shortest path from r(7") to v and let »(T) = vg,...,v, = v be the
vertices within this path in order of appearance. We associate with v the word vy - - - vy
in V(T). The path order in V(T') is the order induced by the lexicographic order of
words in V(T) with respect to <.
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U7 Vg Vo
Vs Ve
1%} v4
|T| = l)3
Q!
vo =r(T)

Figure 1: The geometric realization of a planted planar tree 7" with vertices
ordered by the subscript

Remark 3.3 Notice that the path order < restricted to level sets
{veV(T);level(v) =n}, n=>0,
coincides always with the planar order <.

The words associated to the vertices of the planted planar tree in Figure 1 are given in
the following tables:

vertex| word vertex word
Vo Vo Us VoU1VU3V;5
U1 Vo V1 Vg VoVU1VU3V¢
%) VgV1 V2 U7 VgU1VU304V7
U3 VgV1V3 Ug VgU1V304Vg
V4 VgVU1V304 Vg VgU1V3V4V9

Hence the path order in V(T') is vg < ] < V3 < U3 < Vg < V7 < Vg < Vg < V5 < Vg.

Definition 3.4 A planted planar tree with leaves is a planted planar tree T  together
with a fixed set of degree 1 vertices L(T), called leaves, different from the root,
r(T) ¢ L(T). An inner vertex is a vertex which is neither a leaf nor the root. The set
of inner vertices will be denoted by /(7") and

V(T)={r(T)}yuI(T)u L(T).

We denote by || T'|| the open subspace of the geometric realization of 7' obtained by
removing the root and the leaves (see Figure 2):

171 =TT\ (r(T); u L(T)).

Abusing of terminology, we say that an edge is the root or a leaf if it contains the root
or a leaf vertex, respectively. The rest of edges are called inner edges.

Algebraic & Geometric Topology, Volume 11 (2011)
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Us
V4

1Tl = V3
U1

Figure 2: The space ||7'|| for the planted planar tree in Figure 1 with set of
leaves L(T') = {v3, v, v7, Vg, U9}

Given n > 0, the corolla with n leaves is a planted planar tree C, with n + 2 vertices
and n leaves; see Figure 3.

IICo||=I, ICill =T CzI—Y, C3|_\‘/, ICall =

Figure 3: A class of planted planar trees with leaves: the corollas Cy,, n > 0

A morphism of planted planar trees with leaves is a simplicial map f: T — T’ such
that:

e Ifv=<weV(T) then f(v) = f(w)e V(T').

o ST = {r(D)}.
o card L(T) =card L(T') and f~Y(L(T")) = L(T).

We denote by PPTL the category of planted planar trees with leaves. Notice that this
category has no nontrivial automorphism.

Remark 3.5 Any morphism f: T — T’ is uniquely determined by the inner edges
e ={v,w} € E(T) that f contracts f(v) = f(w). Moreover, given a planted planar
tree with leaves 7' and an inner edge ¢ = {v, w} € E(T) the quotient tree 7 /e, obtained
by contracting e to a vertex [e] € V(T /e), carries a unique structure of planted planar
tree with leaves such that the natural projection peT : T — T /e is amorphism in PPTL;
see Figure 4. This morphism induces identifications

V(T)\{v.wi =V(T/e)\{lel}, E(T)\{e}=E(T/e).

One can similarly define a morphism p};: T — T/K in PPTL contracting the con-
nected components of any subcomplex K C 7' formed by inner edges; see Figure 14
below for a more complicated example.
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= |IT/ell

Figure 4: The morphism pZ: T — T /e in PPTL contracting the inner edge
e ={v3, v4}

Definition 3.6 Given a planted planar tree 7" with n leaves and n planted planar trees
with leaves T4, ..., T,, we denote by T'(T1, ..., T,) the planted planar tree with the
same root as 7, the leaves are the disjoint union of the leaves of all 7}, and the space
|T(T,...,Ty)| is obtained by grafting the root edge of || 7;| in the i —th leaf edge
of | T'|| with respect to the path order < in L(T) C V(T), 1 <i <n; see Figure 5.

I’ =

Figure 5: The grafting T’ = T(U, Cy, C1, C1(Cyp), C>) for T in Figure 2

Grafting is associative, ie

I(Ti(Tias- - Trpy)s oo oo Tn(Tngts - Tnypy)
:(T(Tl,...,Tn))(Tl’l,...,Tl’pl,...,Tn)l,...,Tn’pn).
The planted planar tree U with only one edge and one leaf, |U|| = |, is a unit for the

grafting operation:
ur)=1T, 1TWU,....,.U)=T.

The category PPTL splits as the coproduct of the full subcategories PPTL(n) of trees
with 1 leaves:
PPTL = ]_[ PPTL(n).

n=0
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Notice that the grafting operation is functorial in PPTL in the sense of the following
obvious lemma.

Lemma 3.7 The sequence {PPTL(n)},>¢ with the grafting operation and the unit U
is an operad in the cartesian closed category of small categories.

Lemma 3.8 All planted planar trees with leaves can be obtained by grafting corollas
and U .

Proof By induction on the height of the planted planar tree withe leaves 7'. On the
one hand, if ht(7) =1 then T = U or Cy. On the other hand, any T # U, Cy can be
decomposed as T = Cy,(Ty, ..., T,) where n + 1 is the degree of the unique level 1
vertex of 7" and ht(7;) <ht(T), 1 <i <n. a

For instance, T in Figure 2 is

T = C(U,C5(C5,Cp, U)) = Cp 05 ((C3 05 Cp) 01 C3).

Definition 3.9 An operadic functor with values in V" is a functor
G: PPTL — %V
equipped with a unit morphism u: 1 — G(Cy) and natural isomorphisms
G(I(Ty,....Ty) =G(T)QG(T) ® - ®G(Ty)

that we call grafting isomorphisms, such that:

. G(U)=L.

e The following composition of grafting isomorphisms is a coherent composition
of associativity and symmetry constraints in V:

GT®GT)®G(T1,1) @+ ®G(T1,p) ® - @GT) ®G(Ty,1) ®- - ®G(Tn,p,)
=G(T)RGT1(Ti1,.. . Ti,p) ® - QG(Tu(Tn,1. . Tn,py))
=~ G(T(Ty(T11s. - Ty p)se s Tn(Tnts o Tuipy)))
=G(T(Ty,....T)T11.-- . Tipysee s Tnase oo Tupy))
=G(T(T1, ... T))®G(T1,1) @ ®G(T1,p) @ ®G(Ty,1) ®---®G(Tn,p,)
~G(MRG(T)® - QG(Th) G(T1,1) ®--QG(T} p,)

@ ®G(Tn1) ®-®G(Ty,p,)-
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e The following grafting isomorphisms are (compositions of) unit constraints in V":

1®G(T) =G(U)®G(T) = G(U(T)) = G(T),

grafting

Grele---l=0Tresl)®---G(U) — G(T'(U,...,U)) =4(T).

grafting

e Suppose T’ = C;(T); see Figure 6. Let f: T’ — T be the morphism which

ICu(MI =

Figure 6: The planted planar tree with leaves 77 = C(T) for T as in
Figure 2. Here we denote e the incoming edge of the level 1 vertex of 7.

contracts the incoming edge of the level 1 vertex of T’. Then the following
morphism is the left unit constraint in ¥':

18 G(1) 2% 6(C o A1) = 6(T) 225 G(7),

e Suppose T'=T(Cy,...,Cy); see Figure 7. Let f: T’ — T be the morphism

e
623 €4

IT(Cy,....CDHI = es

)

Figure 7: The planted planar tree with leaves 7" = T'(Cy, .. ., Cy) for T as
in Figure 2. Here ¢; denotes the inner edges adjacent to the leaf edges in 7”.

which contracts all the inner edges adjacent to the leaf edges in 7. Then the
following morphism is a composition of right unit constraints in V":

G RI®--- ol L2 T 06 ®- ®0(Ch) = Q(T)g(f)Q(T).
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A morphism of operadic functors ¢: G — H is a natural transformation compatible
with the grafting isomorphisms, with the unit morphism, and such that ¢(U) = idy.

The following equivalence between operads and operadic functors was sketched by
Ginzburg and Kapranov in the symmetric case [10, 1.2].

Proposition 3.10 There is an equivalence between the categories of operads in V' and
operadic functors with values in V.

Proof Denote OpFunc(¥’) the category of operadic functors with values in V. We
are going to define adjoint equivalences

L
Op(V) —— OpFunc (V).
R

Given an operadic functor G we set
R(G)(n) = G(Cy),

the unit of the operad R(G) is u: I — G(Cy) = R(G)(1), and multiplications in R(G)
are defined by the morphisms

Jn:prrepn: Cn(Cpys oo, Cp,) —> Cp it p,,

which contract all inner edges:

R(G)() @ R(G)(p1) ® -+ ® R(G)(pn) == G(Cn) ®G(Cp)) ® - R G(Cp,,)

x~ l grafting

Kn:py.....pn Q(C,,(Cpl,...,Cpn))
lg(fn Piepn)
R@G)(p1+--+ pn) G(Cpy+-+pn)

Conversely, if O is an operad then the corresponding operadic functor L(O) is defined
on objects as

LO)T) = Q) O@)
uel(T)
(see Figure 8). The morphism u: I — O(1) = L(O)(C}) is the unit of the operad. Graft-
ing isomorphisms are coherent compositions of associativity and symmetry constraints
in V. Moreover, let T be a planted planar tree with leaves and e = {v, w} € E(T)
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Us 0(3) O(0)
V4 X ®
Ir| = v3 v 0B = LO)T)
V1 X
OQ)

Figure 8: The object L(O)(T') associated to the planted planar tree with
leaves T in Figure 2

an inner edge which is the 7 —th incoming edge of v. The morphism induced by the
natural projection peT : T — T /e in Remark 3.5 is

=~ O O O(u
L(O)T) symmetry (ﬁ) ®O() %el(g{vﬂg;{)
LO)(pT) o1 ®id
LO)T/e) — Olehe @ 0.
y. y ucl(T/e)\{[e]}

Here we use that [E] =7V 4w — 1; see Figure 9.

