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PROJECTIVE AND REEDY MODEL CATEGORY STRUCTURES FOR (INFINITESIMAL)
BIMODULES OVER AN OPERAD

Julien Ducoulombier Benoit Fresse Victor Turchin

ApsTtrACT. We construct and study projective and Reedy model category structures for bimodules and infinitesimal
bimodules over topological operads. Both model structures produce the same homotopy categories. For the model
categories in question, we build explicit cofibrant and fibrant replacements. We show that these categories are
right proper and under some conditions left proper. We also study the extension/restriction adjunctions.
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Introduction

In this paper, we set up a homotopy theory for the categories of bimodules and of infinitesimal bimodules
over topological operads. More precisely, we study two model structures, the projective model structure and
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the Reedy model structure, which we define for both bimodule categories. The Reedy and the projective
model structures have the same class of weak equivalences and, therefore, produce isomorphic homotopy
categories. Both model categories find important applications in the manifold functor calculus, specifically
in the problems of delooping the functor calculus towers [DT, , |. It is well known that the arity
zero elements essentially complicate the homotopy theory of such objects. However, in practical examples
the arity zero component of the studied objects is often reduced to a point. Such objects are called reduced.
Motivated by the homotopy theory of the little 2-discs operad, the second author developed the Reedy
model structure for reduced operads | , ]. We adapt this theory to the setting of bimodules and of
infinitesimal bimodules. One of the advantages of the Reedy model structure in comparison to the projective
one is that the cofibrant resolutions are smaller as they do not take into account the arity zero component.
This makes the constructions of delooping in [DT, , ] simpler. By contrast, while all the objects
are fibrant for the projective model categories, there is no obvious Reedy fibrant coresolution. Consequently,
both model structures have their advantages and it can be convenient to be able to switch from one structure
to another.

The starting idea of the Reedy model structure for reduced operads is to encode the operadic composition
operations with the unique point in arity zero in an extension of the diagram structure which underlies
our objects. In the usual category of symmetric operads, the diagram structure of the objects is governed
by the category ¥ =], X, which is defined by taking the disjoint union of the symmetric groups X,,. In
what follows, we use the expression ‘X-sequence’ for the objects of the category of diagrams over X. We use
the notation YSeq for this category of diagrams and the notation XOperad for the category of symmetric
operads. To formalize the construction of the Reedy model structure, we consider the category A, which
has the finite sets [n] = {1,...,n} as objects and all injective maps of finite sets u : {1,...,m} < {1,...,n} as
morphisms. We use the expression ‘A-sequence’ for the objects of the category of contravariant diagrams
over A, and we use the notation ASeq for the category of A-sequences. The composition operations with the
arity zero term P(0) = * in a reduced operad P are equivalent to restriction operators u* : P(n) — P(m), which
can be associated to the injective maps of finite sets u : {1,...,m} < {1,...,n} and hence to the morphisms in
the category A. This observation implies that the category of reduced operads is identified with a category
A,Operad, whose objects are operads shaped on this category of finite sets and injections A instead of the
category of permutations X.

The category of A-sequences inherits a Reedy model structure, in which the fibrations are defined by
using a natural notion of matching object. The Reedy model structure of reduced operads is precisely
defined by transferring this Reedy model structure on the category of A-sequences ASeq to our category of
operads A,Operad, while the projective model structure of symmetric operads is defined by transferring the
projective model structure on the category of X-sequences XSeq to XOperad.

Throughout this paper, we work in the category of topological spaces, and we therefore deal with operads
in topological spaces. In that context, the projective model category of symmetric operads is known to be
left proper relative to X-cofibrant operads (i.e. operads that are cofibrant as X-sequences) and right proper
[ ] making the homotopy colimits and limits easier to identify in this category. Furthermore, all operads
are fibrant in the projective model category of symmetric operads in topological spaces. In the Reedy model
category of reduced operads, the objects are not necessarily fibrant. We use a notion of matching object
to define the class of fibrations (and unfortunately, we have no explicit definition of a fibrant coresolution
functor at the time), but the class of cofibrations is larger. In fact, a morphism of reduced operads is a
cofibration with respect to the Reedy model structure if and only if this morphism defines a projective
cofibration of operads after forgetting the arity zero components [ , Theorem 8.4.12] (thus if and only if
this morphism defines a cofibration in the projective model category of operads with a void component in
arity zero). This result implies that the Reedy model category of reduced operads is also left proper relative
to X-cofibrant reduced operads. Together with Willwacher, the second and third authors [ | showed that,
for any reduced operads P and Q, there is a weak equivalence of derived mapping spaces

¥Operad"(P; Q) ~ A,Operad(P; Q).

Hence we can use the Reedy model category to compute mapping spaces in the usual category of topological
operads.
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The main purpose of this work is to extend the results of these operadic homotopy theories to the setting
of bimodules and of infinitesimal bimodules. First of all, we define our counterparts of the projective and
Reedy model structures for bimodules and infinitesimal bimodules in topological spaces. We also address
the definition of these model structures for truncated bimodules.

For the definition of the projective model structure, we work out difficulties that occur in the context
of topological spaces, notably regarding the application of the small object argument (see the discussion
of | ])- This question is independent from other works on the projective model categories of modules
over operads carried out in the litterature. In fact, the projective model structure of bimodules was defined
in [Rel] for bimodules in simplicial sets and for bimodules in a category of simplicial bimodules over a ring.
The paper [Ha] gives the definition of an analogous model structure for left modules over non-symmetric
operads and for left modules over symmetric operads when every X-sequence is projectively cofibrant in the
base category (for instance, when the base category is a category of chain complexes over a characteristic zero
field). The book | ], by the second author, provides a general study of the homotopy theory of modules
and bimodules over operads, but deals with semi-model structures (with a restriction of the application of
the axioms to maps with a cofibrant source) to get results that are valid in any base monoidal model category.
In the paper, we prove that, when we work in the category of topological spaces, we have a full validity of
the definition of the projective model category of bimodules over a pair of operads, and this result holds
without any assumption on our operads. We get the same result for the definition of the projective model
category of infinitesimal bimodules.

For the definition of the Reedy model categories of bimodules and of infinitesimal bimodules, we rely
on a preliminary definition of a fibrant coresolution functor and we apply a transfer argument, using an
adjunction between (infinitesimal) bimodules and A-sequences. We just need a mild assumption on our
operads to ensure the validity of the definition of the Reedy model structures (technically, we just need to
consider well-pointed operads, in which the inclusion of the operadic unit in arity one defines a cofibration
of spaces).

We use the notation ¥Bimodp,( for the category of bimodules associated to a pair of operads (P,Q),
while we adopt the notation XIbimody for the category of infinitesimal bimodules over an operad O. To
distinguish the Reedy model structure from the projective model structure, we adopt the convention to keep
these notations ¥Bimodp, and YIbimodp when we equip these bimodule categories with the projective
model structure, and we pass to the notations ABimodp,; and Albimodp when we consider the Reedy
model structure. We prove that our model categories have the following features.

» Sections 3.1.1 and 5.1.1: All the objects in EBimOdp;Q and XIbimodg are fibrant. Furthermore, we give
explicit fibrant coresolutions in the Reedy model categories ABimodp,y and Albimod.

» Sections 2.2.1, 3.1.3, 4.2.1 and 5.1.2: The categories ¥Bimodp,q, ABimodp;,, XIbimodp and Albimod
are right proper. Moreover, if P is either projectively or Reedy cofibrant, and Q, O are componentwise
cofibrant, then the categories ¥Bimodp,o and ABimodp;q are left proper relative to componentwise
cofibrant objects while YIbimody and Albimodg are left proper.

» Sections 3.1.2 and 5.1.2: Let Q. and O, be the sub-operads obtained from Q and O, respectively, by
removing the arity zero components. Any map in ABimodp,g and Albimody is a cofibration if and only
if the corresponding map in ¥Bimodp,q_, and YIbimodg_, respectively, is a cofibration.

» Sections 3.2.1 and 5.2.1: If M and N are (P-Q)-bimodules, while M’ and N’ are O infinitesimal bimodules,
then one has weak equivalences between derived mapping spaces

ZBimodg;Q(M; N) =~ ABimodZ;Q(M; N) and ):Ibimod}é(M'; N’) ~ AIbimod}(’)(M’; N').

» Sections 2.2.2,3.1.3,4.2.2and 5.1.2: Let ¢1 : P > P’, ¢ : Q = Q" and ¢ : O — O’ be weak equivalences
between X-cofibrant operads P, P’ and componentwise cofibrant operads Q, Q’, O, O’, then the extension
and restriction functors form Quillen equivalences

(pg : EBimodP;Q (:) EBimOdp/;Q/ . (i)*, (P! : EIblmOdO (:) ZIbimOdof . (p*,
¢1: ABimodp, o 2 ABimodp/; : ¢*, ¢ : Albimodp 2 Albimodo : ¢*.
(Also, see Sections 2.2.2 and 3.4.1 for a refinement of this result when we forget about the arity zero

components of bimodules or, respectively, if such components are reduced to a point.)
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Organization of the paper: We review the background of our constructions in the first section of the paper.
We review the definition of the projective model category of X-sequences and the definition of the Reedy
model category of A-sequences. We also build an explicit fibrant coresolution in the category of A-sequences.
Then we recall the definition of the projective model category of operads and the Reedy model category of
reduced operads together with their properties. Most of the new results in this section appear at the very
end in Subsection 1.5, where we study some natural properties of cofibrant operads.

In the second section, we define the projective model category of (P-Q)-bimodules. First, we show that
this category is equivalent to the category of algebras over a colored operad. Then we give combinatorial
descriptions of the free bimodule functor and of pushouts. After that, we define the projective model
category structure for bimodules and we prove that this model structure is relatively left proper and that the
extension/restriction adjunctions along weak equivalences of operads form Quillen equivalences.

In the third section, we study the Reedy model category of bimodules. We check that (almost all) the
constructions introduced in the second section can be extended to the Reedy model category. Furthermore,
we give an explicit Reedy fibrant coresolution as well as a characterization of cofibrations. As a conse-
quence of this characterization, we show that this model category is relatively left proper and that the
extension/restriction adjunctions along weak equivalences of reduced operads form Quillen equivalences.
Both model structures having the same set of weak equivalences, they produce the same homotopy category.
Then we construct a functorial cofibrant resolution for bimodules in both (projective and Reedy) model
structures. As an application, we explain how our Reedy fibrant coresolution can be expressed in terms of
internal hom in the category of X-sequences. In the last subsection, assuming that both operads P and Q
are reduced, we study the subcategory A,Bimodp; of reduced bimodules equipped with the Reedy model
category structure. This subcategory enjoys slightly better properties as we compare the Reedy model
structures of bimodules and of reduced bimodules.

In the fourth section we adapt the results from the second section to the context of infinitesimal bimodules.
In that case, the proofs are easier since pushouts of infinitesimal bimodules coincide with pushouts taken
componentwise. Similarly, we show that this category is equivalent to the category of algebras over a
colored operad. After that, we introduce the projective model category structure and we prove that the
extension/restriction adjunctions along weak equivalences of operads form Quillen equivalences.

In the fifth section we adapt the results from the third section to the context of infinitesimal bimodules.
In the same way, we build an explicit fibrant coresolution. We give a characterization of cofibrations and,
as a consequence of it, we show that the extension/restriction adjunctions along weak equivalences of
reduced operads form Quillen equivalences. We then compare the projective and Reedy model structures on
infinitesimal bimodules. At the end we exhibit explicit cofibrant resolutions.

The last sixth section is an appendix where several technical lemmas that we use from the equivariant
homotopy theory are formulated and proved.

Notation: In | ) ], the notation A,Operad actually refers to a category of A-operads, which is defined
by dropping the arity zero component of reduced operads. But we do not use this convention in this paper.
We therefore forget about the refined structure of a A-operad and we use the notation A,Operad for the
category of reduced operads. We keep the letter A in order to emphasize the underlying A-diagram structure
of our objects, but we forget about further reductions in the definition of our structures. We write A, instead
of A to remind that the operads in this category are reduced.

In the paper we use many different sets of rooted trees. As a general rule, we use letter P for sets of
planar trees and letter T for non-planar trees. Usually the set {(T) of leaves of a planar tree T is labelled
by a permutation in X1, where |T| is the number of leaves in the tree. Internal vertices in these trees are
usually allowed to have any arity unless we use the superscript > 1 or > 2, like in PZ! or T>? meaning that
the arities of vertices are > 1 or > 2, respectively. We use different terms to deal with trees in the context of
operads, such as set of leaves ¢(T), set of vertices V(T), set of edges E(T), the arity |v| of a vertex v, etc from
[ , Section 5.8]. Even though we formally do not define these terms, we show them on figures, so that the
reader can easily guess the meaning of those words without referring to loc. cit.

For a subspace of a space X, we sometimes use notation dX. By d[];; X; we understand a subspace in
[1;er X; consisting of points with at least one coordinate in dX;. A point in the product space [];c; X; is
usually denoted by {x;};; or just {x;} if there is no ambiguity about the set I.
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1 Model category structures for operads

In this section, we introduce the categories ¥Seq and ASeq as well as their model category structures
called projective and Reedy model category structures. These are categories whose objects are sequences of
topological spaces with some extra structures. We also define the categories of operads XOperad and reduced
operads A,Operad. Both categories inherit model category structures from the following adjunctions in
which the functors F* and F” are the left adjoints to the forgetful functors:

FX:.¥Seq¥Operad:U* and F:A.oSeq 2 A,Operad: U™,

Here A(Seq can be interpreted as the full model subcategory of ASeq composed of objects whose arity
zero component is the one point topological space (see Section 1.2). Both model categories ¥Operad and
A,Operad have intensively been studied by Berger-Moerdijk [ ] and the second author | , ]. We
list their properties in Section 1.4. Usually, in order to define a model category structure from an adjunction,
we use the following statement also called the transfer principle:

Theorem 1.1. | , Section 2.5] Let D be a cofibrantly generated model category with a set of generating
cofibrations D, and a set of generating acyclic cofibrations D,.. Let L: D & C : R be an adjunction with left adjoint
L and right adjoint R. Assume that C is bicomplete. Define a map f in C to be a weak equivalence (respectively, a
fibration) if R(f) is a weak equivalence (respectively, a fibration) in D. If the following conditions are satisfied:

(i) both sets L(D,) and L(D,.) permit the small object argument;
(ii) C has a fibrant replacement functor for objects;
(iii) C has a functorial path object for fibrant objects, i.e. for any fibrant object X there is a functorial
factorization of the diagonal map into a weak equivalence followed by a fibration

X —— Path(X) — X x X;

then we have a cofibrantly generated model category structure on C in which the set of generating cofibrations
(respectively acyclic cofibrations) is given by L(D,) (respectively, L(D,.)). Furthermore, this model category
structure makes the adjunction (L; R) into a Quillen adjunction.

As explained in the following subsections, all objects in the category Y Seq are fibrant and the identity
functor produces a functorial fibrant replacement in the category XOperad. So, the transfer principle can
easily be applied to the adjunction (F>;U/*). Unfortunately, the objects in A.(Seq are not necessarily fibrant
and the second author proves in [ | the existence of the model category structure for reduced operads
without the transfer principle. In the present work, we build an explicit functorial fibrant replacement in
both categories ASeq and A.(Seq. This resolution will be enhanced in the next sections in order to define
Reedy model category structures for (infinitesimal) bimodules using the transfer principle.

Both categories XSeq and ASeq are obtained as categories of functors from ¥ and A to topological spaces.
So the following model category structures are particular cases of model categories of diagrams. We refer to
[ , , | for a comprehensive study of projective model categories of diagrams over a discrete
category (and of dual injective model categories of diagrams), to [Mo, ] for a study of projective model
categories of diagrams in the enriched setting. For Reedy model structures and applications to simplicial
homotopy theory, we refer the reader to [G], ] and to [Ba, , , ) ] for generalizations to
enriched categories or extended Reedy categories.

1.1 The projective model categories of G-spaces and of X-sequences

e The model category of spaces. In what follows, by spaces we mean compactly generated, but not necessarily
Hausdorff, topological spaces. Such spaces are often called k-spaces [ |- One has a natural kelleyfication
functor from the category of all topological spaces to k-spaces. The topology of mapping spaces, products,
subspaces and more generally limits in this category are defined by taking kellyfication of their usual
compact-open, product and subspace topologies. The coproducts, quotients and more generally any colimits
of k-spaces are automatically k-spaces and kelleyfication is not necessary. The category of k-spaces has the
advantage of being cartesian closed | , Theorem 5.5]. This statement implies that the cartesian products
distribute over colimits, which is a prerequisite for the theory of operads and operadic objects. Moreover,
it implies that the product of two quotient maps (in particular, of a quotient map and an identity one)
5



is again a quotient map in the category of k-spaces [Br, Corollary 5.9.10]. We use this observation in our
constructions of free objects and pushouts in the category of operads and in the categories of bimodules over
operads.

The category of spaces, fixed in the previous paragraph (thus, the category of k-spaces), is denoted by
Top and is equipped with the Quillen model category structure (see | , Theorem 2.4.23]) in which
a continuous map is a weak equivalence (respectively, a fibration) if it is a weak homotopy equivalence
(respectively, a Serre fibration). According to this definition, all spaces are fibrant and the model category Top
is cofibrantly generated. The set of generating cofibrations S, and the set of generating acyclic cofibrations
S, are the following ones, where S~! denotes the empty set:

SC={S"’1<—>D”,n20} and Sacz{D”x{O}<—>D”x[0,l],nZO}.

e Projective model category of G-spaces. Let G be a topological monoid. The category G-Top of G-spaces
consists of spaces equipped with a right action of G. There is an adjunction G[-]: Top 2 G-Top : U, where
U is the forgetful functor and G[-] is the functor sending a space X to the G-space G[X] =X xG. As a
consequence of Theorem 1.1, the category G-Top inherits a cofibrantly generated model category structure
whose sets of generating cofibrations and acyclic cofibrations are G[S.] and G[S,.], respectively. Indeed, the
identity functor provides a fibrant replacement functor while, for any G-space X, the functorial path object
is given by the mapping space

Path(X) = Map([0, 1], X).

Cofibrations and fibrations in this category will be called G-cofibrations and G-fibrations, respectively. We
will be mostly using spaces with a right action of a monoid (or a group). At few occasions we will need to
deal with spaces endowed with a left action. Such spaces will be called left G-spaces and the category of
such will be denoted by G?-Top.

e Projective model category of Y-sequences. Let ¥ be the category whose objects are finite sets [n] ={1,...,n},
with # > 0, and morphisms are bijections between them. By a X-sequence, we mean a contravariant functor
from ¥ to the category of spaces. In practice, a X-sequence is given by a family of spaces X(0), X(1),...
together with an action of the symmetric group: for each permutation o € ¥, there is a map

c*:X(n) — X(n);
X +— x-0,

(1)

satisfying the relations (x-0)-7=x-(o1), with t € ¥, and x-e = x. A morphism between X-sequences is a
family of continuous maps that should preserve the right action of the symmetric groups. We denote by
Y Seq the category of X-sequences and by ¥.Seq its subcategory composed of X-sequences whose arity 0
component is empty.

Given an integer r > 0, we also consider the category of r-truncated X-sequences T,XSeq which we define
as follows. Let T,X be the category with objects [n] ={1,...,n}, 0 < n < r, and bijections between them. An
r-truncated X-sequence is a contravariant functor from T,X to the category of spaces. In practice, an r-
truncated X-sequence is given by a family of spaces X(0),..., X(r) together with an action of the corresponding
symmetric group ¥, for eachn <r.

A (possibly truncated) X-sequence is said to be pointed if there is a distinguished element %; € X(1) called
unit. It is said well-pointed if the inclusion #; — X(1) is a cofibration. Recall that we deal with the Quillen
model structure on topological spaces. Thus, we consider the cofibrations of the Quillen model structure in
this definition, not the Hurewicz cofibrations of the usual notion of well-pointed space. Note that a space T
is well-pointed in this sense as soon as it is cofibrant (with respect to the Quillen model structure). Indeed,
in this case, T occurs as a retract of a (generalized) CW-complex and we may just observe that the inclusion
of any choice of base point in a (generalized) CW-complex is a cofibration to conclude that this is the same
for T. From this observation, we deduce that a (truncated) X-sequence X is well-pointed in the sense of our
definition if and only if it is pointed and its component X(1) is cofibrant.

There is an obvious functor called truncation functor

T,(-): XSeq — T,XSeq.
6



One has

XSeq = I_IZ,,—Top, Yo0Seq = ]—[En—Top and T,XSeq= I_I X,-Top.

n>0 n>1 0<n<r

Since X,-Top is a cofibrantly generated model category for any n > 0, the categories £Seq, ¥.(Seq and
T,XSeq are endowed with a cofibrantly generated model category structure, called the projective model
category structure, in which all objects are fibrant. More precisely, a map between (possibly truncated)
XY-sequences is a weak equivalence (respectively, a fibration) if the map is degreewise a weak homotopy
equivalence (respectively, a Serre fibration). The sets of generating cofibrations S, and acyclic cofibrations
Sac of XSeq (respectively, £.(Seq and T,XSeq) are given by

S.= U [SZ’ x I_Ilm] and S, = U (S;Cx I_Ilm]

n>0 m=n n>0 m=n
(resp. n>0 and (resp. n>0 and
0<n<r) 0<n<r)

where S/' and S/ are the sets of generating cofibrations and acyclic cofibrations, respectively, of X,-Top
while 1,,: @ — 0 is the identity map of the initial object of X,,-Top (see [Hir, Proposition 11.1.10]).

e Notation for cofibrations. Let C be a category together with a functor & from C to the category XSeq
(respectively the categories ¥.(Seq and T,XSeq). In the rest of the paper, an object C in the category C
is said to be X-cofibrant if the underlying X-sequence U/ (C) is cofibrant in the projective model category
XSeq (respectively, £.¢Seq and T,XSeq). It is called componentwise cofibrant if every component U(C)(n)
is cofibrant in Top. In case the forgetful functor U factors through the category of pointed (truncated)
X-sequences, the object C is called well-pointed if U(C)(1) is cofibrant. In the following the category C will be
the category of operads YOperad, of reduced operads A,Operad, of bimodules ¥Bimodp;o = ABimodp; g,
of reduced bimodules A,Bimodp,, or of infinitesimal bimodules ¥Ibimod = Albimod.

1.2 The Reedy model categories of A- and A.j-sequences

e The category of A-sequences. We refer the reader to [ , ] for a detailed account on the categories
introduced in this subsection. Let A be the category whose objects are finite sets [n] = {1,...,n}, with n > 0,
and morphisms are injective maps between them. (Hence, ¥ is the subcategory of isomorphisms of A.) By
a A-sequence, we understand a contravariant functor from A to spaces and we denote the corresponding
category by ASeq. In practice, such an object is given by a ¥-sequence X(0), X(1),... together with maps
generated by applications of the form

(2) st:X(n)— X(n—-1), with 1 <i<mn,

1

associated to the injective maps
l if € <1,

i n-1 ;4 —
sizln=1] = [n] {£+1 0>

Given an integer r > 0, we also consider the full subcategory T, A whose objects are families of finite sets
[n]={1,...,n}, with 0 < n <r. An r-truncated A-sequence is a contravariant functor from T, A to spaces and
we denote by T, ASeq the associated category. We will also be using the categories A,y and T,A.( which are
full subcategories of non-empty objects of A and T,A. The categories A,(Seq and T,A,(Seq are similarly
defined. There exist obvious truncation functors

T,(-): ASeq — T, ASeq and T,(-): AsgSeq — T, AsoSeq.

e Useful adjunctions. The inclusions of categories ¥ C A and T,X C T,A induce adjunctions between the
categories of (possibly truncated) X-sequences and A-sequences

A[-]:ZSeq2 ASeq: U and A, [-]:T,XSeq 2 T,ASeq: U
7



where U is the obvious forgetful functor, which forgets about the operations generated by (2). The functor
A[-] sends a X-sequence X to the A-sequence A[X] given by

A[X](n) := ]_[ X(m), foralln=>0,

A ([n][m])
mn

where A, is the subcategory of order preserving injective maps. A point in A[X](n) is denoted by (h;x) with
h:[n] — [m] an order preserving injective map and x € X(m). For any permutation o € ¥, and any order
preserving injective map h : [n] — [m], we denote by oy, € ¥, the permutation

. h(o(j)), if h(j) =1,
op(i) :=

i, otherwise.

According to this notation, the A-structure on A[X] is given by the following formulas:

o :AX](n) — A[X](n) ;0 (Bx) —  (hx-oy),
siiA[X](n) — A[X](n-1) ; (kx) > (hos;x).

e The matching object. For a (possibly truncated) A-sequence X, the matching object of X, denoted by M(X),
is the (possibly truncated) X-sequence defined as follows:

3 M(X)(n)=  lim  X(£).

(3) (X)(n) pealim (0)

{<n

Let 0 € ¥, be a permutation and h : [€] — [n] be an order preserving inclusion. We denote by h-o : [€] — [n]
the unique order preserving inclusion whose image is Im(co o h) and o[h] € ¥, is the unique permutation
satisfying o[h](i) < o[h](j) if and only if o(h(i)) < o(h(j)). According to this notation, the action of the
symmetric group on the matching object is the following one:

o M(X)(n) — M(X)(n);
x={xplp > 0"(x) = {xpo - o[h]}

o The Reedy model category of A-sequences. According to | , Theorem 8.3.19], the categories ASeq, A5(Seq,
T, ASeq and T, A,(Seq are endowed with cofibrantly generated model category structures in which weak
equivalences are objectwise weak homotopy equivalences. A morphism f : X — Y is a fibration if the
corresponding maps

X(n) — M(X)(n) X p(y)m) Y (1),
whenever defined, are Serre fibrations. The set of generating cofibrations (respectively the set of generating
acyclic cofibrations) consists of maps of the form

(Alf]1): A[X] ]_[ IA[Y] — A[Y],
JA[X]

where f : X — Y is a generating cofibration (respectively a generating acyclic cofibration) in the projective
model category of X-sequences. The map 1: dA[Y] — A[Y] is the inclusion where dA[-] is the functor from
Y-sequences to A-sequences left adjoint to the matching object functor M and expressed by the formula
IA[Y](n) = i A[Y](6) = Y(£).
Vi) =, _colim AYVO= | | Y@

>n A+(€[:]ni[€])

Remark 1.2. The truncation functors
T,: ASeq — T, ASeq; T,: AsoSeq — T, AsoSeq; T,: T, ASeq — T, ASeq, r’' >,
preserve fibrations, cofibrations and weak equivalences.
For fibrations and weak equivalences, the statement follows from definition. For cofibrations we recall
[ , Theorem 8.3.20] that a morphism in the Reedy model structure is a cofibration if and only if it is a

projective cofibration in the corresponding category of (truncated) X-sequences.
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1.3 A fibrant replacement functor for A- and A.j-sequences

As explained previously, in order to apply the transfer principle, described in Theorem 1.1, we need a
functorial fibrant replacement. Unfortunately, the objects in ASeq and A(Seq are not necessarily fibrant
and therefore the identity functors can not be regarded as a fibrant replacement one. To solve this problem,
we build explicit and functorial fibrant coresolutions

(—)f :ASeq — ASeq and (—)f :AspSeq — AsoSeq.

For this purpose, we need some notation. For any map h € A, ([¢];[n]), we denote by h, € A ([n—{];[n])
its complementary map which is the unique order preserving inclusion so that I'm(h) N Im(h.) = 0. Then,
for any pair of order preserving inclusions of the form s; : [(] — [€+ 1] and h: [€ + 1] — [n], we denote by
€psi € [n—{] the unique index such that the following diagram commute:

[n-€-1]—————=[n-{¢]

\ (hos;)

Let X be a A-sequence. The space X/ (n) is the subspace

Xf(n)c ]_[ Map([0, 1] X(€)),
A([],[n])

{<n

consisting of families of maps {f,}nea , ((¢],[n)) Such that

71 [en;i]
_

(4) [0, 1] [0, 1]

I uos;

*

X(C+1) —  X(¢)

where 7,[k]: [0, 1]"¢"1 — [0, 1]"¢, with t € [0, 1] and k € [ — € — 1], inserts ¢ at the k-th position:

tj
= t lf]:k,

ty ifj> k.

if j <k,
tlk](ty, ..o typ-1) = (t{,...,t,_,)  with t]f

o The A-structure on X/. In order to describe the A-structure we consider the following notation. For any
order preserving inclusions s; : [n—1] — [#] and h : [(] — [n - 1], we denote by 9j,,; the unique index such
that the following diagram commute:

(=l-1]— o~ [n-1]
[”—ng[’l]

According to this notation, the A-structure operations are given by
sit Xm) — XT(n=1) 5 {fibrea,qa iy > S50 Plidnen, (o), (n-1))

o': Xf(n) — Xf(n) s Undheaqan iy - Onbhena,qo,n)
9



where the continuous maps (s} o f); and (f - o)y, are the following ones:
(ssofn: [0,117Y — X(O) 5 (tire-tumee1) > fion(TolOmil(t1r- o tuego1))s

(f-o: (0,110  — X(O) 5 (tieootud) —  froltop 1) tofn 1 (not) - OLH].

o The fibrant replacement functor. The A-sequence X/ is obviously functorial along the A-sequence X. Further-
more, there is a map ¢ : X — X/ sending a point x € X(n) to the family of constant maps {o(X)ntnen, (0, 1)
obtained using the A-structure of X:

(5)

s (0,1 ——X(0);
(t1,... tyg) —— h*(x).
The map is well defined and preserves the A-structures. Indeed, one has the following equalities:

P [0, 1]"¢ X(">'}
(tyeee tyg) = B*(x). heA (€], [n])

*

silpx)) = 5

sjop(x)y: [0, 1] X(6);

(tree s ty—g1) = @(X)s;on(trse - t9,-1, 0s by s s tyg1)-
heA.([€],[n-1])

Px)y: 0,17 —— X(0);
(Hreeortyp) —= I(s3(x)).