L©O)(pD)

L(O)(T) L(O)(T/e)
003 00) 00)

\ \?0?5 . o
(9(2;29 / 0(2)®

Figure 9: The morphism L((’))(pZ) for T and e = {v3, v4} as in Figure 4 —
see also Figure 8

The unit natural transformation © — RL(QO) is the identity morphism, and the counit
e: LR(G) — G is defined by grafting isomorphisms:

e(T): LRG)(T) = ® G(Cz) ——= . G(T).

uel(T) grafting

Here we use that any planted planar tree with leaves 7' can be obtained by grafting
appropriately the corollas Cy, u € I(T); compare the previous lemma. a
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Examples of planted planar trees with leaves illustrating relations (1) and (2) in
Remark 2.6 are depicted in Figure 10.

Figure 10: The planted planar trees with leaves illustrating the associativ-
ity relations (C3 0oy C4) 01 Cs = (C3 o1 Cs) o C4 in Remark 2.6 (1) and
(C3 07 C4) 03 C5 = C3 05 (Cq 05 Cs) in Remark 2.6 (2), respectively

4 The monoidal category of morphisms

The category Mor(€) of morphisms in € can be regarded as the category of functors
2 — %, where 2 is the category with two objects, 0 and 1, and only one nonidentity
morphism 0 — 1, ie it is the poset {0 < 1}. A morphism f: U — V in 6 is identified
with the functor f: 2 — € defined by f(0)=U, f(1)=V and f(0—>1)= f.

The category Mor(¢) carries a biclosed monoidal structure given by the © product of
morphisms f O g:

f®idx
UQX ———TV X

idy ®gl push l idy Qg

UY —URY | VX

f®idy VeyY
This monoidal structure is symmetric provided ® is. If 0 denotes the initial object

of 6, the functor

€ — Mor(6),
X~ (0—X),

is strong (symmetric) monoidal. We regard 6 as a full subcategory of Mor(‘¢) through
this functor.
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Notice that pushouts in € are a special kind of morphism in Mor(%¢). The following
lemma asserts that the © product preserves pushouts in €.

Lemma 4.1 Given two pushout diagrams in 6, i = 1,2,

v 2w,

gi l push lg,f

Xl_,>Yl
fi

the following diagram in € is also a pushout:

f10/2

U1®V2 U V1®U2 —>V1®V2
U 19U,
219g5 U ¢/ ®g2 push 81®¢g5

g1®g>

Xl ®Y2 U Yl ®X2 ﬁY]@YZ
X18X; fiof;

This lemma follows straightforwardly from the very definition of © together with the
fact that ® is biclosed, and hence it preserves colimits in both variables.

Definition 4.2 The category 6 is a monoidal model category if it is endowed with a
model structure satisfying the pushout product axiom:

e Let f and g be cofibrations in €. The morphism f © g is also a cofibration.
If in addition f or g is a weak equivalence, then sois f © g.

This axiom was considered by Schwede and Shipley [20, Definition 3.1] for € sym-
metric, but it also makes sense in the nonsymmetric case. Actually, following the
terminology of Meyer [18] and Batanin [2, Definition 2.2], which work in a nonsym-
metric context, the first half of the pushout product axiom says that all cofibrations
in € are closed.

Remark 4.3 The pushout product axiom implies that the tensor product of cofibrant
objects is cofibrant. Moreover, if X is a cofibrant object and f is a (trivial) cofibration
in € then X ® f/ and f ® X are (trivial) cofibrations. In particular, by Ken Brown’s
lemma [15, Lemma 1.1.12], for X cofibrant the functors X ® — and — ® X preserve
weak equivalences between cofibrant objects. Furthermore, if f and g are (trivial)
cofibrations with cofibrant source, then sois f © g.
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Lemma 4.4 Let € be a left proper monoidal model category. Consider two commu-
tative squares in Mor(‘¢) where the rows are cofibrations and the columns are weak
equivalences between cofibrant objects, i = 1,2,

Then in the following diagram the rows are also cofibrations and the columns are weak
equivalences between cofibrant objects:

101
UV, U Vi ® Uy ———s oV,
U, QU
g1®g5 U g/®g2 | ~|£1®g5

g1®gr

XienhUnex,———Yehn
XX, fiof

Proof Looking at Definition 4.2 and the remark afterwards we notice that it is only
left to check that the left column is a weak equivalence. This follows easily from the
gluing property in left proper model categories [14, Proposition 13.5.4]. a

Given morphisms f;: U; — V; in 6, 1 <i < n, the target of /1 ®---® fy is the
iterated tensor product of the targets V; ® --- ® V,,. This object is the colimit of the
diagram

[i® @ fu: 2" — 6,

since 2" has a final object (1,.”.,1). The source of f1 ®---® fy is the colimit of the
restriction of this diagram to the full subcategory of 2" obtained by removing the final
object. For simplicity, we denote it by s(f1 ©---©® fn):

100 fas(f1iO0O fu) —V1® - ® Vp
The universal property of s(f;1 ©---©® f,) in € refers to canonical morphisms
KitVi®-®VieiQUi® Vi1 ®®@Vy — (/10O fu), 1=i=n,
with (f1O--O© ki = id®D g fi ®id®¢=D Any collection of morphisms

g1 QVi1QUiQViy1®--QVy— X, 1=<i=n,
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such that the following squares commute, 1 <i < j <n,

d®-® f; ®-®id
Ne QUi QU@ @V, — Vi@ - 0Vi® -QU;® -’ V,
d®-® fj ®---®idl Jgj
Vi@ QUi® - QV,®---3V, - X

induces a unique morphism g: s(f1 ©---® f;) — X such that g; = gx;, 1 <i <n.
Compare the paragraph preceding [2, Lemma 2.2].

S The relevant operad pushout

The forgetful functor from operads to sequences Op(¥’) — VN has a left adjoint
F:¥N — Op(V), the free operad functor, explicitly constructed for example in
[3, Appendix B]. An alternative construction in terms of trees is as follows (see [2,
Section 3]):
FOm=]] & v@.
T vel(T)

where 7' runs over a set of isomorphism classes of trees with n leaves in PPTL. The
product o;, 1 <i <m,

FV)m) @ F(V)(n) = (LI ® V(ﬁ)) ® (L[ ® V(m) card L(T") = m

T uel(T’) T vel(T) card L(T)=n
. = 11 @ vins @ Vo)
T/.T \ueIl(T") vel(T)
FWV)m+n-1)=]] & V(@) card L(T"y=m+n—1
T" wel(T")

sends the factor corresponding to the trees 7" and 7" in the source to the factor of
T" =T'o; T in the target:

I(T'o; T)=ITHuIT), Q@Vine@VE)= & V().

uel(T’) vel(T) wel(T’o; T)

The unit u: I — F(V)(1) is the inclusion of the factor of the coproduct corresponding
to the tree with one leaf a no inner vertex, ie the unit of the grafting operation.
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The unit of the adjunction V — F(V) in ¥'N is given by the morphisms in V', n > 0,

inclusion of the factor
corresponding to Cy,

V(n) F(V)(n).

Given an operad O with associated operadic functor L(Q), if we denote pr: T — Cy
the morphism in PPTL collapsing all inner edges of a tree 7 with n leaves, then the
counit F(O) — O is defined by the following morphisms, n > 0,

FOW =11 ® 0@ =[[L©O)T) QY71 10y = Om).

T vel(T) T

An analogous construction for symmetric operads was considered by Ginzburg and
Kapranov in [10, 2.1].

In this section we give an explicit construction of the pushout of two morphisms in
Op(V') as follows:

@ 05 Fu) 2L Fy.

Consider the adjoint diagram in VN :

(9<i L>V.

The pushout of Equation (2) is an operad P together with morphisms f”: O — P in
Op(V) and g: V — P in VN such that f'g =g’ f in ¥'N. Moreover, given an operad
P’ and morphisms f”: @ — P’ in Op(*¥) and g”: V — P" in VN with f"g=3g"f
in ¥N | there is a unique morphism /4: P — P’ in Op(*¥) such that f” = hf’ and
g’ =hg in TN

Given a planted planar tree with leaves 7' we denote

Ve(T)={veV(T); level(v) is even}, Vo(T)=V(T)\VT),
1°(T) = I(T) N VE(T), 1°(T) = (T)N VO(T)

(see Figure 11). From now on, we will only consider one tree in each isomorphism
class of objects in PPTL.

The idea behind our construction of the pushout of Equation (2) is as follows. For any
planted planar tree with leaves concentrated in even levels, such as 7' in Figure 11, we
replace any inner even (resp. odd) vertex v with the piece of V' (resp. O) in degree v,
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4 v

W
7/ \?V 71 = v

Figure 11: For a planted planar tree with leaves 7', on the left (resp. right) we
denote o the vertices in V?(T) (resp. 1°(T)) and e the vertices in V¢(T)
(resp.in 1¢(T)).

and transform adjacency relations into tensor products.

0(0)
®
Vo) v

VAR Y
0(3) 0(0) O(2)

v ®®®
V(3)

®

0Q)

In order to simplify the exposition of this intuitive idea, let us allow ourselves to talk
about elements of this object in V". We want to attach to O the product of these elements
in a coherent way. More precisely, if 7" has n leaves, we attach these elements to
O(n). For this, we must proceed by induction on the number of inner even vertices and
require that, for any even inner vertex v, the image of the morphism induced by f(v),

0(0) 0(0)
® ®
V) V() V) V()
® ® ® ®
03) 0(0) O2) 0(3) 0(0) O2)
®®® o) ®®®
u®) V(3)
® ®
0Q) 0Q)
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is attached according to the attachment of the tree 7’ with less even inner vertices
obtained from 7 by contracting the edges surrounding v:

@ Tl = - = 7
contraction\ T
morphism
in PPTL
0(0) O(0)
® X
Vo) V@) Vo) V(@) 0(0)
® & ® & ®
0(3) 0(0) O(2) O(3) 0(0) OQ2) Vo) V(1)
®®®© ®®Q ido(2)02143: ® ®
U(3) 0(3) O(2)°2M13;3,0,2 0(6)
® & comp(();_itiotn igl @]
according to the
0(2) 0(2) structure (%f T ina

neighbourhood of v

This inductive construction is carried out in the following lemma. In order to state it
we need to introduce some terminology.