}hem([é’], [n—1])

Proposition 1.3. The map ¢ : X — X/ is a weak equivalence of A-sequences.

Proof. More precisely, we show that the map of A-sequences ¢,, : X (1) — X/ (n) is a homotopy equivalence
of X-sequences. For this purpose, we introduce a map of X-sequences (which is not a map of A-sequences)
¢ : X/ — X given by

P X (1) ————X(n);
{nbhea. (o1, 1n) ¥ finj=[n)(*)»
which makes ¢ into a deformation retract. The homotopy consists in bringing the parameters to 1:
H,:[0,1]x X (n) — X (n);
t5 {fu) ———{Hu(t; f)},

with Hy(£5 fi)(t1, o tue) = fu (1= )1 + £y (1= )ty g + £), O

Proposition 1.4. The A-sequence X/ is Reedy fibrant.

Lemma 1.5 (Fiber product version of Reedy’s patching lemma, see Lemma 1.3 in [Rel]). For any commutative
diagram of spaces of the form

A—f>B-L C

VA\L VB\L Vcl/

A/ 7 /
f 4

the induced map between the limits of the horizontal diagrams

v: lim(A — B« C) — lim(A' — B« C’)
is a fibration if the map vc as well as the map
(6) (vasf):A— Bxp A’

are fibrations. Furthermore, the map v is an acyclic fibration if the map v¢ and (6) are acyclic fibrations.
10



Proof of Proposition 1.4. We show that the map from X/ (n) to the matching object M(Xf)(n) is a Serre
fibration. Let us remark that the spaces X/ (n) and M(X/)(n) can be expressed in terms of pullback diagrams.
More precisely, one has

Xf(n)=lim|A — ]_[ X(n-1)«—X(n)| where Ac ]_[ Map([0,1]"; X(0))
siln-1]-[n] A 10D
<n

is the subspace satisfying the condition (4). The map from A to the product [ [, X(n — 1) sends a family of
maps {f,} to the family of points {f; (1)} by taking the evaluation at the point 1. Furthermore, one has the
commutative diagram

A~ ]_[ X(n—1) =— X(n)

| sii[n—1]—-[n]

M(XT)(n) * *

According to Lemma 1.5 and since X(n) is fibrant, we only need to check that the map

(7) A— A= M(XT)(n) x ]_[ X(n—-1).

si:[n=1]-[n]

is a Serre fibration. In other words, if we denote by 9’[0, 1]"~¢ the subspace of [0, 1]""¢ composed of the
point (1,...,1) and the points having at least one coordinate equal to 0, then A’ is the following subspace
satisfying the relation (4):

A c ]_[ Map(2'[0,11"*; X(0)).

AL([€],[n])
I<n

Let us notice that the inclusion from 2’[0, 1]"¢ into [0, 1]"~¢ is a cofibration as an inclusion of CW-

complexes. Unfortunately, we can not deduce directly the result due to condition (4). To solve this problem,
we introduce a cofiltration of the map (7) according to the dimension of the cubes. Let us consider the
following subspaces:

Ay C I_[ Map([0,1]"5;X(0)) and A} C ]_[ Map(a'[0, 1]"~; X(0))
AL([C],[n]) A (], [n])
n—k<l<n n-k<l<n
satisfying condition (4). In particular, one has A, = A and A}, = A’. Furthermore, the spaces Ay and A} can
be obtained from Ax_; and A;_,, respectively, using the following pullback diagrams:

Ay ——— ]—[ Map([0, 11%; X (n - k) A ]—[ Map(9'[0, 11%; X(n—k))
[n-k]—[n] [n-k]—[n]
Ay — ]_[ Map([0, 155 X(n-k)) A, — ]_[ Map(9[0, 1115 X (n - k))
[n—k]—>[n-k+1]—>[n] [n—k]—>[n—k+1]—[n]

We prove by induction that the maps Ay — A, are Serre fibrations. First, the map
A = ]_[ Map([0, 1]; X(n)) — ]_[ Map(d[0, 1]; X(n)) = A}
[n—1]-[n] [n=1]-[n]

is obviously a Serre fibration since the inclusion from Jd[0, 1] = {0, 1} into the interval [0, 1] is a cofibration.
From now on, we assume that the map A;_; — A;_, is a Serre fibration. Then we consider the commutative
11



diagram

Map([0, 11%; X(n—k)) — ﬂ Map([0, 151 X (11— k)) =—— Aj_y
[n—k]—[n] [n—k]—[n—k+1]—[n]

]_[ Map(2'[0,1]%; X(n - k)) — |_[ Map(9[0, 1115 X(n—k)) =<— A},
[n—k]—[n] [n—k]—[n—k+1]—[n]

According to Lemma 1.5, one has to check that the map from the space

]_[ Map([0, 11%; X(n—k))

[n—k]—[n]

to the limit of the diagram

Map([O, 11 X (n— k))
[n—k]—>[n—-k+1]—>[n]

]_[ Map(2'[0, 11%; X(n—k)) — I_[ Map(2'[0, 1115 X(n—k))
[n—k]—[n] [n—k]—>[n—k+1]—[n]

is a Serre fibration. The limit corresponds to the space

]_[ Map(a[o, 17%; X(n—k))

(n=k]—[n]
and the map
]_[ Map([O, 15, X(n—k)) — ]_[ Map(a[o, 15; X(n—k))
[n-k]—[n] [n-k]—[n]
is obviously a Serre fibration since the inclusion from 9]0, 1]* to [0, 1]¥ is a cofibration. O

Remark 1.6. The same strategy can be used in order to get a fibrant replacement functor for r-truncated A-
sequences. In that case, we only need to restrict our construction to order preserving inclusions h : [{] — [n]
with n <r. Similarly, we get fibrant replacement functors for the categories A.¢Seq and T,A.(Seq.

1.4 The projective/Reedy model category of operads
An operad is a pointed X-sequence O together with operations called operadic compositions
(8) 0;:0(n)xO(m)— O(n+m-1), withl<i<n.

These operations satisfy associativity and unit axioms as well as compatibility relations with the symmetric
group action. More precisely, for any integersi € {1,...,n}, je{i+1,...,n}, k €{1,...,m} and any permutations
o0 €X, and 7 € ¥, one has the following commutative diagrams:

ojxid o;jxid
O(n) x O(m) x O(f) —=“= O(n+m-1)x O(¢) O(n) x O(m) x O(0) —=“= O(n+m-1)x O(¢)
idxokl lOiJrkl Oindl lonml
Omn)xO(m+{-1) ——O(n+m+{-2) On+€-1)x0O(m) —— O(n+m+{-2)
Linear associativity axiom Ramified associativity axiom

12



O(n) x O(1) <L 0(m) ™™ 0(1) x O(n) O(n) x O(m) —> O(n+m—1)
x H / G*XT*l l(aoa(i)ﬂf)*
O(n) O(n)xO(m)T(irO(er—l)
unit axiom

compatibility with the symmetric group action

where the permutation o o,(;) T is obtained from the well known operadic compositions on the symmetric
groups (see [ , Proposition 1.1.9]).

A map between operads should preserve the operadic compositions. We denote by XOperad the category
of topological operads. The category of operads is obviously endowed with a forgetful functor to the category
of X-sequences by forgetting the operadic composition (8):

(9) U* : xOperad — XSeq.

e The category of reduced operads and their underlying A-structures. An operad O is said to be reduced if O(0)
is the one point topological space. This point is denoted by #;. We denote by A,Operad the category of
reduced operads. This category is equipped with a forgetful functor to the category of A.y-sequences, which
consists in forgetting the arity zero component and the operadic compositions (8) for m > 1:

(10) U™ : A, Operad — A.oSeq.

(Note also that the category of A.j-sequences is equivalent to the category of reduced A-sequences, i.e
A-sequences X so that X(0) = +.) Indeed, if O is a reduced operad, then the A -structure on U*(O) is
generated by the operations of the form

s UMO) ) = O(n) — UMO)n—1)=O0(n-1);

0 — 0 O; *0.

e The model category of algebras over an operad. An algebra over a (possibly reduced) operad O, or O-algebra,
is a topological space X together with operations of the form

a,:0On)x X" —X, with n >0,

compatible with the operadic structure (see [ , Section 1.1.13 and Figure 1.9]). The category of O-algebras
is denoted by Algp. It has been proved in | , Theorem 2.1] that the category of algebras over any operad O
in Top inherits a cofibrantly generated model category structure by using the transfer principle applied
to the adjunction F : Top 2 Algp : U where the free algebra functor Fy is the left adjoint to the forgetful
functor U.

e The projective and Reedy model categories of operads and reduced operads. Both forgetful functors (9) and (10)
have left adjoints, which we respectively denote by > and F*, and which, given a ¥- or a Ay-sequence X,
produce the free operad generated by X. Explicitly, elements of F*(X) and F”(X) are described as rooted
trees (without univalent vertices for reduced operads) with internal vertices labelled by elements of the
sequence. We refer the reader to | ] for a detailed account on these adjunctions:

F¥:¥Seq2X¥Operad:U* and F™:A.oSeq 2 A,Operad: U™

As a consequence of the transfer principle 1.1, the category XOperad inherits a cofibrantly generated
model category structure which we call the projective model structure (we refer the reader to | ] for
more details). Similarly to the usual category of A-sequences, the category A.(Seq is also endowed with a
(cofibrantly generated) Reedy model category structure. The second author in | ] proves that A,Operad
has a cofibrantly generated model category structure called the Reedy model structure. In both cases, a map
of (possibly reduced) operads f : P — Q is a weak equivalence (respectively, a fibration) if the map U/*(f) or
UN(f) is a weak equivalence (respectively, a fibration) in the appropriate category.

Theorem 1.7. The projective and the Reedy model structures have the following properties:

> | , Section 2.5]: All operads are fibrant in YOperad.
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> [ , Theorem 3.1.10]: The category of operads (respectively of reduced operads) is left proper (see
Section 2.2.1) relative to the class of X-cofibrant operads (respectively of reduced X-cofibrant operads).

> [ , Theorem 8.4.12]: A map of reduced operads ¢ : P — Q is a cofibration in A,Operad if and
only if the corresponding map ¢=q : Pog — Qs is a cofibration in YXOperad where P,y and Qs are the
sub-operads obtained from P and Q, respectively, by redefining the arity zero components to be empty.

> | , Theorem 1]: If P and Q are reduced operads, then one has a weak equivalence between the derived
mapping spaces

ZOperadh(P; Q) =~ A*Operadh(P; Q).

> [ , Theorem 4.4], | , Theorem 15.A): If ¢ : P — Q is a weak equivalence between Y-cofibrant

operads, then the extension ¢, and restriction ¢* functors (see Section 2.2.2) form a Quillen equivalence

¢r:Algp 2 Algg : ¢
1.5 Properties of cofibrant operads
The results of this section are used in Section 2.2.1 in order to prove that the category of bimodules is

relatively left proper.

Proposition 1.8. If P is a cofibrant operad, then its suboperad P., obtained by forgetting its arity zero component,
is also cofibrant.

Proof. Since an operad is cofibrant if and only if it is a retract of a cellular one, we can assume that P is
cellular: P = colim,)P,, where P, is obtained from P, := colimg., P using the pushout

(11) F(dXy) — F(Xa)

L

Py — P,

where F(-) is the free operadic functor (see | ] for a combinatorial description of F in terms of trees)
and each JX, — X, is a generating Y-cofibration. We need to show that P, is also cellular. Note that as
an operad in sets, P is a free operad generated by the X-sequence X =[] c, X4 \ 0X,. We claim that P, is
also free as an operad in sets being generated by its X-subsequence represented by trees, whose vertices are
labelled by X, with the property that only their root vertex can have leaves and in fact must have at least one
leaf attached, see Figure 1.

h

Ficure 1. An element in a free operad and its decomposition in the new positive arity generators.

This set of generating trees splits into cells of P, namely by the way from which X,’s, a € A, the labels
come from. So the set of cells can be described as the set of trees as above with vertices labelled by elements
a’s from A. One can define a total ordering of this set that prescribes in which order the new cells are
attached. Given two such trees, we compare first the maximal elements from A they have as labels (including
their arity zero vertices). If their maximal elements are the same, we compare which one has more such
maximal labels. If the numbers of such labels are the same, we compare their next to maximal labels. And
so on. If they have exactly the same sets of labels, we put any random order between them, or we put them
together in one bigger cell. O
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Let O be an operad. By X;20(1), we understand the monoid that acts on O(k) and is given by the following
extension
1—— O(I)Xk ——30(1) ——= % —— 1.

Proposition 1.9. If O is a cofibrant operad, then each space O(n) is X, 2 O(1)-cofibrant.

For each 1 < k < n, we denote by O(n; k) the subspace of O(n) which consists of points of the form
(0101 6,)-0,

with 6, € O(i), 2<i <k, 8; € O(n—i+ 1) while o preserves the position of k +1,...,n and shuffles {1,...,1}
with {i + 1,...,k}. Both spaces O(n) and O(n; k) inherit an action of the monoid (X; x X, )1 O(1) := (£}
0O(1)) x (£,_r 1 O(1)) and the inclusion from O(n; k) into O(n) is a (X x £,,_¢) O(1)-equivariant map.

Proposition 1.10. If O is a cofibrant operad, then O(n; k) is (Xy x £,,_x) L O(1)-cofibrant and the map
(12) O(n; k) = O(n)

is a (Xx x Xp_) 0 O(1)-cofibration. As a consequence, O(n; k) is (X, 1 O(1)) x X,,_g-cofibrant and the map (12) is a
(Zx20(1)) X X,,_g-cofibration.