The star of a vertex v e V(T) is the subtree St(v) C T formed by the edges containing v,
and the link Lk(v) C V(T') consists of the vertices adjacent to v; see Figure 12. When

St(v) = ]

N/

IT| =

Lk(v) =

o

Figure 12: The star and the link of the vertex v of the tree 7" in Figure 11
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the star is formed by inner edges, the natural projection
pg;(v): T — T/St(v)

is a morphism in PPTL; see Equation (3). This is the case if v € 1¢(T") and L(T) C
Ve(T). Moreover, in this case pgg(v) induces identifications

I4(T)\ {v} = I°(T/St(v))., 1°(T)\Lk(v) = I°(T/St(v)) \ {[St(v)]}.

Furthermore, we will also consider the extended star St(v) C T, which is the planted
planar tree with leaves whose inner part is St(v), the root edge is the outgoing edge
of the minimum vertex u € Lk(v), the leaves are the incoming edges of the vertices
in Lk(v) except from {u, v}, and the planar order is the restriction of the planar order
in T'; see Figure 13. Notice that St(v)/St(v) = Cy, , where

) ry=[St(v)] = card LSt()) =i —1+ Y @ = ( > w) —1.

weLk(v)\{u} weLk(v)

The inductive construction of the pushout of Equation (2) is the in following scaring

Na%

ISt =

Figure 13: The extended star of the vertex v of the planted planar tree with
leaves T in Figure 11 and Figure 12

lemma, whose statement is actually more complicated than its proof. For the sake of
simplicity, from now on we use the same notation for an operad and for its associated
operadic functor.

Lemma 5.1 There is a sequence of morphisms in N,
(’)=P0ﬂ>P1—>-~-—>Pt_1&>P,—>--~,
such that, for all n > 0, the morphism ¢;(n): P;—1(n) — P;(n) is the pushout of the

following coproduct of morphisms indexed by the set of planted trees with n leaves
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concentrated in even levels and t inner even vertices, ie card L(T)=n, L(T)CV*¢(T),
and card I¢(T) = ¢,

©) [ O 7@ e Q ow),
T vele¢(T) welo(T)

along the unique morphism

©) whrlls( © /@)e @ 0@ — re

T vele(T) welo(T)

such that, given u € 1°(T), for t = 1 the morphism WIT is

vl

Ui ® Q O() O ® Q O(w)=0(T) O(n),
welo(T) welo(T) ~——
O(pr)
g()®id

and for t > 1 the composite morphism

Ve @ VO e @ 0@ L0 fane & 0@-2sr,_ o

vele(T)\{u} welo(T) vele¢(T) welo(T)
coincides with the following composition that we call th’ u’
Ui e Q Vo) ® & O)
vele(T)\{u} welo(T)
z@oi |
OM® ® V) ® ® O(w)
vel¢(T)\{u} welo(T)

glsymmetry

R VD) ® ® O) ® OSt(u)
vel¢(T)\{u} wel°(T)\Lk(u)
4500500 |
Q@ V) @ & OW) & O(r)
vele(T/st(u)) welo(T/St)\{[St@)]}

- T/St(u)

¥l
Pi_1(n)

Here (1/_/,T_11)T’ denotes the pushout of (1//IT_/1)T/, ie Equation (6) for t — 1, along
Equation (5).
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Proof The proof is by induction on ¢ > 0. Notice that there is nothing to check for
t=0,1. Let # > 1 and assume everything works up to t — 1. By the universal property
of the source of an iterated © product, described in Section 4, we only have to check
the following compatibility condition: given two different vertices u,u’ € 1¢(T), the
following square commutes:

Vi eUw)® @ Vi)® ® O(i)
vel¢(T)\{u,u’} wel°(T) r
f@®id Vow

@ U@euw)e @ VI)e ® Ob) Py (n)

vele(T)\{u,u’'} wel°(T)
id®f(17)®R 4

UHVu)e ® Ve & O()

vel¢(T)\{u,u’'} wel°(T)
Here, for simplicity, we omit some symmetry isomorphisms in .

Denote St(u,u’) = St(u) U St(u’) and Lk(u,u’) = Lk(u) U Lk(u’). Suppose that
d(u,u’) > 2. Then St(u) N St(u') = & (see Figure 14), and moreover ¢ > 2. By
induction hypothesis, in this case both compositions coincide with

UeUu)e @ VI)® ® O(®)
vel¢(T)\{u,u’'} wel°(T)

?(ﬂ)®§(l:’)®idl
OMROW)® ® VHI® ® O(W)
vel¢(T)\{u,u’'} welo(T)

o~ l symmetry

QR VD) ® @ O © OSHu)®OStwu)
vele(T)\{u,u'} wel?(T)\Lk(u,u’)
lid@@(pg(u))®@(p§(u/))

X V({©) ® Q@ O@) ® O@y)®O0(rw)
vel¢(T/St(u,u’)) wel°(T/St(u,u’))\{[St(x)],[St(@’)]}

(N

—T/St(u.u’)

Vs
P> (n)
©r—1(n)

Pi_1(n)

See Figure 14 and Figure 15.
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u
u/
[St(u)]M \J[St(u/)]

-~

~ T
AN pSl(u.u’)

17|l S 1 T/St(u, )|

Figure 14: A planted planar tree 7" with leaves in even levels and two even
inner vertices u and u’ with d(u,u’) > 2. The disconnected subcomplex
St(u,u") C T is in double lines. We illustrate the morphism pg;(u W)

2(0) o
00 00) 0O/ 0O  0©
® ® ® ® ®
U v U1 00Ty O V() O\ Vs
® ® ® v ! e ! |

v

0(3) 0(0) 0@2) D™ 03) 0O} 0Q) | 0@2) O®©) O(1)

) e e T R ®
V(3) V(3) V(3)

® ® O(Pgi)) ®

0Q2) 0(Q2) st 0(Q2)

Figure 15: A sketch of Equation (7) for the planted planar tree 7' with leaves
in even levels and the two even inner vertices «# and u’ in Figure 14

Suppose now that d(u,u’) = 2. Then the subcomplex St(u,u’) C T is connected.
Both factors share the unique vertex which is one step away from both u and u’; see

Figure 16.
u u \/ u'

u u//

Figure 16: The only two possible relative positions of u and u’, u < u’,
within the planted planar tree with leaves T if d(u,u’) =2

Let 77 C T be in this case the planted planar tree with leaves whose inner part is
St(u, u’), the root edge is the outgoing edge of the minimum vertex u” € Lk(u, u’),
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the leaves are the incoming edges of the vertices in Lk(u, u’) not containing u or u’,
and the planar order is the restriction of the planar order in 7". This planted planar tree
has m leaves, where

m=ry,+ry—1,

when the relative position of u and u’ is as in the first diagram of Figure 16; see also
Figure 17. If the relative position is as in the second diagram of Figure 16, then (see
Figure 18)

m=u"+ry,+ry—2.

Il 17"

(St O 7 s, |

Figure 17: An example of the planted planar tree with leaves 7T’ for the
relative position of the vertices u and u’ as in the first diagram of Figure 16.
The subcomplex St(u,u’) C T is in double lines. We also depict 7'/St(u, u’).

1T = 1’| =

Figure 18: An example of the planted planar tree with leaves 7" for the
relative position of the vertices u# and #’ as in the second diagram of Figure 16.
The subcomplex St(u,u’) C T is in double lines.

In this case, by induction hypothesis, the two possible compositions in the square (a)
coincide with the morphism (see Figure 19 for an illustration):
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z(0)
m 0(0) 0(0)
{ ® NG ® R
vuo) v 'O0)~ ~ YD) V(1)
® ® L® ® T~ ®
0(3) 0(0) 0(2) |  OB) O®©) OQ) > o)
®®® \ PR ® -
U(@3) — (3;\ 0Q3). " /owr
® g Q s
0 \ 0@,

Figure 19: An illustration of Equation (8) for 7', u and u’ as in Figure 17
Ui oUu)e ® Ve Q OW)
vel¢(T)\{u,u’} wel°(T)
E(ﬁ)®§(i’)®idl

OMROW)® Q@ VI’ ® OW)
vel¢(T)\{u,u'} wel°(T)

=~ l symmetry

Q VO ® @ O0wW) © O

vel¢(T)\{u,u’'} wel°(T)\Lk(u,u’)

(®)
id®O(pr/)
® V) ® ® Ow) ® O(m)
vele(T/St(u.u’))  welo(T/St(u,uN\{[St(u,u")]}
1/_,3;/3‘(”’”,) or the identity if #=2
Pi_>(n)
or—1(n)

Pi—1(n)

This completes the proof. a

In the following lemma, we inductively construct an operad structure on the colimit
of the sequence defined in the former. Roughly speaking, we need to define the
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multiplications o; of elements attached to O through planted planar trees with leaves
concentrated in even levels T and 7’, where i is less than or equal to the number of
leaves of 7'. Consider for instance:

171 = and ||77]| =

In this case, in order to define o, we take 7 o, T’ and the following associated tensor
product of objects in V and O:

0(0)
&
V(0) V(1)
® &
0QB3)
e ®
ITox T’ = v O(1) 0(0) 0(2)
R
V(3)
&
0Q2)

Notice that this object in V" is just the tensor product of the objects associated to 7'
and T’. Then we contract the root edge ¢ of T’, which is identified with the second
leaf of T', and we get a planted planar tree with leaves in even levels (7 o, T)/e.

v

[e]
(T oy T /e| = ‘

This can be algebraically mimicked on the associated tensor product by means of
multiplication in O according to the local structure of 7 o, T’ in a neighbourhood
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of e, eg e is the second leaf of 7" but it is the first (and the only) one attached to its
inner vertex in 7 :

0(0)
Vo v 00)
ooy ] o) v
00y o0on 0 00 00)
Vo) Vo)
(’)(2)® (’)(2)<X>

We can define the o, multiplication of elements associated to 7 and T’ via this
morphism and the attaching of elements associated to (7 o, T”)/e. We now formalize
this idea.