These propositions are proved by similar arguments which are both adaptation of Berger-Moerdijk’s proof
of [ , Proposition 4.3] stating that cofibrant operads are always X-cofibrant. The latter result is obtained
by iteratively using [ , Lemma 5.10]. Its slightly stronger version [ , Lemma 2.5.3] is Lemma A.1,
both being equivariant pushout-product type statements with respect to a discrete group action. In the
Appendix we formulate and prove their analogue — Lemma A.5 for topological monoids that applies to our
case of action by monoids £, 1 0(1), (£ x X, )2 O(1), (£, 2O(1)) x £,,_ or alike.

Proof of Proposition 1.9. Let O be a cofibrant operad. By Proposition 1.8, without loss of generality, we can
assume that O(0) = 0. Since O is cofibrant, this operad is a retract of a cellular operad P. In what follows, we
denote by P; the sub-operad of P obtained by taking the restriction to the arity 1:
_ | P(1) ifn=1,
Pi(n) _{ 0  otherwise.
In the absence of arity zero operations, the cellular attachments can be reordered so that first we attach

arity one cells, then arity two cells and so on. In particular, the map of operads P; — P can also be seen as a
cellular extension:

(13) Py Py Py Pas1 P,

where P, @ > 1, is obtained from P, := colimy., Pg using a pushout of the form (11), where each dX, — X,
is a generating Y-cofibration concentrated in arity ar, > 2.

For n > 2, one has P;(n) =0, which is ¥, ¢ P(1)-cofibrant. In what follows, we will show that each map
P_,(n) — P,(n) is a £, L P(1)-cofibration. For this purpose, we need a combinatorial description of the
pushout (11) using the language of trees. Let P! be the set of planar rooted trees having exactly 1 leaves
indexed by an element of the symmetric group ¥, with internal vertices of arity > 1. According to this
notation, P,(n) is obtained from the set of trees PZ! by indexing the vertices by points in P.,(n) and X,,.
More precisely, one has

(14) =] ]

TepP;! veV(T)
where the equivalence relation is generated by the relation contracting two consecutive vertices indexed
by points in P, (n) using its operadic structure, the compatibility with the symmetric group action and
the removal of vertices indexed by the unit #; € P.,(1) = P(1). Let us remark that the arity one vertices are
necessarily indexed by points in P(1).

We equip P, (1) with the filtration (17) given by the number of vertices indexed by X,. Let TZ2[m], n > 2
and m > 1, be the set of non-planar rooted trees with internal vertices of arity > 2, having n leaves and two
kinds of vertices called auxiliary and primary, respectively. The corresponding sets of vertices of a tree T are
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denoted by V;,,(T) and V},;(T). Furthermore, we assume that there are no consecutive primary vertices and
each tree T € T2?[m] has exactly m auxiliary vertices. For any T € T=2[m], we denote by E;(T) the subset of
the set E(T) of edges which consists of: the root edge of T if it is adjacent to an auxiliary vertex; the leaf
edges of T connected to auxiliary vertices; the inner edges of T connecting two auxiliary vertices. According
to this notation, we set

(15) Xe(T)= ] Peatmivhx ]_[ Xolwhx [ ] P

v€Vpi(T) veVu(T ecE(T)

The subspace dX,(T) C X,(T) is defined as the one composed of elements having at least one auxiliary
vertex indexed by dX,. The automorphism group Aut(T) of the tree T acts on these spaces dX,(T) and
X,(T) by permuting the incoming edges of the vertices. We choose a bijection of the set £(T) of leaves of T
with the set [n]. This allows us to consider the group Aut(T) as a subgroup of the symmetric group X,
observing how it permutes the n leaves of T. Denote by Aut(T)tP(1) the submonoid of X, ¢ P(1) defined as
the pullback

(16) Aut(T)2P(1) — Aut(T)

Y P(l) ——X,.
One has the filtration by the number m of vertices labelled by X:
(17) Peg(n)=Py(n)g —— -+ ——> Py(n)yy1 — Po(n)yy —— - —— Pa(n).

m

The inclusion P,(n),,_1 — P,(n),, fits in the following pushout diagram of ¥, ¢ P(1)-spaces:

(18) l_[ (aX“(T)Aut(%ep(l)E ' P(1 )_> ]_[ ( Autﬁp(l)zﬂzp(l))
TeT32[m] TeT22[m]
Pa(n)m—l Pa(”)m-

The map P,(n),,_1 — P,(n),, is a £,, ¢ P(1)-cofibration if the upper horizontal arrow in the above diagram is
one. According to Lemma A.3, the extension functor preserves cofibrations and we are only left to showing
that every inclusion dX,(T) — X,(T) is an Aut(T)2 P(1)-cofibration.

The map dX,(T) — X,(T) is an Aut(T)2 P(1)-cofibration. We induct over the number of vertices in T. The
base of induction is when T has 0 vertices for which the statement is vacuously true. Now assume that T
has > 1 vertices and the statement holds for any other rooted tree with less vertices. We also assume that
for any i, P.,(i) is £; ¢ P(1)-cofibrant as our argument follows a double induction. Let r denote the root
vertex. Let us assume that its first £ incoming edges are grafted to trees T,..., Ty, for some 1 < ¢ <|r|, and
the remaining ¢ — |r| edges connect to leaves. Consider the following short exact sequence of monoids:

1 ]_[ (Aut(T;) 1 P(1)) > Aut(T) e P(1) = Aut(r) x (S}t P(1)) > 1,

where Aut(r) C £, is the subgroup of permutation of the first £ incoming edges of r as a result of Aut(T)-
action. It is easy to see that this sequence is split-surjective (see Definition A.4) and thus Lemma A.5
can be applied. There are two cases to consider: the vertex r is auxiliary or it is primary. In both cases,
G, = Aut(r) x Ej,—¢ and we explain how to apply Lemma A.5.

In the first case we take A — B to be P(1) x 9X,(|r]) x P(1)*I"=0 — P(1) x X, (|r]) x P(1)<I"=0), where the
first factor P(1) corresponds to the root edge, while the other factors P(1) correspond to the leaf edges
connected to r. It is an Aut(r)x (X} _¢ ¢ P(1))-cofibration by restriction (Lemma A.3) and also Lemma A.5. For
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X — Y we take 8]_[5;1 X (T) — ]_[f:1 X,(T). Itisa ]_[f:1 (Aut(T;) P(1))-cofibration according to Example A.6.
Denote in this case by p(l)\f,x(T) the product (15) with one factor P(1) missing, which corresponds to the
root edge. We also denote by p(l)\aYQ(T) the image of dX,(T) under the projection X,(T) — p(l)\fa(T).
Note that the induction step also allows us to conclude that the inclusion p(l)\afa(T) — p(l)\fa(T) is an
Aut(T)UP(1)-cofibration.

In the second case, if r is primary, then we take for A — B the inclusion @ — P.,(|r|). It is an Aut(r) x
():M,g 2 P(1))—coﬁbration by restricting from ¥, ¢ P(1) and applying Lemma A.3. For X — Y we take the map
i1 (pun Xl Ti)) = Ty () Xa(T))-

The space O(n) is £, O(1)-cofibrant. Since the operad O is a retract of the operad P, the monoid X, 2 O(1)
is a retract of the monoid X, ! P(1). Let f : X,,:O(1) » X, P(1) and g: £, P(1) —» £,,2O(1) be these maps of
monoids such that go f =id. These maps give rise to Quillen adjunctions:

i j

5,1 0(1)-Top === 5,1 P(1)-Top === 5,1 O(1)-Top

12 ]2
For any A€ ¥,10(1)-Top and B € £, P(1)-Top, the objects j,(A) and i,(B) are defined by j,(A) = A and
ip(B) = B as spaces, with the structure operations such that:

PA)XE,P) — AXT,0() — A,
idxg

i,(B)x¥,20(1) —s Bx¥,:P(1) — B.
idxf

In order to show that O(n) is X, ¢ O(1)-cofibrant, we consider the lifting problem
(19) 0 ——X

|k

O(n)——Y,

where X — Y is an acyclic fibration in X, O(1)-Top. Then we apply the functor j, to Diagram (19). The map
j2(X) — jo(Y) is still an acyclic fibration in ¥, ¢ P(1)-Top because the restriction functor j, creates fibrations
and weak equivalences (in the sense that a map f in ¥, O(1)-Top is a fibration or a weak equivalence
precisely if j,(B) is soin X,, ¢ P(1)-Top). Furthermore, O being a retract of P, the space j,(O(#n)) is a retract
of P(n)in X, ¢ P(1)-Top. Since the latter is a X, P(1)-cofibration, the space j,(O(n)) is a £, ¢ P(1)-cofibrant
object and there is a map h: j,(O(n)) — j»(X) solution of the lifting problem (19) in ¥, ¢ P(1)-Top. Finally,
the map i,(h) provides a solution to the lifting problem (1.10) due to the relation go f =id. O

Proof of Proposition 1.10. In what follows, we overuse the notation introduced in the proof of Proposition 1.9.
By Proposition 1.8, without loss of generality we can assume that O(0) = 0. Arguing in the same way as at
the end of the proof of Proposition 1.9, we can assume that O is a cellular operad. Indeed, O being a retract
of a cellular operad P, the inclusion O(n; k) — O(n) is also a retract of P(n; k) — P(n). For simplicity and to
agree with the notation Proposition 1.9, we assume that O = P.

Recall filtration (13) in P(n). We consider a similar filtration in P(n; k) by taking P, (n; k) := P(n; k)N Py(n).
Similarly, we filter the inclusion P(n; k) — P(n) taking P, (n) := P(n; k) U P,(n). Denote by P, (n;k) :=
colimg,Pg(n; k) and P.,(n) := colimﬁmpﬁ’(n). In order to prove the proposition, one has to show that the
inclusions P, (n; k) — P,(n; k) and P/, (n) — P}(n) are (X} x X,_x) L P(1)-cofibrations.

This is done by filtering these inclusions similarly to (17). Namely, we define P,(#; k), := P(n; k) N Py(n),,
and P} (n),, := P(n; k) U P,y(n),,. We are left to showing that the inclusions P,(n; k),,_1 — P,(n;k),, and
P} (1)1 — P(n),, are (X x X,,_) L P(1)-cofibrations.

Let Tﬁ[m], 1 < k < n, denote the set of exactly the same trees as in TZ2[m] in which in addition k (out of n)
leaves are marked as special. For T € Tﬁ[m], we denote by U(T) € T2?[m] the tree obtained by forgetting

which leaves are special. Let Aut(T) denote the group of automorphisms of T. For each tree T € Tii[m] we
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choose an ordering of its leaves so that we count special leaves first. This ordering gives us an inclusion
Aut(T) — X, (as well as an inclusion Aut(U(T)) — X£,,). One obviously has Aut(T) = Aut(U(T))N(Z x X, k).
We similarly define

Aut(T)1P(1) := (Aut(U(T)) 1 P(1)) 0 ((Zg x Zyog) L P(1)).
Consider the subset Tﬁ[m]; C Tfi[m] composed of trees that contain a vertex whose all incoming edges are

special leaf edges. Its complement is denoted by Tii[m]n =T [m] \T>k[m]
One has similar to (18) pushout diagrams of (Zk LP(1) % )Zn_k LP(1 ))—spaces.

20 X4 Y x X, k) P(1 —> Y x X, ;) P(1
( ) ]>_[ Aut T>'<)ZP(1)(( kX 22— k) ]_I Aut X)zP(l)(( kX 2y k) ( ))
TeT= k[m][ TETnk[m]l
Fa (15 K)m-1 Pa(n5 k)
21 X 4 Y x X, 1) P(1 —> Y x X, ;) P(1
(21) L[ Aut 7>“<)zp(1)(( kX Xnk) U Aut X)zP(l)(( kX Zpg) LP( ))
TGT k[?ﬂ]U TETnk[m]U
Py(n)m— PL(1) -

In the above X ,(T) is defined by (15).

The upper horizontal arrows in diagrams (20) and (21) are (ZkZP(l)xEn_kZP(l))—coﬁbrations. Indeed, from
the proof of Proposition 1.9 we know that each inclusion dX ,(T) — X ,(T) is an Aut(U(T))2 P(1)-cofibration.
Applying Lemma A.3 to the restriction along Aut(T)tP(1) — Aut(U(T))tP(1), we get that such inclusion is an
Aut(T)tP(1)-cofibration. Applying again this lemma to the induction along Aut(T)P(1) = (X x X, _x)tP(1)
and using the fact that the diagrams (20) and (21) are pushout squares, we conclude that P,(#n; k),,_; —
P,(n; k), and Pj(n),,_1 — Pj(n),, are (X; x X,_x) t P(1)-cofibrations. Applying again Lemma A.3 to the
restriction along (£t P(1)) x X, — (£x xX,,_x) t P(1), these maps are also (X ¢ P(1)) x £, _g-cofibrations. O

2 The projective model category of (P-Q)-bimodules

Let P and Q be two operads. A (P-Q)-bimodule is a X-sequence M € ¥Seq together with operations

yr: M(n)x [ Q(m )—>M(Z m,) right operations,

1<i<n
(22) .
ye: Pm)x [] M(m;)— M( Y m; ), left operations,

1<i<n

satisfying the following relations, with o0 € ¥, and 7; € ¥, :

M(n)x [TQ(m;)x TTQ(k 1])_>M() nQ(Z] 1]) P(n)x [[P(m;)x [IM(k 1])_>P( XnM(Z] 1])

1<i<n 1<i<n 1<i<n 1<i<n 1<i<n 1<i<n
1<j<m; 1<j<m;
M(Y; m;) < [1Q(k; ;) M(Y;j ki j) P(Y; my) x [[M(k; ;) M(L;; ki j)
1<i<n 1<i<n
1<j<m; 1<j<m;
Associativity for the right operations Associativity for the left operations
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P(n)x [TM(m;)x [1Q(ki ;) = P(n)x [TM(Y; ki) M(n)x Q(1) M(n) P(1)x M(n)

1<i<n 1<i<n 1<i<n
1<j<m;
l \ ve Yr
M(Y; m;) x [1Q(ki ;) M(Y; ) ki j) M(n)
1<i<
15_]}5_;2,- Compatibility with the unit of the operad

Compeatibility between the left and right operations

M(n)x [TQ(m;) ——— M(my +---+m,) P(n)x [TM(m;) ——— M(my +---+m,)
1<i<n 1<i<n
U*Xl_[i(fi)*l ‘(G(Tl rrrr )" U*Xl_[i(Ti)*L (0(T150erTw))*
M(n)x [1Q(mqg(i)) ——= M(my +---+m,) P(n)x [[M(mg(j)) ——= M(my +---+my)
I<i<n 1<i<n
Right compatibility with the symmetric group action Left compatibility with the symmetric group action

where the permutation o(7y,...,7,) is obtained from the well known operadic compositions on the symmetric
groups (see [ , Proposition 1.1.9]).