Lemma 5.2 There are unique morphisms in V', n,s,t >0, 1 <i <m,
cf’t(m,n): Ps(m)® Pi(n) — Pgyr(m+n—1),

such that

X0 =0;: OM)® O(n) — O(m +n—1)

4

is the operad composition law,
¢! (m,n)(gs(m) @ id) = gsr(m +n— e}~ (m. ),

s,t—1

¢! (m.n)(id ® ¢r(n) = @se (M +n— D"~ (m.n),

and given planted planar trees T and T’ with leaves concentrated in even levels,
card L(T)=m, card L(T")=n, card I°(T) = s, and card [¢(T") =1t, if u’ € [°(T")
is the unique level 1 vertex, u € 1°(T) belongs to the i —th leaf edge (with respect to
the path order), the i —th leaf edge occupies the k —th place among all incoming edges of
u,and e = {u,u’'} € E(T o; T"), then the morphism cis’t(m, n)(WT @ yT") coincides
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with the following morphism that we call dl.s T, T):

RVDHI® @ 0@ Q V)® Q OW')

vele(T) welo(T) vele(T))  welo(T)
glsymmetry

O@MOW) ® & V@ ® X O(w)
vele(T)uIe(T’) weo(T)\{uphuUo(T)H\{u'})

o ®idl

OGi+u-1) ® Q@ V@ ® R OW)
T wele((ToiT)/e)  welo((To;T")/e)\{lel}

—(To;T")/e
1)0s+tl J/

Psii(m—+n—1)

Here we use the convention that 17(7; = idpm) and l?fg/ =ido()-

Proof The map cis’t(m, n) is defined from cl.s_l’t(m, n), cf’t_l (m,n) and dis’t(T, T
by using the universal property of the pushout definition of Ps(m) ® P;(n) arising
from Lemma 4.1 and Lemma 5.1, by induction on (s,7) e Nx N, N ={0,1,2,...},
with respect to the graded lexicographic order

either s +¢ < s’ +1¢/,

ors+t=s"+t ands <.

(s,0)<(s'. 1) & {

There is nothing to check for the first three elements (0, 0), (0, 1), (1,0). Assume that
everything holds up to the predecessor of (s,¢) with s 4+¢ > 1. We have to show that,
for any x € I¢(T') and x’ € I¢(T"), the following compatibility conditions hold:

@ dP (T, T)(f(F)®id) = gsqe(m+n—1c; M (m )y, @yT).

) dY(T. T () ®id) = gsyr(m +n =Dl i) @T @yl

Since (a) and (b) are very similar to each other, we here just check (b). We must
distinguish two cases: {x,u} e E(T) and {x,u} ¢ E(T); see Figure 20.
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LY

171 = I7’l =
X

Figure 20: For the trees 7 and T’ and i = 2 we depict u, u’' and two
possible choices of x, one with {x,u} € E(T) and the other one with

{x.uj & E(T).

Suppose {x,u} ¢ E(T). Then u ¢ Lk(x). Using the definition of df’t(T, T’) in the
statement of this lemma and the definition of &gﬁ’ /¢ in Lemma 5.1 we deduce that,
in this case, the left hand side of (a) is the following composite morphism (see Figure 21):

U QR VD) Q 0@ VE)e ® Ow)

vel¢(T)\{x} wel°(T) vele(T’) w/elo(T’)
E(f)@)idl

OFHRVDMI® R O R VH)® Q OW)

vele(T)\{x} weI”(T)J/ vele(T) w'elo(T’)

=~ | symmetry
O(St(x)) ® O(#h) ® O(u)
® RVE) ® Q@ 0@ ® QVEY) ® @ OW)
vel¢(T)\{x} welo(T)\(Lk(x)U{u}) vele(T”) welo(TH\{u'}
O(Psl(x))®°k®idl

©) O(ry) ® O + 1 — 1)

® QVE) © @ 0 ® Q@VOV) ® & OWw)
vele(T)\{x} welo(T)\(Lk(x)U{u}) vele(T) welo(TH\{u'}
=~ | symmetry
R VO © ® O@)
vel¢((T/St(x))o;T")/e) wel(((T/St(x))o;T’")/e)

—((T/st(x))o; T") /e
ws-}—t—l

Pspr—1(m+n—1)
¢s+t(rn+n—1)l

Psti(m+n—1)
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Moreover, by induction, since (s —1,¢) < (s, ¢) one can easily check that this is also

the right hand side of (a).

I((T/St(x)) 02 T") /|
X
\\\\pgga [e] [St(x)]
- o >
1T 02 T'|
O(0) O(0)
® ®
Vo) V() Vo) V() o) 0(0)
® ® ®_ ® N ®
0@3) U000z, 90) v©)\ V(1)
® & I ® ® ® I®
o) 0(0) )  \OM,0)'0Q) ' 0@E) 00) O)
QR PO R ®
V(3) V(3) V(3
® ® Olrsxy) =22 g
0(2) 0Q®) 0Q)

Figure 21: An illustration of Equation (9) for T and 7" as in Figure 20 in
case {x,u} ¢ E(T)

Suppose now that {x,u} € E(T). Then u € Lk(x). Assume that e is the /-th leaf
of St(x). We denote 7" the planted planar tree with leaves 7" = St(x) o; C ~. The
inner part of 7" is identified with the subtree 7" C T o; T’ formed by adjoining the
edge e to St(x); see Figure 22. Using the definition of df (T, T') in the statement,

[T///]

1T 02 77| 17" (T 0y T")/ T"|

Figure 22: For the choice of x in Figure 20 with {x,u} € E(T) we here
depict T”. The subtree 7" is indicated with double lines.
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the definition of @gi‘;’ ")/ in Lemma 5.1, and relation (2) in Remark 2.6 for O, we

deduce that, in this case, the left hand side of (a) is the following composite morphism
(see Figure 23):
U@ @ VO)© Q@ 0@ VL)e @ Ow)
vele(T)\{x} welo(T) |, vele(T) welo(T)
g(x)®id
OHRRVEH® Q O QR VK)® @ OW)
vel¢(T)\{x} welo(T) vele(T) w'elo(T’)

=~ | symmetry
OT"® VE) ® ® 0@ ® RVE) ® ® OW)
vel¢(T)\{x} wel°(T)\Lk(x) vele(T) w/elo(T)\{u'}
O(pT//)®idJ/

A0 o +i-De QVE) © ® 0@ ® V) ® & OW)
vele¢(T)\{x} wel°(T)\Lk(x) v'ele(T’) welo(T)\{u'}

=~ | symmetry
V@) ® & Ow)
vel¢((To; T")/T"™) wel?((To; T")/T")

—(To; T')/ T
1‘Kv-}-tl—l

Pyyi—1(m+n—1)

Qs+t (m+n—1)
Psii(m+n—1)

Moreover, by induction one can easily check that this is also the right hand side of (a),
hence we are done with this proof. a

Let P be the sequence defined as

Pn) = coli(r)n Pi(n).
=

By the previous lemma, the morphisms cis ’t(m, n) induce composition laws in the
colimit:

(11) oj: P(m)®@P(n) — P(m+n—1), 1<i<m,n>0.

Consider the morphism

(12) I 0(1) = Py(1)2nenicd colim P;(1) = P(1).
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0(0) 0(0)
® ®
Vo) v Vo) v
® ® ® ®
0Q) Vo) 00 V(0) 0(0)
® ® ® ., ® ®
O(1) 0(0) O(2) 1O(1) 0(0) 0(27‘ V(0) V(1) V(0)
®R® e ®8® ®R®®
UQ3) ' 0B)  1———0(6)
® | ® | O(prr)
o) o)

Figure 23: An illustration of Equation (10) for T and 7" as in Figure 20 in
case {x,u} € E(T) (see Figure 22)

Proposition 5.3 The sequence P, the unit in Equation (12) and the composition laws
in Equation (11) define an operad.

Proof We must check that relations (1)—(4) in Remark 2.6 hold for . Each of these
relations for P can be derived from the corresponding relation for O. As relations (1)
and (2) are very similar to each other, just as (3) and (4), we here check (2) and (3).

In order to prove relation (2) for P it is enough to check that the following two
morphisms P, (/) ® Ps(m) ® P;(n) = Pris+:(l +m +n—2) coincide:

r+s t r,s+t

(I+m—1 n)(crs(l m)®idp,m)) =¢;” " (I,m+n—1)(idp, H®¢; H_l(m n)).

We check this by induction on (r,s,¢) € N* with respect to the graded lexicographic
order. For r =5 =t = 0 this is just relation (2) for the operad O. If we assume that the
relation holds up to the predecessor of (r, s, t), then by using the universal property of
the pushout definition of P, (m)® Ps(n) ® P;(p) arising from Lemmas 4.1 and 5.1, we
only have to check that, with the notation of Lemma 5.2, given planted planar trees with
leaves concentrated in even levels T, T’, T" with card L(T) = [, card L(T') = m,
card L(T")=n, card I¢(T) =r, card I¢(T’) = 5, and card I¢(T") = ¢, then

(a) c;+s’t(l +m— l,n)(d,-r’s(T, T ® ‘;tT”)
ZC;’S-H(Z,m-i-n—l)(lzr ds tl+1(T/ T”))

Let u € I°(T') be the inner vertex of the i —th leaf edge of T', u; € I°(T") the unique
level 1 vertex of T”, u’, € I°(T") the inner vertex of the (j—i+1)—st leaf edge of 7”,
and u” € I°(T") the unique level 1 vertex of T”. Suppose that the i —th leaf edge
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of T is the kq—st incoming edge of u, and that the (j—i +1)-st leaf edge of 7" is the
k,—th incoming edge of u/,. The most complicated case is when u| = u,, and even
this case is easy, although somewhat tedious.

ul \\/f 1T ouyif j =3

A
17 uy (=uyif j =2) 7 u'’

Figure 24: For the planted planar trees with leaves T, T’ and T"” we depict
u,uy, uyand u” fori =2 and j =2,3.