As part of the left operations, there is a map y; : P(0) — M(0) in arity 0. A map between (P-Q)-bimodules
should preserve these operations. We denote by ¥Bimodp, the category of (P-Q)-bimodules. Thanks to the
unit in Q(1), the right operations y, can equivalently be defined as a family of continuous maps

ol :M(n)x Q(m) — M(n+m—1), withl<i<n.

Given an integer r > 0, we also consider the category of r-truncated bimodules T,XBimodp,g. An object
is an r-truncated X-sequence endowed with left and right operations (22) under the conditions n < r and
Y m; <rfor y, and the condition ) m; < r for y,. One has an obvious truncation functor

T,(-) : ¥Bimodp;o — T,XBimodp, .
In the rest of the paper, we use the notation
xol g=ol(x;q), forxeM(n)and qe Q(m),
p(x1,...,x,) =ve(p,x1,...,x,), for peP(n)and x; € M(m;).

Example 2.1. If 7 : P — Q is a map of operads, then # is also a map of P-bimodules. Indeed, any operad is a
bimodule over itself while the P-bimodule structure on Q is given by the following formulas:

ol : Q(n)x P(m) — Q(m+mn—1) ;o (gp)—q0;n(p),
ye: P(n)xQ(my) x - xQ(my) — Q(my +---+my) 5 (P,q1,,qn) = (- ((1(P) 01 gu) 041 1) --+) €1 q1-
2.1 Properties of the category of bimodules

In this subsection we introduce some basic properties related to the category of (P-Q)-bimodules where
P and Q are two fixed operads. First, we show that the category of (P-Q)-bimodules is equivalent to the
category of algebras over an explicit colored operad denoted by P+Q. Thereafter, we build the free bimodule
functor using the language of trees. Using this explicit construction of the free functor, we are able to give a
combinatorial description of the pushout for bimodules.

2.1.1 Bimodules as algebras over a colored operad

Given two operads P and Q, we build a colored operad P+Q such that the category of (P-Q)-bimodules is
equivalent to the category of (P+Q)-algebras. By a colored operad C, with set of colors S, we understand
a family of spaces C = {C(sy,...,5,;5,41), 1 = 0, 5; € S}, equipped with an action of permutations such that
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0" C(s1,- 4,85 8n11) = ClSg(1)r+++»Sa(n) Sus1), for o € Xy, with units =, € C(s;s) for s € S, and with operadic
compositions

7 7 ’ 7
0 1 C(51,.. 5 83S41) X C(S15e s 8138i) = C(S15v s Si1,S1se e SpurSiclse s S5 Sua1 )

that satisfy associativity, unit and equivariance relations which are similar to the ones introduced in
Section 1.4. An algebra over C is a family of spaces {X;, s € S} together with operations of the form

alsi,e s Sp3Sue1 ] C(S1, e SpsSpgn) X X X oo x Xy — X

compatible with the operadic structure.

The operad P + Q has the set of non-negative integers S = N as colors so that an element 6 € (P +
Q)(ny, ..., ng; m) governs an operation of the form 6 : M(n) x--- x M(ny) — M(m) on a (P-Q)-bimodule M. We
define this operad P + Q by a presentation by generators and relations. We take two kinds of generating
operations, which respectively encode the left P-action and the right Q-action of a (P-Q)-bimodule structure.
We actually integrate the first kind of generators in a colored operad P; (encoding the left operations)
and the second kind of generators in another colored operad Q; (encoding the right operations), which
is concentrated in arity one. We explain the definition of these operads P, and Q; and their action on
a (P-Q)-bimodule M in the next paragraph. We shape the composite elements of the operad P + Q on
trees equipped with two sets of vertices, left vertices, represented by diamonds ¢, which correspond to the
P, -factors, and right vertices, represented by circles o, which correspond to the Q;-factors. We describe the
structure of these trees in a second step and we explain afterwards the definition of the operad P + Q with
elements shaped on such trees, moded out by relations which reflect the structure relations of left and right
actions on bimodules. (We can actually identify P + Q with a coproduct of the colored operads P; and Q,
moded out by extra relations which reflect the commutation of left and right actions on a bimodule.)

Definition 2.2. The colored operads P, and Q,
» To any collection of non-negative integers ny,..., 1y, we associate the space Py (ny,...,ny; 1y + -+ + ny) such
that:
Pi(nq,...,nnq + -+ ng) = P(k).
We have an action of permutations 0 : Py (ny,..., ng;ny +-+++ng) = Py(ng(1),- .., (k) M1+ - + 1), induced
by the symmetric structure of the operad, unit elements =, € P; (1, n), given by the unit of P, and “colored”
composition operations

(23) 0t Py (ny,...,mm) x Py(n],...,n5n)  —> Pi(ng,...,ni,nl,..., 0, Mg, g m),
p;p’ = poip)
induced by the composition operations of P, for n; = nj +---+n;, and m = n; +---+ n,. We immediately see
that these structure operations fulfill the unit, associativity and equivariance axioms of colored operads
(as a consequence of the operad axioms in P). We also see that the left P-action on a (P-Q)-bimodule M
gives an operation
Pi(ny,...,npn + -+ ng) x M(ny) x---x M(ng) = M(ny + -+ ny),

which makes M and algebra over the colored operad P;.
» To any integers n and m, we associate the space Q;(n; m) such that:

Qmm= ] []eta@
a:[m]—[n] i€[n]

A point in the above space is denoted by (a; {g;}ic[,])- We have a unit element *, € Q;(n; n) given by
collection of operadic units 1 € Q(1) in the factor of Q;(n; n) indexed by the identity map id : [n] — [n].
We have compositions of the form

p:Qi(n;myxQy(m;€) —  Qi(n;L);
(a;{gi)); (@s{q;)) ¥ (aoa’;{ziliem)

where z;, with i € [n], is obtained using the operadic structure of Q:

(24)

z; = oi(a, a)" [(((ql oy, ql”e,- )Ogi,l qéli—l )---)ol ql'h], with a 1 (i) ={b; <--- < be,}.
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Here oj(a,a)* is the inverse of the shuffle permutation of the set (a o a’)~!(i), reordering this set as
(a7 Yby),..., ((X’)_l(bgi). The operadic axioms imply that these operations are associativity and unital,
so that Q; forms a colored operad (concentrated in arity one). We also see that the right Q-action on a
(P - Q)-bimodule M gives an operation

C:Qq(n; m)x M(n) — M(m)
by
(@ taih,x) = on((-+(x0" qu)-) o' q1),
for any (a;{g;}) € Q1(n; m), x € M(n), where o, € ¥,, is the inverse of the corresponding shuffle of the
blocks of size |@~(1)|,...,|a~!(n)| in [m]. We readily deduce from the bimodule axioms that this operation

is unital and associative with respect to the composition operation (24), so that M forms an algebra over
the colored operad Q.

Definition 2.3. The set of trees P[nq,..., n;m]|

Let n9,..., 1, and m be non-negative integers. An element in P[ny,...,ng;m]is a tuple T = (T, Vy(T), V,(T), f),
where T is a planar rooted tree having k leaves indexed by a permutation from X and having two kinds of
vertices called left and right vertices, respectively. The sets V,(T) and V,(T) consist of left vertices and right
vertices, respectively. In particular, right vertices are necessarily of arity one and are represented by circles
in the tree while the left vertices are represented by diamonds ¢. Left vertices are allowed to be of any arity
> 0.

n2—|-n3+n5

No + ng + Ny + ng

Ficure 2. Illustration of an element in P[ny, ny, n3, ny, ns; m.

The assignment f : E(T) — N labels the edges of the planar tree by integers. In particular, the outgoing
edge of the tree is labelled by m while the k leaves are labelled by ny,...,ny, according to the permutation.
We denote by n7,..., nﬁl the integers labelling the incoming edges of a vertex v and by ny its output edge
according to the orientation toward the root. Furthermore, if v is a left vertex, then one has the relation
ng=nj 4.+ nl ”

Construction 2.4. The colored operad P+Q, with set of colors N (non-negative integers), is obtained from
the sets of trees T[ny,..., ny; m] by indexing the left vertices by points in P; and the right vertices by points in
Q1. More precisely, one has

(P+Q)(ny,...,ng;m) := l_[ ]_[ Qi (ny; ng) ]_[ Py(n],.. IVI’ )]/~

TeT[ny,...n;m] [veV,( veVy(T

where the equivalence relation is generated by the following axioms:
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» If a vertex is indexed by the unit of the operad P; or Q;, then we remove it:

I’I " “\ :” \‘\ l'l " \‘\
i \ i ‘ / |
\
: \ : ' : \
' @ xchmn) ~U n [ VI @ (id; {x}) €Qi(n;n)
' '
) / \ ! \ /
\ : \ K \ J
\ n v “ ’ \ n v

» If a left vertex is indexed by a point of the form p - o, with p € P(k) and ¢ € X, then one has the following
identity in which 7 = c7(1'dzn1 yeees idznk) € Xy, +.tn, 18 the element permuting the blocks {1,...,n},...,{n +

vt g1+ L, np g in [ng g

B
(Oé 5 {Q}i€[711+~~+m]) (a; {Q}ie[n|+~--+m]) ©T

» If there are two consecutive left vertices or two consecutive right vertices, then we contract the edge
connecting them using the operation (24) or (23):

ny n2 ns

w((a; {a}); (@5 {d})

(15 {qg}}) (s {af})

nit

(oL U {gi} - U {g})
my+ -+ my my+ -+ my
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Let x and y be two points in (P+Q)(ny,...,n;m) and (P+Q)(n),...,n;;n;), respectively. The operadic
composition x o; y consists in grafting the tree indexing v into the i-th leaf of the tree indexing x and keeping
the labels of each tree in order to decorate the new one.

ny+ng +n3
ny + n9 +ng

Ficure 3. Illustration of the operadic composition oj.

Remark 2.5. According to the relations introduced in the previous construction, for any integers ny,...,ny
and m, each point in the component (P+Q)(ny,..., ng;m) has a representative element having exactly one
left vertex and one right vertex such that the right vertex is the root of the tree, see Figure 4. Thanks to the
second relation of Construction 2.4, one can order the leaves from 1 to k. Therefore, as a space,

(25) (P+Q)(mmsm) = P(R)x| | | [T etain|.

az[m]—>[ng++ng] 1Si<ng+--+ny

Ficure 4. Illustration of a representative element.

Proposition 2.6. The category of (P-Q)-bimodules is equivalent to the category of (P+Q)-algebras.

Proof. In one direction, we already explained that a (P-Q)-bimodule M inherits an action of the operads
P; and Q; that generate P + Q. We just check that these actions are compatible with the relations of
Construction 2.4 when we compose them to get an action of P + Q on M (the compatibility with the first
three relations follows from the unit, associativity and equivariance of the action of the operads P, and Q,
on M, the compatibility with the fourth relation follows from the commutation of the left and right actions).

In the converse direction, we show that a (P+Q)-algebra M’ inherits a bimodule structure. First, M’ is
a X-sequence thanks to the action of the left vertices indexed by (o; {*;}), where o is a permutation from
some X and {*} is a collection of k identity elements from Q(1). Then we just inverse the constructions of
Definition 2.2 in order to retrieve left and right operations on M’. To be explicit, in order to define the left
operations y,, we consider the inclusion ¢y : P(k) = (P+Q)(ny,...,ng; 0y +--- + 1), for any integers ny,..., 1,
sending a point p € P(k) to the k-corolla whose root is a left vertex indexed by p. The map y, is defined as
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the following composite:

P(k)x M/(117) x - x M'(1) v

l(?XidX'“Xidl /

(P+Q)(ny,...,n;ny + -+ 1) X M’ (n1) X --- x M’(ny)

M’ (nq + -+ ny)

Similarly, for any pair of integers (n; m) and 1 <i < n, there is a map 1, : Q(m) — (P+Q)(n; n+m—1) sending
a point q € Q(m) to the element (a; {q;}) where a is given by
j if j <1,
a:n+m-1]—[n]; jr—{ i ifi<j<i+m,
j-m+1 ifj>i+m.

One has g; = q and g; = *; for any j = i. The right operation of, with 1 <i <n, is defined as the following
composite map:

i

M’(n) x Q(m) Z M'(n+m-1)

- |

M’ (n)x (P+Q)(n;n+m—1) — (P+Q)(n; n+m—1) x M'(n)

The relations introduced in Construction 2.4 readily imply that these operations satisfy the bimodule
axioms. O

2.1.2 The free bimodule functor

We denote by £Seqp and T,XSeqp the categories of X-sequences and r-truncated X-sequences M equipped
with a map yq : P(0) » M(0). In other words, if P, is the X-sequence given by Py(0) = P(0) and the empty set
otherwise, then one has the following identities:

(26) YSeqp:=Py |l XSeq and T,XSeqp:=Dy | T,XSeq.

Furthermore, there is a forgetful functor from the category of (possibly truncated) bimodules to the category
of X-sequences endowed with a map from Py:

(27) u* . YBimodp,o — XSeqp: and Ut T,XBimodp;o — T, XSeqp.

Their left adjoints denoted ]-}EQ and fPT,'S, respectively, are some versions of free functors. As usual in
the operadic theory, the free functor can be described as a coproduct indexed by a particular set of trees. In
that case, we use the set of trees with section which are pairs T = (T ; VP(T)), where T is a planar rooted tree
(whose leaves are labelled by some permutation) and V?(T) is a subset of vertices, called pearls, satisfying
the following condition: each path from a leaf or a univalent vertex to the root passes through a unique
pearl.

Ficure 5. Examples of a tree with section T; € sP5 and a reduced tree with section T, € rsPg.
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The set of pearls forms a section cutting the tree into two parts. Note that the arity zero vertices can
be either above or on the section, but never below. We denote by V*(T) (respectively, V¢(T)) the vertices
above the section (respectively below the section). A tree with section is said to be reduced if each non-pearl
vertex is connected to a pearl by an inner edge. We denote by sP, and rsP,, the sets of trees with section and
reduced trees with section, respectively, having exactly n leaves labelled by a permutation of {1...#n}.