Assume u'| = u’, and denote this vertex simply by u’. Notice that (T o; T") o; T" =
T o; (T"oj_j4+1 T"); compare the second tree in Figure 10. Let K C (T o; T')o; T"
be the subtree with V(K) = {u,u’,u"} and E(K) = {{u,u'}, {u’, u"}}; see Figure 25.
Then by Lemma 5.2 and relation (2) for O, both sides of (a) coincide with the following:

RV R O ® R V) ® ® OW)® ® V') e ® Ow”)

vele(T) welo(T) vele(T) welo(T’) v’ele(T”)  w’elo(T")
glsymmetry
O@MROW)R®OW) & ® V@) ® QX OW)
vele(T)UIe(THUIe(T”)  we(Io(T)UIo(THUI(T")\{u.u',u"}
(okl(id®ok2))®idJ/
Ol+u+u"-2) @ & V@) ® R O)

vel¢((To;T)o;T")/K  wel°(((To;T")o;T")/K)\{[K]}

—((To; T)o; T")/K
w1'+s+t

Psri(m+n+p-=2)
Assume now that L/1 # “/2- In this case it is not even necessary to use any of the

relations in Remark 2.6 for O. Actually, by Lemma 5.2, if K C (T 0; T")o; T" is the
(disjoint) union of the edges ey = {u, u} and e; = {u’,,u"}; see Figure 25, then both
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(T 02 T") 02 T"|| (T 02 T") o3 T"||
Figure 25: Here we depict the subtree K C (T o; ') o; T” in double lines
for the trees in Figure 24, i =2 and j =2, 3.

sides of (a) coincide with the following:

RVA®Q O ® R VW) ® @ Ow)e Q Ve Q OW”)

vele(T) welo(T) vele(T’) welo(T’) v’ele(T”) w”el°(T”)
glsymmetry
O @OW,)R0W,)ROW® @ V(@) ® R O@)
vel¢(T)UIS(T)UIE(T”) we(Io(T)UIO(T")UIO(T ")\ {u.td u'y "}
Okl®0k2®idl
O + v — RO, +u" - 1)® @ V(@) ® R O)

vel¢((To;T)o;T")/K wel°(((To;T)o;T")/K)\{le1],[e2]}

—((To; T")o; T")/K
]/fr-i—s—i-t

Poyy(m+n+p-—2)

Relation (3) is a consequence of the fact that the following composite morphism is a

right unit constraint in '
. r,0
idQu ¢ (1)
Pr()®T ——— Pr() ® O(1) = Pr(I) ® Po(1) ——— Pr ().
This follows by induction on r. For r = 0 this is just relation (3) for O. Assume this
holds up to r — 1. By Lemma 5.1 and the induction hypothesis, we only have to check
that the morphism cl.r ’O(I , 1)(1Zf ® u) coincides with the composition of the right unit

isomorphism and I . By Lemma 5.2,

U @] ®idoay) = d] (T, Cy).
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Let u’ € I°(C) be now the unique inner vertex of Cy, and e = {u u'ye E(To;Cy). In
this case (T o; Cy)/e = T . Moreover, by the definition of d (T C}) in the statement
of Lemma 5.2 and by relation (3) for O, the morphlsm d (T C1)(d ® u) is the
composition of the right unit isomorphism and 1 ; » hence we are done. a

Consider the morphisms of sequences f’: O — P and g’: V — P defined as:

() O(n) = Po(n) 2medl cohm P;(n) = P(n),

V(n) ® H®(l’l+1) o~ V(n)

id@u®+D
—+C1(Cn(Cq.....C1))

V) ® O(1)®r+D) - P (n)

canonical

colim P;(n) = P(n)
t=0

[C1(Cs(Cy,....C))ll = g

Figure 26: The planted planar tree with leaves in even levels
C](Cn(cl, ey Cl)) forn=35

Theorem 5.4 The morphism f’: O — P is an operad morphism. Moreover, if
g’: F(V) — P is the operad morphism adjoint to g’, then the following diagram is a
pushout in Op(7'):

Fy 2L F)

OTP

Proof The morphism f” is an operad morphism by the very definition of the operad
structure in P, since clp 0 _ o; is the structure morphism of O and the unit of P is the
composition of the unit of O and f”; see Lemma 5.2 and Equation (12). Moreover,
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the square
/
vy 22 vay

?(l)l l?’(l)
(1
oy L% pa)

commutes for all / > 0. In fact, the following diagram commutes by some trivial facts,
including the very definition of P;(/) in Lemma 5.1:

/
U 0 Vi)
g , N , N
El(nght unit) ! (right unit)~1 | =
o) U(l)® 1®U+1) I V(i) ® 1®U+1)

~ | id@u®U+D
R g(H®idP! Y i[d@u®U+D
(rlght unit) &

o) ® ]1@(’“) Ui ® 0(1)®"+1) V(l) ® O(1)®¢+D

right unit don® RUA+1)
Hu
\ / g(1)®ld®(1+1n f(l)®1dg:§§’
o)

RU+1)
id ® O(l)

lo(l’cl — %Cl (C[(C i C)
0(1) €161 €11 Pi(D)
o1()

Also, its outer (commutative) square

vy —22 vy

= | (right unit) !
Vi) ® [®U+1D)
g) idu®U+D

V()@ O(1)®¢+D

—C1(C(CY,...CY)

¥
oy —2Y . p)

composed with the canonical morphism P; (/) — colim,»¢ P (/) = P(/) yields the
former square.
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Suppose we are given an operad P’ and morphisms f”: O — P’ in Op(V’) and
g’V — P in UN such that the square

ul)y —— ) V(l )
(a) ;r(l)l lzf”(l)
o
o) ——P'()

commutes for all / > 0. We must show that there is a unique morphism 4: P — P’ in
Op(*V) such that f” = hf’ and " = hg’ in VN

We define morphisms

hy(1): Pp(l) — P’
by induction on r > 0 as follows. We set ho(l) = f”(I). Assume we have defined up
to h,—1(/). Then we define A, () so that i, (/)p,(I) = h,—1(I) and, for any planted

planar tree T with / leaves concentrated in even levels and 7 inner vertices in even
levels:

(b) YT =Prr)(Q) 2@ Q) 1/ (@).
vele(T) welo(T)

The morphism /4, (/) is well defined by the universal property of the pushout definition
of Py(!) in Lemma 5.1 since, given u € 1¢(T),

P’(pr)( Redme ® f"(@)(f(a)@id)
vele(T) welo(T)

=7>’<pT)( Rrome ® f“(w))(ideag(ﬂ))

vel¢(T)\{u} welo(T)U{u}
- P'(pT/Stw))( R e f”(w)) (id © O i) id ® 2(@)
vele(T/St(uw)) welo(T/St(u))
T/S . —
=1 (NP5 (1d ® O(ps)) (id ® E (7))
=hy_ (l)l/fr,u .
Here, in the first equation we use the commutativity of (a), in the second equation
we use the fact that /" is an operad morphism, and in the third equation we use the
induction hypothesis. The fourth equation follows from the very definition of W,T, 4 in

the statement of Lemma 5.1. For simplicity, in these equations we have omitted some
symmetry isomorphisms in V.
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We have checked that the morphisms /4, (/) induce a morphism of sequences /: P — P’
in the colimit. It is clear that 4/’ = f” since hg = f”, in particular / preserves units.
Moreover, hg' = g” since for T = C;(C;(Cy,...,Cy)) (see Figure 26), if v € I1°(T)
is the unique inner vertex in even levels, then

hl(l)l/_f?(ldV(]) ® u®(1+1)) — P/(PT)(EN(I) ® f//(])@(l-i-l))(ldV(l) ® u®(1+1))
= P ()@ () @B D)
=g"(0).

Here, in the first equation we use (b), in the second equation we use that f” is an
operad morphism and therefore it preserves units, and in the third equation we use
relations (3) and (4) in Remark 2.6 for the operad P’.

In order to check that / is indeed an operad morphism, we show that
hras(I+m—1)e;” (I,m) = hy (1) of hs(m).

We proceed by induction on (r,s) € N? with respect to the graded lexicographic order.
This is obvious for r = s = 0, since f” is an operad morphism. If the equation holds
up to the predecessor of (r,s) then by induction hypothesis we only have to check that
the following equation holds:

Brgs(+m =1 U,m)FT 0§y = (he (DPT) 0 (hs(m)F T,

for T’ a planted planar tree with m leaves concentrated in even levels and s inner
vertices in even levels. Let u € I°(T') be the inner vertex of the i —th leaf edge of T,
u’ € I°(T') the unique level 1 vertex of 77, and ¢ = {u,u’} € E(T o; T'). Suppose
that the i —th leaf edge of T is the k—th incoming edge of u. Then,

BrisU+m—=1e (U m) G @yl
= hyss(L+m—1)d* (T, T)

= hp s (I +m—DF LTV (0 ®id)

=7>’<p<ro,.m/e)( Reme & /"’(@)(ok@id)

vele((To;T")Je) welo((To;T")/e)

=7>/(p(Toir/>/e>(ok®id>( R Fme & f”(@)

vele(TYUIS(T") welo(T)UI(T")
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=(7’/(PT)°i77/(PT'))( R Tme ® f“(zm)

vele(T)UIe(T’) wel°(T)UI(T")
= (he (DY Ty 0; (hs(m)PT).

Here o, denotes either og: O(if) ® O(') — O([e]) or o: P'(i1) @ P'(u') — P'([e]).
Moreover, in the first equation we use the inductive definition of cl.r (I, m) inLemma 5.2,
in the second equation we use the definition of d;** (T, T”) also in Lemma 5.2, in the
third equation we use (b), in the fourth equation we use that f” is an operad morphism,
in the fifth equation we use the construction of operadic functors from operads in
Proposition 3.10, and in the final equation we use (b) again. Furthermore, for simplicity
we have omitted some symmetry isomorphisms in %" in these equations.

The uniqueness of / follows from the fact that the morphism 1/_frT defined in Lemma 5.1
is related to the operadic functor of P by

S P(pr)( Rzme X f’(fﬁ))-
vele(T) welo(T)
Therefore, if 4’: P — P’is an operad morphism satisfying 4’ ' = f” and i'g' = g”,
and if we denote /. (/) the composition of A4’(/) with the canonical morphism to the
colimit P, (/) — P(I), then the morphisms /,,(/) must satisfy /y(/) = f”(I), and
also (b) after replacing /1, (m) with &), (m), therefore i’ = h by the universal property
of the pushouts P, (/) and the colimit P. a

6 Proof of Theorem 1.1

Assume in this section that V" is also a cofibrantly generated monoidal model category
(see Definition 4.2) satisfying the monoid axiom [20, Definition 3.3]. In order to explain
what this means, let us recall some terminology from [15].

Given an ordinal A, a directed diagram X: A — %V is continuous if for any limit ordinal
o < A, the canonical morphism

colim X; — Xy
i<a

is an isomorphism. The natural morphism from the first object to the colimit

Xo — colim X;
i<A

is said to be the transfinite composition of the morphisms in the continuous diagram.
We here do not exclude the possibility that A be finite.
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Given a class of morphisms K in V', a relative K—cell complex is a transfinite compo-
sition of morphisms X: A — ¥ such that for any i < A with i + 1 < A the morphism
X; — X;4 fits into a pushout diagram as follows, where the top horizontal arrow is
in K:

A in K B

l push l
Xi — Xipa

A plain K —cell complex is a relative K—cell complex with Xy = 0 the initial object
of V. So far, nothing of this needs either the monoidal structure of V" or its model
category structure.

If I and J are sets of generating cofibrations and generating trivial cofibrations in ¥,
respectively, then the cofibrations in %" are exactly the retracts of relative —cell
complexes, and the trivial cofibrations are the retracts of relative J—cell complexes. In
particular the cofibrant objects in V" are the retracts of /—cell complexes.

Definition 6.1 The monoid axiom for V" says that, for
K ={f®X; fisatrivial cofibration and X is an object in V},

all relative K —cell complexes are weak equivalences.

Proposition 6.2 Consider a pushout diagram in Op (V') as follows:

) 2L 7oy
gJ/ push lg’
f/
o—r p

If f is a trivial cofibration then f'(n): O(n) — P(n) is a relative K —cell complex,
n > 0, where K is the class in the previous definition.

Proof By the pushout product axiom (Definition 4.2), the morphism (5) in Lemma 5.1
is the tensor product of a trivial cofibration and an object in V', ie Equation (5) € K.
Therefore, by Theorem 5.4, f/(n) is a relative K—cell complex. a

Consider the associated sets of generating cofibrations and generating trivial cofibrations
in YN, I'y and Jy, respectively; see Remark 2.3.

Corollary 6.3 IfV satisfies the monoid axiom, then a morphism in VN underlying a
relative F(Jn)—cell complex in Op(V') is a weak equivalence in VN .
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Now we are ready to prove Theorem 1.1.

Proof of Theorem 1.1 It is easy to see that operadic functors are the same as algebras
over the monad associated to free operad adjunction in Section 5. Therefore, using
the equivalence between operads and operadic functors in Proposition 3.10, one can
easily show that the natural comparison functor from operads to algebras over the free
operad monad is an equivalence of categories. Moreover, this monad preserves filtered
colimits (see the explicit construction in Section 5), therefore the category Op(7') is
complete and cocomplete [5, Proposition 4.3.6]. Furthermore, the forgetful functor
Op(V") — UV also preserves filtered colimits [5, Proposition 4.3.2], in particular, since
F is a left adjoint and sources of morphisms in / and J are presentable in V", then
sources of morphisms in F(/y) and F(Jy) are presentable in Op(7).

We can apply [20, Lemma 2.3] in order to prove the existence of the claimed model struc-
ture in Op(7'). The smallness condition has already been checked, and condition (1)
of [20, Lemma 2.3] has been established in Corollary 6.3.

Recall that a model category is right proper if the pullback of a weak equivalence
along a fibration is again a weak equivalence [14, Definition 13.1.1 (2)]. The statement
about right properness is obvious since fibrations and weak equivalences in Op(7) are
detected by the forgetful functor Op(*¥") — ¥'N | and this functor is a right adjoint, so
it preserves all limits, in particular pullbacks.

Recall also that a model category is combinatorial if it is cofibrantly generated and
locally presentable. If ¥ is combinatorial then Op(%7’) is locally presentable by
[1, 2.3 (1) and the Theorem in 2.78], hence it is combinatorial. a

7 Algebras

In this section we recall the basic definitions about algebras in € over a nonsymmetric
operad in V" when ‘€ is appropriately enriched over V'; see [2, Section 1].

Assume we have a strong braided monoidal functor V' — Z(%€), where Z(%) is the
center of €, defined in [16]. Such a functor consists of an ordinary functor

2.V — ¢,
together with natural isomorphisms
multiplication: z(X) ® z(X') — z(X ® X'),
unit: T — z(Iy),
(X, Y)z(X)®Y — Y ®z(X),
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such that the multiplication and the unit satisfy well-known coherence laws [5, Definition
6.4.1] and the following three diagrams of isomorphisms commute:

leg®Y
X,z(X’ left unit unit @Y
e ey T
l l Y z(Iy)®Y
mult. mult.
(right unit)~1 /
ZX®X) ——— 2(X' ® X) \ {@v.7)
Z(sym.) Y @l — Y @ z(Iy)
Y ® unit

ass.

zX)RCXH)RY)E(z(X)®z(X)®Y

Z(X)®§(X’,Yy Nlnult.@)Y

z(X)® (Y ® z(X")) zXRX)Q®Y
assl lf(X®X',Y)
z(X)®Y)®z(X') Yz(X®X')

{X,Y)®z(X /x K’ ®mult.

Y®z(X)®:2(X) 2 ¥ ® ((X)®=2(X)
Moreover, suppose that the functor z(—) ® Y: V" — € has a right adjoint
Homg (Y, —): € —> V.
We will use the evaluation morphism

evaluation: z(Homg (Y, Z)) ® Y — Z,

which is the adjoint of the identity in Home (Y, Z).

Definition 7.1 The endomorphism operad of an object Y in € is the nonsymmetric
operad End¢(Y) in V' with

End¢(Y)(n) = Home (Y ® -"- ®Y,Y).

The unit
u: Iyy —> Endg(Y)(1)
is the adjoint of

unit ™! left unit

)@y M & gy i,

The composition laws, 1 <i <m, n >0,

0;: End¢(Y)(m) ® End¢(Y)(n) —> Ende(Y)(m +n—1)
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are the adjoints of

z(Home (Y ®™,Y) ® Home (Y ®",Y)) ® Y ®ntn—1)
mult.”! ®id | =
z(Home (Y ®™,Y)) ® z(Homg (Y ®",Y)) @ Y ®n+n=1)
id®¢ (Home (Y ®,Y),Y®(—D)®id | =
2(Home(Y®™, Y)) @ Y21 @ 2 (Home (Y ®", V) @ Y &" @ Y ®(m—D)

id @ evaluation ®id

Z(H0m<@(Y®m, Y)) ® Y®(i_1) RY ® Y®(m—i)

z(Homg (Y ®™ Y)) ® Y®™

evaluationl

Y.
Here we have omitted some obvious associativity isomorphisms in 6.

Given a nonsymmetric operad O in V', an O—algebra in € is an object Y in 6 together
with an operad morphism O — Endg(Y).

Equivalently, an O —algebra structure on Y is given by morphisms in €, n > 0,
(13) vet 2(O(n) Y ®" — Y,
such that the following diagrams commute, 1 <i <m, n > 0:

ey 2% oa) ey

unit®idT; lvl

I ®Y = Y

left unit
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2(O(m)) @ z(O(n)) @ Y ®m+n=1)

id®;(0(n),Y®<"—”)®id/ \h'@id

@i-1) N
z(O(m)) ® Y®®;®;®g(;?é’zrl)_i) 2(O(m) ® O(n)) ® y ®(m—+n—1)

id®vn®idl J]z(o,-)@id
z2(O(m)) ® y®m z(Om+n—-1)® y ®(m+n—1)

k} M_l
Y

An O-algebra morphism f:Y — Z is a morphism in € such that the following
squares commute, # > 0:

v
z(On)RY®" —— Y

id®f®”J Jf

2(0O(n)) @ Z®" —Z
vn

The category of O—algebras in € will be denoted by Alg,(O).

Remark 7.2 The initial O-algebra in € is z((O(0)) with structure morphisms

Z(,U«n; n, )
vt 2(0() ® 2(0(0)®" —2— 2(O(n) ® O(0)®") — 2% 2(0(0)).
Here we use the convention o; = idp(g). If A is an O-algebra, the structure
morphism v(‘)‘l: z(O(0)) — A is the unique morphism of O-algebras z(O(0)) — 4.
The final O-algebra in € is the final object of € endowed with the only possible
O-algebra structure.