Construction 2.7. Let M = {M(n)} be a X-sequence equipped with a map y, : P(0) — M(0). The space
FP):;Q(M)(I’Z) is obtained from the set of reduced trees with section by indexing the pearls by points in M
whereas the vertices above the section (respectively below the section) are indexed by points in the operad Q
(respectively the operad P). More precisely, one has

(28) FoMm=| | | HM|p| [T Pwnx T] QIVI/

TersP, peVP(T veV4(T) veVH¥(T

A point in ]-"PXQ(M) is denoted by [T; {my}; {pu}s {q,}] where T is a reduced tree with section while {mptpevr(r),
{Pv}vevd(T) and {q,}yev#(r) are points in M, P and Q, respectively. The equivalence relation is generated by
the following relations:

i) The unit relation: if a vertex is indexed by the unit of the operad P or Q, then we can remove it:

ii) The compatibility with the symmetric group action: if a vertex is labelled by x - o, with x a point in P(n),
Q(n) or M(n) and o € X, then we can remove ¢ by permuting the incoming edges.

l;’ 1 (1) la a 1(n) l(r"(n)
]
'
\
~

A ' AY
T, | (m o o o | Trm)
’ ’

Ficure 6. Illustration of the compatibility with the symmetric group.

iii) The yy-relation: if a pearl is indexed by a point of the form yy(x), with y, : P(0) - M(0) and x € P(0),
then we contract its output edge using the operadic structures of P. In particular, if the vertex below
the section indexed by p € P(n) is connected only to univalent pearls indexed by y¢(p1),..., Vo(pn),
respectively, then we can contract all the incoming edges. The new vertex so obtained is a pearl

indexed by yo((-+-((p 0 Pu) ©4-1 Pu-1)*+) 01 p1)-

posx

Ficure 7. Illustration of the y,-relation.
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The right operation o with an element g € Q(m) consists in grafting the m-corolla indexed by g into the
i-th leaf of the reduced tree with section T. If the so obtained element contains an inner edge joining two
consecutive vertices other than a pearl, then we contract it using the operadic structure of Q.

The left operation between an element p € P(n) and a family of points [T;; {m;,}; (pi);(gi)] € ]-"P):;Q(M),
with 1 <17 < n, is defined as follows: each tree T;, with 1 <i < n, is grafted from left to right to a leaf of
the n-corolla whose vertex is indexed by p. If the so obtained element contains inner edges joining two
consecutive vertices other than pearls, then we contract them using operadic structure of P.

1 43 2 5 123 65 4 7
Q1) >aqr 1 2 3 ¢101 4
M(2) > my mq € M (3) myq me
O QB)34¢ >
P(2)>p p

Ficure 8. Illustration of the right operation o' : ]—"PZQ(M)(S) xQ(3) — ]—'PE;Q(M)(7).

Finally, one has the following map sending p € P(0) to the element [T'; {y(p)}; 0; @] where T is the pearled
0-corolla whose root is indexed by yy(p):

¥4 : P(0) — T o (M)(0).

Similarly, the free r-truncated bimodule functor ]-"PTg‘ is obtained from the formula (28) by taking the
restriction of the coproduct to the reduced trees with section having at most r leaves and such that each
pearl has at most r incoming edges. The equivalence relation, the left and right operations and the map y
are defined in the same way. Finally, one has two functors:

Fiq:ESeqp — IBimodp,g and  F): T,5Seqp — T,5Bimodp,o.
Theorem 2.8. One has the following adjunctions:
(29) Fio:ESeqp 2 TBimodp,o 1 U and  F,15: T,ESeqp 2 T,XBimodp, o : U™,
Proof. Let M’ be a (P-Q)-bimodule and f : M — M’ be a morphism in the category XSeqp. One has to
prove that there exists a unique map of (P-Q)-bimodules f : .7-'Pz;Q(M) — M’ such that the following diagram
commutes:

M/

(30) M

-
7
=1

TrioM)

We build the map f by induction on the number of vertices in the set np(T) = V(T)\ VP(T). Let
[(T;0); {mp}; {pu}; {9,}] be a point in ]-"PE;Q(M) such that [nb(T)| = 0 and o is the permutation indexing the
leaves of T. By construction, T is necessarily a pearl corolla with only one vertex labelled by m, € M. Due to
the commutativity of Diagram (30), the following equality has to be satisfied:

f([(T; 0); {mp}; {pobilgu})) = f(m;)- 0.
Let [(T;0); {mp}; {p.}; {q.}] be a point in ]-}Z;Q(M) where T has only one vertex v which is not a pearl.
There are two cases to consider. If v is the root of the tree T, then the root is labelled by a point p, € P and
[(T;0);{mpy}; {po}; {g,}] has a decomposition of the form

po([(T1;id); {my}; 05 0),..., [(Tyyp; id); {my)}; 05 0]) - 0,
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where T; is a pearl corolla labelled by m; € M. Since f has to be a (P-Q)-bimodule map, one has the equality

FUT 5003 {mpds (pods {qu}]) = po( £ (1), f(mpy) ) - 0

If the root is a pearl, then there exists a unique inner edge e such that s(e) = v and t(e) = r. So, the point
[(T;0);{my}; {pu}; {q.}] has a decomposition on the form ([(T;; id); {m,}; 0; 0] o’ gy()) - 0 with gy € Q and
My(e) € M. Since f has to be an (P-Q)-bimodule map, there is the equality

FUT5 005 {mybs {po}s 1)) = ( £ (mege) o dsie) ) - 0

Assume f has been defined for |[np(T)| < n. Let [(T;0); {my}; {p,}; {4,}] be a point in ]:P):;Q(M) such
that [np(T)| = n+ 1. By definition, there is an inner edge e whose target vertex is a pearl. So, the point
[(T;0); {my); {pu); 14,)] has a decomposition of the form ([(Ty; id); {my); {py): {4,) \ de)] ' 4s(o) - where
T, is a planar tree with section such that [np(T;)| = n. Since f has to be a (P-Q)-bimodule map, there is the
equality

f([(T; a); {mp}; {po}; {%}]) = (f([(Tl ;id); {mp}; o} g\ {qs(e)}]) of qs(e) ) +0.

Due to the (P-Q)-bimodule axioms, f does not depend on the choice of the decomposition and f is a (P-Q)-
bimodule map. The uniqueness follows from the construction. Similarly, we can prove that the functor }—PT;Q
is the left adjoint to the forgetful functor. m]

2.1.3 Combinatorial description of the pushout

Let P and Q be two topological operads. In the following, we use the notation introduced for the free
bimodule functor in order to give an explicit description of the pushout in the category of (P-Q)-bimodules.
This description will be used in the next subsections. We fix the following diagram in the category of
(P-Q)-bimodules

e

(31) A
le
B

Then we consider the X-sequence D obtained from A, B, C and the sets sP,, of trees with section (see Section
2.1.2) by indexing the pearls of such trees by points in B or C whereas the other vertices below the section
(respectively above the section) are indexed by points in the operad P (respectively the operad Q). More
precisely, one has

By abuse of notation, we denote by [T; {m,}; {p,}; {9,}] @ point in D(n). The equivalence relation is generated
by relations (i), (ii), (iii) in Construction 2.7 (unit relation, compatibility with the symmetric group action
and yj-relation). Furthermore, one has also the following relations:

(32) D(n) =

[l ] [B<|p|>|_|c<|p|>]x [T b [T Qb

TesP, peVP(T) A(lpl) veV4(T) veVH(T)

iv) Pushout relation 1: each inner edge, which is not connected to a pearl, is contracted using the operadic
structures of P and Q.

v) Pushout relation 2: every inner edge above the section connected to a pearl is contracted using the
right Q-module structures of B and C.

vi) Pushout relation 3: if a vertex v below the section is connected to pearls indexed by points in B
(respectively, C), then we contract the incoming edges of v using the P-module structure of B
(respectively, the left P-module structure of C).
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ms3

p2

Ficure 9. Illustration of the pushout relations (iv) and (vi).

The X-sequence D inherits a (P-Q)-bimodule structure from B and C. The right operations are defined
using the right module structures of B and C. Similarly, the left operation between an element p € P(n) and
a family of points [T;; {m;,}; {pi); {g5)] € D, with 1 <i <, is defined as follows: each tree T;, with 1 <i <,
is grafted from left to right to a leaf of the n-corolla whose vertex is indexed by p. Moreover, there is a map

¥4 : P(0) — D(0)
sending a point p € P(0) to the 0-corolla labelled by y(p) € A(0).

The reader can check that the so obtained bimodule is well defined and that this construction works
in the context of truncated bimodules. If A,, B,, C, are r-truncated bimodules and f;, f, are r-truncated
bimodule maps, then the pushout in the category of r-truncated bimodules D, is obtained from the formula
(32) by taking the restriction of the coproduct to the trees with section having at most r leaves and such that
each pearl has at most r incoming edges. The equivalence relation, the left and right operations and the map
7, are defined in the same way.

Proposition 2.9. One has the following identities:

D= colim (Be—A—C) and D,= colim | (B, — A, —C)
YBimodp; g T,YXBimodp; g
Proof. We need to check the universal property of the pushout in the category of (P-Q)-bimodules. Let D’ be
a (P-Q)-bimodule together with (P-Q)-bimodule maps g; : B— D’ and g, : C — D’ such that gy 0 fj = g 0 f5.
One has to show that there is a unique (P-Q)-bimodule map 6 : D — D’ such that the following diagram
commutes:

(33)
f

fa
—_—
—_—

82
N5
N
&1 N D’

Let [(T; 0); {m,}; {p»}; {4.}] be a point D where o is the permutation labelling the leaves. Due to the
pushout relations, we can assume that T is a reduced tree with section without vertices above the section. If
the tree with section T has only one vertex (which is necessarily a pearl) indexed by m, in B or C, then, due
to the commutative diagram (33), 6 must be defined as follows:

o<
O<—0O

g (m;)-0 ifm,eB,

5([(T; 0); {mp}; {pv}; {%}]) = {

e(m,)-o0 ifm, eC.

If the tree with section T has more than 2 vertices, then the root of T is indexed by a point p, in the
operad P and the point [(T; 0); {m,}; {p,}; {,}] has a decomposition of the form

(pr([(Ty50d); {my}; 05 0]+, [(Tjyy5 id); {mpy)}; 05 0]) - o

where T1,..., Tj,| are corollas. Since 0 is a bimodule map, one has

(LT3 0); ) {pu}s {9u))) = (pr(O(U(Ty5 id); my}5 005 0)),..., 5([( Ty id) 5 (g} 05 01])) - 0

Thanks to the (P-Q)-bimodule axioms, o does not depend on the choice of the representative element and o

is a (P-Q)-bimodule map. The uniqueness follows from the construction. The same arguments work for the

truncated case. O
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Lemma 2.10. Let dX — X be a morphism of XSeqp which defines a closed inclusion of topological spaces objectwise.
For every pushout diagram of the form

(34) Fpgl0X) —= Fpp(X)

! /

B———=D,
the (P-Q)-bimodule map B — D is also a closed inclusion of topological spaces objectwise.

Proof. Let sP;, denote the set of planar trees with section and with n leaves labelled by a permutation from
X, whose set VP of pearls is partitioned into two subsets VP = Vlfrl LI Vi, of primary and auxiliary pearls,
respectively. One has,

D(n) = { ]_[ X(T)
TesP;,

/~, where X(T)= || Blp)x I_[ X(phx [ ] Paehx [ Q.

peV,,i(T) pPEVhix(T) veVd(T) veVi(T)

The relations are (i)-(vi), see above. We denote by 7y the map 7wwr: X(T) — D(n).

A closed injective map is always a topological inclusion. We prove first that each map i: B(n) — D(n),
n > 0, is injective and then that it is closed.

As a set, D(n) does not depend on the topology of X. So, we can choose a topology such that each
X(i)\ dX (i) is discrete and open in X(i). In the latter case, one has D = B]_[]-"PZ;Q(PO L(X\ 8X)) and the
inclusion of B in this coproduct is obviously injective. Indeed, a tree with a vertex labelled by x € X \ dX in
the coproduct can never loose such vertex by means of relations (i)-(vi) of the coproduct, and therefore can
not produce a relation in B.

Now we check that for any closed C C B(n), the set i(C) is closed in D(n). Consider

[T Bphx ]_[ ax(phx || P P|v| [ QIVI

pevfr,m peVhi(T) vevd(T veV(T
Since each composition map nT: X?(T) — B(n) is continuous, the set (71?)‘1 (C) is closed in X?(T). On the
other hand, since each map dX(|p|) — X(|p]) is a closed inclusion, the map Xa(T) — X(T) is also one. (Here,
we use the fact that kelleyfication preserves closed inclusions.) Thus (n%)‘l(C) = (r7)"1(i(C)) is closed in
X(T) for every T and we conclude that so is i(C) in D(n).
O

2.2 The model category structure

By using the identifications (26), the categories XSeqp and T,XSeqp inherit model category structures
from the categories of X-sequences and truncated X-sequences, respectively. More precisely, a map is a weak
equivalence, a fibration or a cofibration if the corresponding map is a weak equivalence, a fibration or a
cofibration in the category of (truncated) X-sequences. In particular, ¥Seqp and T,XSeqp are cofibrantly
generated and all their objects are fibrant. Their (acyclic) generating cofibrations are {Py L1 dX — Py LI X},
where {dX — X} is the set of (acyclic) generating cofibrations of £Seq or T,XSeq, respectively. By applying
the transfer principle 1.1 to the adjunctions

(35) Fio:ESeqp 2 TBimodp,o: U™ and  F,7y: T,ESeqp 2 T,5Bimodp,q : U™,
we get the following statement:

Theorem 2.11. For any pair (P, Q) of topological operads, the category of (truncated) (P-Q)-bimodules ¥Bimodp,
(respectively, T,XBimodp,q, r > 0) inherits a cofibrantly generated model category structure, called the projective
model category structure, in which all objects are fibrant. The model structure in question makes the adjunctions
(35) into Quillen adjunctions. More precisely, a bimodule map f is a weak equivalence (respectively, a fibration) if
and only if the induced map U*(f) or UT>(f) is a weak equivalence (respectively, a fibration) in the category of
(possibly truncated) X-sequences.
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Proof. According to the transfer principle 1.1, we have to check the small object argument as well as the
existence of a functorial fibrant replacement and a functorial factorization of the diagonal map in the
category XBimodp;g.

We check first the small object argument. Let .7-"132;Q(X ) be a domain of an element in the set of generating
(acyclic) cofibrations in XBimodp,q. Let A = N; be the first uncountable ordinal. Assume that {M,},<, is a
A-sequence of (P-Q)-bimodules, such that each map M, := colimg., Mg — M, fits into a pushout square

(36) Fprip(9Y) —= Fio(Y)
M<a Mar

where dY — Y is a possibly infinite coproduct in ESeqp of generating (acyclic) cofibrations. Due to the
adjunction (35), one has the identity

Bimodp, o Fpio(X); colimu\M, ) = ESeqp( X; U(colim oy M) ).
Since the forgetful functor is monadic, it preserves filtered colimits. So, one has
ZSeqp( X;U(colimy 3 M,,) ) = ESeqP( X; colim, \U(M,) )

It follows from Lemma 2.10 that M., — M, is an objectwise closed inclusion. The sequence X \ P is
concentrated in only one arity where it is a finite union of spheres (or discs), thus a separable space.
Therefore, X is N;-small relative to componentwise closed inclusions' and one has the identities
ZSeqp(X; colim, U(My) ) =~ colim,., ESeqp(X; UM,) ) =~ colim,, ZBimodp;Q(fP%Q(X); M, )

This proves the small object argument.