8 The relevant algebra pushout

Assume we are in the same circumstances as in the previous section. Let O be a
nonsymmetric operad in V. The functor Alg,(O) — € forgetting the O—algebra
structure has a left adjoint

Fo: € — Alg,(0),

the free O—algebra functor, explicitly defined as (compare [2, Proposition 1.3])

Fo(¥)=]]=(0(p) @ Y®7.
p=0
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The action of O on Fp(Y),

2(0(n)) ® Fo(Y)®" = z2(0(n)) ® ®( ] z0mne Y@p,-)

i=1 "p;=0

) = [ ] z20m) @) (2(O(pi)) @ Y O7)

Pl Pn=0 i=1
[ 20m)®2(0(p1) ® - ® 2(O(pa) ® YO Li=1

12

Fo¥)=]]:z0(p)@Y®?,

p=0

is defined as the morphism which sends the factor (pq,..., py) € N” in the source
to the factor p = p; +--- 4 pn € N in the target via z(tn;p,,...,p,) ®id, n > 1. For
n = 0, the morphism vgy: z(O(0)) — Fo(Y) is the inclusion of the factor p = 0 of
the coproduct.

The unit of the adjunction is the following composite morphism in €:

inclusion of
left unit) =1 (t®id ®id the factor p=1
) oy Y 1) @y 2 01) @Y — s Fo(Y).

~

Moreover, given an (O-algebra A, the counit of the adjunction is defined by the
multiplication morphisms in Equation (13):

(vp)p>0: Fo(A) — A.

In this section we give an explicit construction of the pushout of two morphisms in
Alge (O) as follows:

f
(14) A Fo) U 7o (2) .
Consider the adjoint diagram in 6:
g S

A+——Y — Z.

The pushout of Equation (14) is an O —algebra B together with morphisms f’: A — B
in Algy(O) and g’: Z — B in € such that f'g = g’ f in €. Moreover, given an
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O-algebra B’ and morphisms f”: A — B’ in Alg¢(O) and g”: Z — P’ in € with
f"g = g"f in 6, there is a unique morphism /: B — B’ in Alg,(O) such that
f" =hf"and g’ =hg' in 6.

The following lemma allows an inductive definition of the pushout of Equation (14) as
an object in €. We omit proofs in this section since the results are simpler analogs of
those in Section 5, and the proofs follow very much the same steps.

Lemma 8.1 There is a sequence in 6,

b1 Pt
A=By—B{—>---—>B,_1— By —>---,

where the morphism ¢; is the pushout of

f iesS,

So..0kS. kS=
a5 I I zomyekio---ok;. kK {0—>A ies.

n=l sc1,..n}
card(S)=t¢

along the unique morphism

16 @us [ []z0m)@skf o 0k) — B

"=l gc1,...n}
card(S)=t¢

such thatfort =1 and 1 <i <n,
;1,{1'} — v, (idz(O(n)) Q id®G=1 REF® id®(n—i)),
andfort>1andi €S,
S (idz o) ® ki) = ¥ idz o) ®1d®0D @ 7 ®id®0D),
Here (1;';’_‘91/),,,5/ denotes the pushout of (W;’ﬁ/)n,su ie Equation (16) for t — 1, along

Equation (15).

We now endow

B = colim B;
t>0

with an O-algebra structure.

Lemma 8.2 There are unique morphisms in €,

ettt 2(O(n) ® By ® -+ ® By, —> Byt n>1,4>0,
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such that
%0 — vt z(0(n)) ® A®" s 4,

n

and, with the convention wp”s’ =vp,;, if S;i C{l,..., pi} is a subset of cardinality
cardS; =1t;, 1 <i <n, then

I]5eens tiyeens Iy (;A®>G—1 ®(m—i)y _ flyeeey ti—1,..., 1
Cnl i ”(ld ( ) ® (ﬂti R id ( )) — (Pt1+-~-+tncnl i n,

Crtll ..... tn(wplssl R - ®wpn,sn)

— wtpl_:‘"'_:‘tl’n,U?=1(Si+(Pl+"'+Pi—l))( (/Ln Dl )®1d® Z?:l Pi)'
1+t EMupy,..,

Here S+ p=1{i+ p;i €S} and n is the multiplication of the operad O. For
simplicity, in these equations we have omitted some obvious structure isomorphisms of
YV, 6 and z.

We define
f'm A= By —> colim B; = B
=0

as the canonical morphism to the colimit. Moreover, for n > 1 we define

vB: 2(0(m)) ® B®" — B

In

as the colimit of the morphisms i in the previous lemma, #; > 0, and for n =0,

vyt -
Vo z(0(0)) —> A— B.

Furthermore, we define g’: Z — B as the composite morphism

projection to
— ‘l s ‘l 1 . .
(left unit)~! unit®id Z(u)® v 3 the colimit
—_—

I ® Z — 2(Iy) ® Z —— 2(0(1)) ® Z — By B.

Theorem 8.3 The morphisms vf, n > 0, define an O-algebra structure on B,
f’: A — B is an O—algebra morphism, and if g': Fo(Z) — B is the adjoint of

g': Z — B, then the following square is a pushout in Alg,(O):

For) 2 702

gl . lg’

A— B
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9 Proofs of Theorem 1.2 and Theorem 1.3

Suppose that we are in the same conditions as in the two previous sections. Assume
also that 9" and € are monoidal model categories (see Definition 4.2) and that the

composite functor
forget

V=5 Z(6) — 6

is a left Quillen functor [15, Definition 1.3.1]. We will need a nonsymmetric version of
the monoid axiom in Definition 6.1.

Definition 9.1 The monoid axiom for € says that, for

K={fi®o--O fp;n>1,5C{l,...,n}is asubset with card S > 1,
fi is a trivial cofibration if i € S,
fi: 0 — X; for some object X; in € if i € S},

all relative K’—cell complexes are weak equivalences.

Notice that, as a consequence of the pushout product axiom, this is indeed equivalent
to the monoid axiom in Definition 6.1 when € is symmetric. In any case, if all objects
in ‘¢ are cofibrant then the monoid axiom is a consequence of the pushout product
axiom.

Suppose from now on that ‘€ satisfies the monoid axiom and is cofibrantly gener-
ated with sets of generating cofibrations and generating trivial cofibrations / and J,
respectively, with presentable sources.

Proposition 9.2 Consider a pushout diagram in Alg,(O) as follows.

For) Y Fo(2)

g l push l g’
f/

A—8B

(1) If f is a trivial cofibration in 6, then the underlying morphism f’: A — B in
6 is a relative K'—cell complex, where K’ is the class in Definition 9.1.

(2) Suppose A is cofibrant in €, f is a cofibration in €, and O(n) is cofibrant in
¥, n > 0. Then the morphism f’: A — B is a cofibration in 6, in particular B
is cofibrant in €.
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Proof In case (1), the morphism Equation (15) in Lemma 8.1 is in K’, hence (1)
follows from Theorem 8.3.

In case (2), since z is a left Quillen functor, the objects z(((n)) are cofibrant in 6.
Therefore, by the pushout product axiom (Definition 4.2) the morphism Equation (15)
is a cofibration in €. Furthermore, by Theorem 8.3 the morphism f’: A — B is
a transfinite composition of cofibrations in 6, hence a cofibration in € itself [14,
Proposition 10.3.4]. a

As an immediate consequence of (1) here and the monoid axiom, we obtain the
following.

Corollary 9.3 A morphism in € underlying a relative Fo(J)—cell complex in Alg,(O)
is a weak equivalence in 6.

Now we are ready to prove Theorem 1.2.

Proof of Theorem 1.2 Using the explicit description of the free operad adjunction
at the beginning of Section 8, it is easy to see that O—algebras are the same thing
as algebras over the monad associated to the free O—algebra adjunction; compare
[2, Proposition 1.3]. Moreover, this monad preserves filtered colimits (see again the
explicit construction), therefore the category Alg,(QO) is complete and cocomplete [5,
Proposition 4.3.6]. Furthermore, the forgetful functor Alg,(Q) — € also preserves
filtered colimits [5, Proposition 4.3.2], in particular, since Fp is a left adjoint and
sources of morphisms in / and J are presentable in %, then sources of morphisms in
Fo(I) and Fp(J) are presentable in Alg,(O).

We can apply [20, Lemma 2.3] in order to prove the existence of the claimed model struc-
ture in Alg,(O). The smallness condition has already been checked, and condition (1)
of [20, Lemma 2.3] has been established in Corollary 9.3.

The statement about right properness is obvious since fibrations and weak equivalences
in Alg,(O) are detected by the forgetful functor Alg,(O) — €, and this functor is a
right adjoint, so it preserves all limits, in particular pullbacks.

If € is combinatorial then Alg,(O) is locally presentable by [1, 2.3 (1) and the Theorem
in 2.78], hence it is combinatorial. O

Lemma 9.4 Suppose that O is an operad in V' with O(n) cofibrant for all n > 0.
Then any cofibrant O —algebra is also cofibrant as an object in 6.
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Proof Cofibrant O—algebras are retracts of Fo(I)—cell complexes, and cofibrant ob-
jects in 6 are closed under retracts, so it is enough to check that F»(I)—cell complexes
are cofibrant in 6. The initial O—algebra in 6 (see Remark 7.2) is cofibrant in €,
since O(0) is cofibrant in V" and z is a left Quillen functor. Using Proposition 9.2 (2),
an induction argument proves that any Fo(/)—cell complex is cofibrant in €. a

Corollary 9.5 Let O be an operad in V' with O(n) cofibrant for all n > 0. Then, the
forgettul functor Alg,(O) — € preserves cofibrations with cofibrant source.

Proof This is an immediate consequence of Lemma 9.4 and Proposition 9.2 (2), since
cofibrations in Alg,(O) are retracts of relative Fp(/)—cell complexes, the forgetful
functor preserves filtered colimits, and cofibrations in 6 are closed under transfinite
compositions and retracts. a

Lemma 9.6 Under the hypotheses of Theorem 1.3, suppose that we have a pushout
diagram in Alg,(O),

Fov) LY ro(z)

gl push lg’
f/
A——B

where f is a cofibration in € and A is a cofibrant O—algebra. If the unit of the
adjunction evaluated at A is a weak equivalence n4: A — ¢* ¢« A, then it is also a
weak equivalence when evaluated at B, ng: B — ¢* ¢« B.

Proof Since ¢, is left adjoint to ¢*, which is the identity on the underlying object
in 6, there is a natural isomorphism ¢« F» = Fp that we regard as an identification,
and the morphism ¢ (/") fits into the following pushout diagram in Alg,(P):

f
7o) 22 r(2)
o (g)J( push l¢* (&)

¢ (f")

The O-algebra A is cofibrant and ¢ is a left Quillen functor, therefore ¢« 4 is a
cofibrant P—algebra, in particular, both A and ¢« A are cofibrant in ¢ by Lemma 9.4.
Notice that the underlying object of ¢« A and ¢p*p« A in 6 is the same.
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Let us call C = ¢*¢«B. By Lemma 8.1, the morphism in %6 underlying np is the
colimit in ¢ € N of an inductively constructed diagram of cofibrant objects in €, ¢ > 0,

B
2
coo>> By —— By >—> -

@) nr—1l~ ~lnt
of

> Gy —— Cyp > -

such that By = A, Cy = ¢* ¢+ A, 19 = 14, the morphism 7, is the pushout of the
horizontal lines of the following diagram

Equation (16) for O Equation (15) for O
Bt—l [ J [ ]
Ne—1 l’v induced by ¢ and nol’v induced by ¢ and ng lfv
Cl—l [ J [ ]
Equation (16) for P Equation (15) for P

and 2 and ¢ are the natural morphisms to the pushout.

The objects O(n) and P(n) are cofibrant in V" and z is a left Quillen functor, hence
z(O(n)) and z(P(n)) are cofibrant in 6, n > 0. Moreover, f is a cofibration in €
and A and ¢*¢« A are cofibrant in 6. Therefore Lemma 4.4 shows that the square
on the right has weak equivalences in the columns and cofibrations in the rows. In
particular, (ptB and <ptC are cofibrations in € and, by the gluing property in left proper
model categories [14, Proposition 13.5.4], n; is a weak equivalence in €.

To conclude, np = colim;>¢ 1; is a weak equivalence in € since (a) is a weak equiv-
alence between cofibrant objects in the Reedy model category of directed diagrams
in € indexed by N [15, Theorem 5.1.3] and Ken Brown’s lemma [15, Lemma 1.1.12]
applies, because colim;>¢ is a left Quillen functor [15, Corollary 5.1.6]. a

Finally, we are ready to prove Theorem 1.3.

Proof of Theorem 1.3 We will use the criterion in [15, Corollary 1.3.16 (c)] to detect
Quillen equivalences. The functor ¢* preserves and reflects weak equivalences, since
it is the identity on the underlying object in €. Therefore, it is enough to check that
the unit of the adjunction n4: 4 — ¢*p. A is a weak equivalence for any cofibrant
O-algebra A.

Weak equivalences are closed under retracts and cofibrant O—algebras are retracts
of Fo(I)—cell complexes, so we can suppose that 4 is an Fp(I)—cell complex,
A = colim; . A;. We now proceed by induction on the ordinal A.
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For A = 1, A is the initial O—algebra; see Remark 7.2. Then ¢+ A is the initial
P—algebra, since ¢ is a left adjoint, and n4 = z(¢(0)): z(O(0)) — z(P(0)). The
morphism ¢ (0) is a weak equivalence between cofibrant objects in " and z is a left
Quillen functor, therefore z(¢(0)) is also a weak equivalence between cofibrant objects
in € by [15, Lemma 1.1.12].

If A = o+ 1 and the result is true for «, then it is also true for A by the previous
lemma.

Suppose now that A is a limit ordinal and that the result is true for all i < A. The
functor ¢ preserves colimits, since it is a left adjoint, and ¢* preserves filtered colimits,
because it is the identity over € and forgetful functors from algebras to € preserve
filtered colimits. In particular n4 = colim; ) n; is a colimit of weak equivalences by
induction hypothesis. By Proposition 9.2 (2), an Fo(I)—cell complex is a colimit of
a continuous diagram of cofibrations between cofibrant objects in €, and the same
is true for Fp(I)—cell complexes. This applies to A and ¢« A. Such diagrams are
cofibrant objects in Reedy model categories of directed diagrams in € [15, Theorem
5.1.3]. Therefore, 14 is the colimit of a weak equivalence between cofibrant objects in
the Reedy model category of directed diagrams in € indexed by A. Now, Ken Brown’s
lemma [15, Lemma 1.1.12] shows that n4 is a weak equivalence, since colim; . is a
left Quillen functor [15, Corollary 5.1.6]. O

10 An application to enriched categories and A4.,,—categories

In this section we lay the foundations to construct model categories of categorified
algebraic structures. This is applied to enriched categories and enriched A, —categories.

Definition 10.1 Given a set S, a V'—graph M with object set S is a collection of
objects in V" indexed by § xS, M = {M(x, y)}x,yes. The category Graphg (V')
of V'—graphs with object set S, where morphisms are defined in the obvious way, is
biclosed monoidal with tensor product

(M ®sN)(x.p) =] M(z.y) ® N(x.2).

zeS

The unit object I g is

I the monoidal unit of ¥, if x = y,

Ig(x,y) =
(x-7) {0 the initial object of V', if x # y.
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This monoidal category is clearly nonsymmetric, unless ' is a singleton. The right
adjoint of M ® — is the functor Homf (M, —) defined as

Homf(M, P)(x,y)= 1_[ Hom(M/((y, z), P(x, z)),

zeS

and the right adjoint of —® N is the functor Hom,S (N, —) defined as
Hom; (N, P)(x.y) = [ [ Hom(N(z.x). P(z. ).
zeS

We have a strong braided monoidal functor z: V" — Graphg(7') defined as

A ifx=y,
z(A)(x,y)={0 ;j#;

Moreover,
(A ®s M)(x.y) =AQM(x.y), (MQsz(A)(x.y)=M(Xx,y)® A,
and the natural isomorphism
(A M) z(A)®@s M =M ®s z(A),

is defined as the symmetry isomorphism of V" coordinatewise.

Remark 10.2 If 7 is a model category, the category Graphg(7") inherits from V" a
product model category structure, where fibrations, cofibrations and weak equivalences
are defined coordinatewise. If V" is cofibrantly generated (resp. combinatorial) then so
is Graphg (7'); compare Remark 2.3. Moreover, since S x S is a set, a V'—graph M
is presentable provided M (x, y) is presentable for all x, y € S. In particular, if V'
has sets of generating cofibrations and generating trivial cofibrations with presentable
source, then so does Graphs-(.S). Furthermore, if ¥ is right proper then the product
model category Graphy-(S) is also right proper.

Notice that the composite functor V' 5z (Graphg (7')) — Graphg (V') preserves fibra-
tions, cofibrations and weak equivalences, and it has a right adjoint defined by

M 1_[ M(x, x).

xeS

This adjoint pair is therefore a Quillen adjunction.

Proposition 10.3 If V' satisfies the monoid axiom then Graphg (V') also satisfies the
monoid axiom.
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Proof It is enough to notice, using the symmetry of V" and the pushout product axiom
in V', that any morphism f; ©---® fy in the class of morphisms K’ of Graphg (') in
Definition 9.1 is componentwise a morphism in the class K of V" in Definition 6.1. O

Categories enriched on V" with set of objects S are the same as monoids in Graphg (7).
These monoids are the same as algebras over the nonsymmetric operad Ass" in V'
defined by Ass”(n) =1, n > 0. All compositions in Ass” are unit isomorphisms
I ®1I = I and the unit of the operad u: I — Ass” (1) is the identity. This operad is
generated by the “elements” in degree 0 and 2; the degree 2 “element” represents
the composition law, and the degree 0 “element” represents the identities. In order to
simplify notation, we denote

Cats (V) = Alggrapn s (v)(Ass”).

An Ax,—category enriched on " with set of objects S is an algebra over a cofibrant
replacement Ass of Ass”, which is a trivial fibration ¢: Ass) —»Ass" in Op(V)
with cofibrant source. We simply denote

Aoo—Cats (1) = Alggrapn . (1) (ASSS,).

Combining the previous proposition with Theorem 1.2 we obtain the following corollary,
which improves [6, Theorem 3.3].

Corollary 10.4 Let V' be a cofibrantly generated closed symmetric monoidal category
satisfying the monoid axiom. Suppose that V' has sets of generating cofibrations and
generating trivial cofibrations with presentable source. Then Catg (V") is a model
category where an enriched functor F: C — D is a weak equivalence (resp. fibration)
if F(x,y): C(x,y) — D(x,y) is a weak equivalence (resp. fibration) in V' for all
x,y €S, and similarly for Asc—Catg(V"). Moreover, these model categories are right
proper (resp. combinatorial) provided V" is.

The following corollary also uses Theorem 1.3.

Corollary 10.5 In the conditions of the previous corollary, assume in addition that V'
is left proper and the monoidal unit I+ is cofibrant. Then the pullback functor ¢* from
enriched categories to enriched Ao, —categories and the strictification functor ¢« in the
other direction form a Quillen equivalence

[0
Aoo—Catg (V) —— Catg (V).
¢*
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In particular, the derived adjoint pair is an equivalence between the homotopy categories
of enriched categories and enriched A, —categories:

Lo
Ho Ao—Catg (V) — Ho Catg (V).
¢*

When 4 is a simplicial model category and the simplicial structure is in a precise sense
compatible with z: ¥ — Z(%), the derived equivalence of homotopy categories in
this corollary was obtained in [2, Section 2] by different methods which are closer to
categorical algebra than to homotopy theory.
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