Since all objects are fibrant in the category of X-sequences, the identity functor provides a functorial
fibrant replacement. For any M € XBimodp,, one needs to prove the existence of an element Path(M) €
YBimodp, inducing a factorization of the diagonal map

A:M ——> Path(M) —> M x M,

1 2

where f is a weak equivalence and f, is a Serre fibration. Let us consider
Path(M)(n) = Map([O, 1]; M(n)).

This Y-sequence inherits a bimodule structure from M. The map from M to Path(M), sending a point to the
constant path, is clearly a homotopy equivalence. Furthermore, the map

fo: Map([0, 1]; M(n)) — Map([0, 1]; M(n)) = (M x M)(n)
induced by the inclusion i : d[0, 1] — [0, 1] is a Serre fibration since the map i is a cofibration. O

Alternative proof. As explained in Section 2.1.1, the category of (P-Q)-bimodules is equivalent to the category
of algebras over a colored operad P+Q. According to the general result of | , Theorem 2.1], the category
of algebras over any topological operad has a projective model structure. To be precise, let Seq = Top" be
the projective model category of sequences of topological spaces. The adjunction between the forgetful
functor and the free (P+Q)-algebra functor

‘7:P+Q : Seq <:>Algp+Q U,

induces a cofibrantly generated model category structure on the category of (P+Q)-algebras. In this model
structure, a map of (P+Q)-algebras f is a weak equivalence (respectively, a fibration) if the corresponding
map U(f) is a weak equivalence (respectively, a fibration) in the category of sequences. This model structure
coincides with the model structure described in the theorem because the projective model structure on XSeg
is itself transferred from Segq. m]

n fact X is No-small relative to componentwise closed inclusions of T;-spaces, as X being compact can not contain a discrete
countable closed subspace. Note, however, that in our category Top non-T; spaces are allowed.
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2.2.1 Relative left properness of the projective model category

e Definitions of relative left and right properness. First, we recall the definition in a general setting. Let C be a
model category and let S be a class of objects of C. The model category C is said to be left proper (respectively
right proper) relative to S if for each pushout diagram (respectively pullback diagram) of the form

A —£> B A—"~B
g|{A l j (respectively, j ig )

with g a cofibration (respectively, a fibration) and f a weak equivalence between objects in S, the morphism
i is also a weak equivalence. In particular, the category C is said to be left proper (respectively right proper)
if C is left proper (respectively right proper) relative to all the objects. Furthermore, a model category C is
said to be proper (relative to S) if the category is both left and right proper (relative to S). The advantage of
such a category is that we have a criterion allowing to identify homotopy invariant colimits or/and limits.

Proposition 2.12. [Lur, Proposition A.2.4.4] Let C be a model category which is left proper relative to a class of
objects S. For any commutative diagram in the category C of the form

f g

A<—B——C

AIeBIﬁCI

f g

the induced map between the colimits of the horizontal diagrams
Colim(A —B— C) — colim(A' —~B - C/)

is a weak equivalence if the vertical morphisms are weak equivalences; one of the pairs (f,C) or (g, A) consists of a
cofibration and an object in S; one of the pairs (f’,C’) or (g’,A’) consists of a cofibration and an object in S.

Dually, let C be a model category which is right proper relative to a class S. For any commutative diagram in the
category C of the form

f g

A——>B<~——C

o
AlﬁBlecl

4
the induced map between the limits of the horizontal diagrams
lim(A — B« C) — lim(A’ — B« C')
is a weak equivalence if the vertical morphisms are weak equivalences; one of the pairs (f,C) or (g, A) consists of a

fibration and an object in S; one of the pairs (f’,C’) or (§',A’) consists of a fibration and an object in S.

Remark 2.13. Even when the category C is not left or right proper, the statement of Proposition 2.12 still
holds provided one of the pairs (f; C) or (g; A) consists of a (co)fibration and a (co)fibrant object whereas
one of the pairs (f’; C’) or (g’; A’) consists of a (co)fibration and a (co)fibrant object.

e Application to the projective model category of bimodules. Let P and Q be two topological operads. From now
on, we focus our attention on the projective model category of (P-Q)-bimodules. More precisely, we show
that this category is right proper relative to all the objects and is relatively left proper.

Theorem 2.14. The projective model category YBimodp,q is right proper.
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Proof. We consider the following pullback diagram in which f is a weak equivalence and g is a fibration:
A=lim(C .p ~5—B)

The map i : A — B is equivalent to the following map between pullback diagrams:

A=— lim( C—- D«—B)
]
B—— lim(D=D B)

According to Remark 2.13 and since all the objects in the projective model category of bimodules are fibrant,
the map i : A — B is also a weak equivalence. Consequently, the category XBimodp,, is right proper relative
to all the objects. O

Lemma 2.15. Let C «— A — B be a diagram in a cocomplete category C. If A — C is a retract of A’ — C’, then the
morphism C — colim(C « A — B) is a retract of C’ — colim(C’ «— A’ — A — B).

Proof. Since A — C is a retract of A’ — C’, one has a commutative diagram

(37) C——

such that g, 0 gy = id and h; o hy = id. By taking the pushout of the vertical diagrams in (37), we get the
commutative diagram

81 &2

C c’ C
C|LIB C'|B——C| B
|Z] k1=g1|’_|id % k2:g2}|’_|id lAT|
h >
in which g, o gy =id and k; o ky =id. O

Theorem 2.16. If P and Q are operads, such that P(0) € Top is cofibrant, P,y € XOperad is a cofibrant operad,
and Q is a componentwise cofibrant operad, then the projective model category XBimodp, is left proper relative
to the class S of componentwise cofibrant bimodules M for which the arity zero left action map yq: P(0) — M(0) is
a cofibration.

Corollary 2.17. If Q is a componentwise cofibrant operad and P is either a Reedy cofibrant or projectively cofibrant
operad, then the projective model category YBimodp, is relatively left proper.

Proof. An operad is Reedy cofibrant if and only if it is reduced and its positive arity part is cofibrant. This
proves the first case. The second case follows from Proposition 1.8. O

Proof of Theorem 2.16. We first prove this theorem assuming P(0) = @ and at the end we explain how the
argument has to be adjusted to the general case P(0) = 0.

In order to prove that the category is left proper relative to S, we consider the following pushout diagram
in the category of (P-Q)-bimodules in which the map f is a weak equivalence between componentwise
cofibrant objects and the map g is a cofibration:

D = colim (C PLELYY —£> B).
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Since any cofibration is a retract of a cellular extension, we can assume that g is a cellular extension due to
Lemma 2.15. On the other hand, any cellular extension is a possibly transfinite sequence of cell attachments.
By Theorem 2.18a, cofibrations with domain in S are componentwise cofibrations. Thus, without loss of
generality, we can assume that g is a cellular attachment and we restrict our study to diagrams of the form

Fo(0X) —= A ——B

4o

}-PZ;Q(X) —C——=D,

where dX — X is a generating cofibration in the category of Y-sequences and both squares are pushout
diagrams. The strategy is to use the explicit description of the pushout from Section 2.1.3 and to introduce a
filtration in ¥-sequences C and D according to the number of vertices in the trees indexed by X:

(38) A=C, C, Cis C; C
B=D, D, Di_; D; D.

We will prove that in (38), each horizontal map is a componentwise cofibration and each vertical map is a
weak equivalence.

Let rsP,[i] denote the set of reduced planar trees with section with n leaves labelled by a permutation
in ¥,,. In addition we assume that it has two types of pearls: i auxiliary ones and some number of primary
ones, primary ones coming first. Moreover, it is required that all incoming edges of any primary pearl are
leaf edges, while all incoming edges of any auxiliary pearl connects it to an internal vertex.

It follows from Construction 2.7 of a free bimodule and the combinatorial description of a pushout
(Subsection 2.1.3) that any element in C(n) or D(n) can be obtained as a tree T € rsP,,[i] (for some i > 0),
whose root, primary pearls, auxiliary pearls, and vertices above the section are labelled by P, A (or B), X,
and Q, respectively. The filtration (38) is by the number i of auxiliary pearls in such elements. To show that
maps C;_(n) - C;(n) and D;_;(n) — D;(n) are cofibrations, we additionally filter this inclusion by the total
number ¢ of pearls:

(39) Ci_i1(n) =: Ci(n);-; — Ci(n); —— -+ —— Ci(n)¢-y — Ci(n)y —— - —— Ci(n)

l | l l |

D;_y(n) =: D;j(n);-y — D;(n); — +-+ — Dj;(n)¢-y — D;(n)y — - —— Dj(n)

We will show that each horizontal inclusion is a cofibration and each vertical map is an equivalence, which
would prove the theorem.

The maps C;(n),_; — C;(n)¢ and D;(n),_; — D;(n), are cofibrations. For € > i, let rsP,[i; €] C rsP,[i] be the
subset of planar trees with section with exactly € pearls. Let sT,[i; €] := rsP,[i; £]/~ be the set of equivalence
classes, where two trees are equivalent if they are isomorphic as non-planar trees by an isomorphism that
forgets the labels of leaves and that sends primary pearls to primary ones and same with auxiliary ones.

Figure 10. Illustration of a tree in rsPy[4; 7] C rsPy[4] labelled by P, A, X and Q.
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For T € rsT,[i; {], denote by Aut(T) the group of automorphisms of T that does not mix the auxiliary
pearls with the primary ones (only arity zero ones can potentially be permuted, but we do not allow it). A
choice of representative of T in rsP,,[i; €] gives a labeling of leaves by the set [n] and therefore induces a
homomorphism Aut(T) — X,. Denote by Auty(T) the kernel of this homomorphism which is the subgroup
of Aut(T) permuting the univalent vertices and the auxiliary pearls that have only univalent vertices above
them. Let py,...,pe be the pearls of the chosen planar representative of T labelled in the planar order they
appear.

Then we consider the spaces

M(T) =[] Xl ]_[QIVI

(-i+1<j<C veVi(T

where V¥(T) is the set of vertices of T above the section, and

My(T;A) = PU) xpay-i | | Alpjh = coeq|P@xP) 5 || alph=P@x || Alp)

1<j<l-i 1<j<t—i 1<j<l-i

The two arrows in the coequalizer correspond respectively to the action of P(1)’~" on the first (£ —i) inputs of

P(¢) (by operadic composition) and on [] A(|p]|) (by the left P-action on A).
1<j<t-i

In other words, M;(T) is the space of indexations of the i last pearls by points in X and the vertices above
the section by points in the operad Q. Similarly, M,(T; A) is the space of indexations of the other pearls
by points in A and the root by a point in P(¢). This presentation is not unique, that is why we take the
coequalizer.

Moreover, we denote by M, (T) the subspace of M(T) formed by points having at least one pearl indexed
by a point in dX. The space M, (T'; A) consists of points in M, (T ; A) for which the root is indexed by a point
p € P(;{—i)CP({) (see notation before Proposition 1.10). We define

M(T; A):= My(T)x My(T; A) and  M~(T;A):= M(T)x M;(T; A) ]_[ M;(T)x My(T; A).
M (T)xM; (T ;A)

The spaces M,(T; B), M5 (T ; B), M(T; B), M~ (T ; B) are defined similarly.
One has the following pushout squares

(40) [| mmsa) x 2 —citne, [| momiB) x 20— Ditnes
TersT,[i;{] TersT,[i;f]
M(T; A )y C; M(T; B by D;
- MI(T34) x %, ——= Ci(n) [| mTsB) x 20 ——Ditn
TersT,[i;] TersT,[i;l]

To prove that the right vertical maps are cofibrations one needs to show that the left ones are such. Recall
that Auty(T) denotes the kernel of Aut(T) — ¥,. Equivalently, for every T € rsT,[i;{] we need to show that
the maps

(41) M™(T; A)/Auty(T) > M(T; A)/Auty(T) and M™(T; B)/Auty(T) — M(T; B)/Auty(T)

are cofibrations. We also need later that the sources of the maps are cofibrant.

Let G; be the subgroup of Auty(T) that fixes all the pearls. It permutes the arity zero vertices above
the section. The subgroup G; is normal and the quotient group G, = Auty(T)/G; is responsible for the
permutations of the arity zero primary pearls and the auxiliary pearls that have only arity zero vertices
above them (in particular they can be of arity zero themselves). Note that G, C ¥,_; x X;. By construction,
the spaces M (T), M;(T), M5(T; A) and M,(T; A) are equipped with an action of Aut(T) and of Auty(T) by
taking restriction. Moreover, for the last two, the Auty(T)-action factors through G,.

The inclusion M (T) — M;(T)is an Auty(T)-equivariant G;-cofibration. Indeed, G; = ]—]]6:{,_1-+1 Zdj, where
d; is the number of univalent vertices above the j-th pearl. Applying iteratively Lemma A.1, we get that the
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map
(42) o || xtph— [ Xdph
(—-i+1<j<C (—i+1<j<l
is a G;-cofibration. On the other hand, since Q is componentwise cofibrant, the space
[ ] et
veVu(T)

is a cofibrant (in Top) G;-space. Applying again Lemma A.1, we get that M (T) — M;(T) is a G;-cofibration.
The source of the map (42) is also Gy -cofibrant as it can be obtained as a sequence of G;-cofibrations

Y1—>Y2—)...—>Yi,

where
vo=al [ Xted|x [] oxUp.
C—i+1<j<l~i+m {—i+m+1<j<C
Note that Y; =[] 9X(|pj|) is Gi-cofibrant being a product of Zdj-coﬁbrant spaces (see Example A.6).

(—i+1<j<l
We finally conclude that M{(T) is Auty(T)-cofibrant.
Besides, we claim that the inclusion from M;(T; A) into M,(T; A) is a G,-cofibrant map between G;-
cofibrant spaces. The assignment

R Rxpyei | | Allpj)
1<j<t-i
can be viewed as a functor from (X,_; 1 P(1))x X;-Top to G,-Top. This functor preserves cofibrations. Indeed,
it preserves colimits and sends any generating cofibration S¥~! x (£,_; 1 P(1)) x X; — D* x (2,_; 1 P(1)) x &; to
a G,-cofibration:

S Xz, % ]_[ Allp;l)
1<j<b-i

x):l-—>

DFx ¥, i x ]_[ AllpjD [x =i

1<j<l-i

The map above is a G,-cofibration by Lemmas A.1 and A.3 (recall that G, C ¥,_; x ;). On the other
hand, since P is a cofibrant operad, by Proposition 1.10, the inclusion P({; £ —i) - P({)isa (X,_; 1 P(1)) x X;-
cofibration with a (X,_;2P(1)) x¥;-cofibrant source. We conclude that M7 (T; A) — M,(T; A)is a G,-cofibrant
map between G,-cofibrant spaces.

Now combining that M{(T) — M;(T) is an Auty(T)-equivariant G;-cofibration and that M;(T; A) —
M,(T; A) is a G,-cofibration and applying Lemma A.1, we get that M~ (T; A) —» M(T; A) is an Auty(T)-
cofibration. (We get a similar statement for B as well by replacing A with B in all formulas.)

We can similarly conclude that M{(T) x M;(T; A) is Auty(T)-cofibrant and the inclusions

M{(T)xM;(T;A) = M{(T)xMy(T;A) > M (T; A)
are Auty(T)-cofibrations. As a result, M~ (T; A) and (arguing similarly) M~ (T ; B) are Auty(T)-cofibrant.
The map C;(n); — D;(n), is a weak equivalence. By induction we assume that the map C;(n),_; — D;(n)s_;

is a weak equivalence of cofibrant spaces. The spaces C;(n), and D;(n), are the colimits of the first and
second lines, respectively, in the following diagram.

M(T;4) x 3y <— | | M(T;4) x 3, —=Ci(n)
TersT,[i;¢] Aul(T) TersT,[i}] Auth)

M(T;B) x ¥, ~— M™(T;B) x ¥, — Dj(n)e1
TersTolisC] Aut(T) TersT,[ix(] AutT
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As it follows from Proposition 2.12, the induced map of colimits is an equivalence provided all vertical maps
are equivalences. We are left to showing that the left two arrows are such. In other words, it only remains to
prove that for every tree T € rsT,[i;{], the maps

M (T;A)-> M~ (T;B) and M(T;A)— M(T; B)

are weak equivalences (as we already proved that all the four spaces above are Auty(T)-cofibrant). The latter
fact is deduced from the fact that the induced maps

M5(T; A)—> M, (T;B) and My(T;A)— M,(T;B)

are equivalences of cofibrant spaces. The latter is proved by Lemma A.7 for which we take I' = P(1)¢,
Z =P({)or P(¢; ¢ —i), and the corresponding I'’’-equivariant equivalence between cofibrant (in Top) objects

is the map ﬂf;i Allpjl) — nf;i Blpjl)-

Proving the case P(0) # (. The only difference with the case P(0) = 0 is that we need to take into account
the yp-relation contracting the univalent pearls indexed by points coming from the image of P(0). For this
purpose, we change slightly the definition of the spaces M;(T; A) and M;(T; B). Thus one also needs to
check the three statements below.

e M;(T;A)and M;(T; B) are G,-cofibrant.

e M;(T;A) = My(T;A)and M, (T; B) = M,(T; B) are G,-cofibrations.

o M3 (T;A)— M;(T; B) is a weak equivalence.
Denote by A= ]_[f:1 A(lp;]) and by dA C A the subset consisting of points with at least one coordinate in
70(P(0)) € A(0). One has

M3 (T; A) = (P(£) xp(1-i DA) ]_[ (P(C; 0= i) xpy-i A).
P(;0=i)xp 0 oA

By the same argument as above, the functor
(=) Xp(1)e-i DAt (S 1P(1)) x £;-Top — Gy-Top

preserves cofibrations. As a consequence P({; € — i) Xp(y)r-i 9A is G,-cofibrant and the inclusion P(¢; ¢ —
1) Xp(1)t-i A - P(€)Xpqy-i dA is a G,-cofibration. Moreover, we know that P(€; €—1)Xpy-i Ais Gy-cofibrant.
We conclude that M7 (T'; A) is so.

The fact that M;(T; A) = M,(T; A) is a G,-cofibration follows from Lemma A.8 applied to I = P(1)¢,
Ky =1,K =K, =G,, A— Bbeing P(¢; {—i) — P(¢), and X — Y being dA — A.

Finally, to prove that M;(T; A) - M;(T; B) is a weak equivalence, we apply Lemma A.7 again to show
that

P(€; €~ i) xpyyi DA — P(€; €~ i) xp(y)i 9B,

P(€) xp(1y-i @A — P(€) xp(1yc-i OB,
P(g, E—l) Xp(l)f—i A_)—> P((,g— 1) Xp(l)ffi g,

are all the three weak equivalences. The statement follows. O

Theorem 2.18. (a) Let P, Q and S be as in Theorem 2.16. In the category ZBimodP;Q, cofibrations with domain
in S are componentwise cofibrations. In particular, the class S of objects is closed under cofibrations and cofibrant
(P-Q)-bimodules are always componentwise cofibrant.

(b) Assume additionally that Q is X-cofibrant. In the category ZBimodp;Q, cofibrations with domain in the
subclass S* C S of X-cofibrant objects, are Y.-cofibrations. The class S* is closed under cofibrations and cofibrant
(P-Q)-bimodules are always X-cofibrant.

Proof. Let A be a conponentwise cofibrant (P-Q)-bimodule. It is enough to check that any cellular extension
A — C is a componentwise cofibration (respectively, X-cofibration). In the proof of Theorem 2.16 we define
a filtration (38) in C in which, as we proved, every inclusion C;_; — C; is a componentwise cofibration.
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Additionally assuming that Q and A are Y-cofibrant, one can show that any such inclusion is a -
cofibration. The strategy is the same to filter this inclusion as in (39) and then to show that the left
vertical map in the first square (40) is a ¥,,-cofibration. The latter is proved by showing that each inclusion
M~(T;A) » M(T; A) is an Aut(T)-cofibration. Let H; C Aut(T) be the subgroup of elements that fix all
the pearls and the leaves above the primary pearls. This group permutes vertices above the section and
their leaves. It is normal and the quotient group H, = Aut(T)/H; is responsible for permuting the pearls
and leaves above the primary pearls. By essentially the same argument, the inclusion M (T) — M;(T)
is an Aut(T)-equivariant H;-cofibration and the inclusion M; (T ; A) — M,(T; A) is an H,-cofibration (by
Lemma A.8 applied for T = P(1)/~/, K = H,, K, C H, — the subgroup of permutations of leaves above primary
pearls). The proof is completed by revoking Lemma A.1. O

2.2.2 Extension/restriction adjunction for the projective model category of bimodules

Let ¢; : P — P’ and ¢, : Q — Q' be maps of operads. Similarly to the category of algebras (see The-
orem 1.7), we show that the projective model categories of (P-Q)-bimodules and of (P’-Q’)-bimodules
are Quillen equivalent under some conditions on the maps ¢; and ¢,. For this purpose, we recall the
constructions of the restriction functor ¢* and the extension functor ¢, in the context of bimodules:

¢ : XBimodp, o 2 XBimodp/; g : ¢".

e The restriction functor. The restriction functor ¢* sends a (P’-Q’)-bimodule M to the (P-Q)-bimodule
¢ (M) = {¢p*(M)(n) = M(n), n > 0} in which the (P-Q)-bimodule structure is defined as follows using the
(P’-Q’)-bimodule structure of M:

of 1 p*(M)(n) x Q(m) ¢ (M)(n+m—1);

_)
xX;q +— xof ¢2(9),
e

Yo P(n)x " (M)(my) x - x ¢*(M)(m,) O (M)(my + -+ my);
PiXte Xy > Pr(p)(xy,..., xp).
e The extension functor. The extension functor ¢, is obtained as a quotient of the free (P’-Q’)-bimodule
functor introduced in Section 2.1.2. More precisely, if M is a (P-Q)-bimodule, then the extension functor is
given by the formula
Gu(M)(n) = Fpr, o (U™ (M))(n)/ ~

where the equivalence relation is generated by the axiom which consists in contracting inner edges having a
vertex v below the section (respectively above the section) indexed by a point of the form ¢ (p) (respectively
a point of the form ¢,(q)) using the left P-module structure (respectively the right Q-module structure) of
M as illustrated in the following picture:

Yi(p; 1, 2)

The (P’-Q’)-bimodule structure on the free object is compatible with the equivalence relation and provides
a (P’-Q’)-bimodule structure on ¢;(M). Let us remark that the (P-Q)-bimodule map M — ¢*(¢,(M)), sending
a point x € M(n) to the n-corolla indexed by x, is not necessarily injective. For instance, if there are ¢q; # ¢, in
Q(m) and x € M(n) such that ¢,(q1) = ¢2(g92) and x of q1 =X of q2, then x ol q1 and x ol q> have the same image
in ¢*(¢i(M)) as illustrated in the following picture:

37



Theorem 2.19. Let ¢y : P — P’ be a weak equivalence between X-cofibrant operads and ¢, : Q — Q’ be a weak
equivalence between componentwise cofibrant operads. The extension and restriction functors, as well as their
truncated versions, give rise to Quillen equivalences:

(43) ¢: EBimodp, o 2 XBimodp; o : ¢7,

(44) ¢y: T,£Bimodp,o 2 T,TBimodp:, o : ¢

Lemma 2.20. Any pair of operadic maps (¢1, ¢,), with ¢p1 : P — P’ a weak equivalence between X-cofibrant
operads and ¢, : Q — Q" a weak equivalence between componentwise cofibrant operads, induces a weak equivalence
¢4 1 P+Q — P’+Q’ between X-cofibrant colored operads where P+Q and P’+Q’ are colored operads obtained from
Construction 2.4.

Proof. According to Remark 2.5, for any family of integers ny,...,n; and m, the spaces (P+Q)(#ny,..., ng; m)
and (P’+Q’)(ny,...,ng; m) have the following description:

1N
11

(P+Q)(my,cmsm) = P(R)xQi(m +..+ngm) = Pl)x || [T <tatin,

az[m]—>[ny+-+ng] i€[ng++ng]

Phyx ] [1 Q.

a(m]—>[ny++ng] i€[ng++ng]

1
1N

(P’+Q')(ny,...,nx;m) P’(k) x Q(ny +...+ ng; m)

Consequently, the weak equivalences ¢, : P — P” and ¢, : Q — Q’ induce a weak equivalence of colored
operads ¢, : P+Q — P’+Q’. Let X’ be the subgroup Xy which can send i to j if and only if n; = n;. This
group acts as a subgroup of X on the factor P(k) (respectively the factor P’(k)) and it acts on the factor
Q1(my +...+ ny;m) (respectively, the factor Q[ (n +...+ ny; m)) by reordering the summands in the disjoint
union labelled by maps a: [m] — [ny +... + ng]. The reordering is induced by permutation of the blocks
{1,...nm b {nmy+-+np_y+1,...,n +---+ng} in [ny +... + ng]. Consequently, the colored operads P+Q and
P’+Q’" are Y-cofibrant as soon as the operads P and P’ are X-cofibrant and the components of Q and Q’ are
cofibrant. O

Proof of Theorem 2.19. As explained in Section 2.1.1, the projective model category of bimodules over an
operad is equivalent to the projective model category of algebras over a specific colored operad. If we denote
by P+Q and P’+Q’ the colored operads obtained from Construction 2.4, then one has
(PI : ZBimodp;Q = Algp+Q <:) Algp/+Q/ = ZBimOdp/;Q/ . (i)*,

induced by the extension/restriction adjunction between the categories of algebras. Due to Lemma 2.20, the
induced map ¢, : P+Q — P’+Q’ is a weak equivalence between X-cofibrant colored operads. Consequently,
according to [ , Theorem 4.4] the extension/restriction adjunction between the categories of algebras is a
Quillen equivalence. o

e Bimodules with the empty set in arity zero. Consider the case where the acting operads P and Q are trivial
in arity zero P(0) = Q(0) = @ and consider the full subcategory ¥, (Bimodp, of (P-Q)-bimodules M also
satisfying M(0) = (. One can similarly to Construction 2.4 define a colored operad (P+Q),( that governs
this algebraic structure. Its set of colors is the set N, of positive integers. Its components can be similarly
described:

(45) (P+Q)>0(n1,...,nk;m) = P(k) X ]_[ I_I Q(|a_1(l)|)
a:[m]—»[l’l1+~"+nk] ie[n1+...+nk]

The crucial difference is that the coproduct is taken over surjective maps a : [m] —» [ny + -+ + ng].

Proposition 2.21. Let P and Q be componentwise cofibrant operads satisfying P(0) = Q(0) = 0, then the colored
operad (P+Q)sq is X-cofibrant.
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Proof. Consider the component (45) of (P+Q)s¢. Let ¥’ be the subgroup of ¥; which can send i to j if and
only if n; = n;. One has that P(k) is a cofibrant ¥’-space, while the second factor

[T atein

az[m]»[ng++ng] i€[ng++ng]

is X’-cofibrant. Indeed, since all a’s are surjective in the coproduct, the group ¥’ acts freely on this disjoint
union. Applying Lemma A.1 for G; =1, G = G, = ¥/, we get that the component (45) is X’-cofibrant. O

Theorem 2.22. Let ¢p1 : P — P’ and ¢, : Q — Q’ be weak equivalences between componentwise cofibrant operads
satisfying P(0) = P’(0) = Q(0) = Q’(0) = 0. The extension and restriction functors, as well as their truncated
versions, give rise to Quillen equivalences:

(46) (P!Z Z>0Bimodp;Q <:> 2>0Bim0dp,;Q,: (f)*,

(47) (P!: T,E>0Bimodp;Q <:> T,Z>0Bimodp/;Q/: (P*.

Proof. The proof is similar to that of Theorem 2.19. We use Proposition 2.21 that the operads (P+Q)so and
(P’+Q’)s¢ governing these structures are X-cofibrant. O

3 The Reedy model category of (P-Q)-bimodules

Let P be any topological operad and Q be a reduced operad. From now on, we denote by ABimodp, g and
T, ABimodp;( the categories of (P-Q)-bimodules and r-truncated (P-Q)-bimodules, respectively, equipped
with the Reedy model category structures. This structure is transferred from the categories ASeqp := P |
ASeq and T, ASeqp := Py | T, ASeq, respectively, along the adjunctions
s Fio:ASeqp 2 ABimodp,q: U™,
]-"PT'S :T,ASeqp 2 T,ABimodp,q : U,

where both free functors are obtained from the functors ]-'PEQ and fPT;'QX by taking the restriction of the
coproduct (28) to the reduced trees with section without univalent vertices other than the pearls. The
(acyclic) generating cofibrations in ASeqp and T, ASeqp are {Py L1 dX — Py LI X}, where {dX — X} is the set of
(acyclic) generating cofibrations of ASeq and T, A Seq, respectively.

If we denote by Q. the operad obtained from Q by changing the arity 0 component to the empty set (i.e.
Q0(0) =0 and Qsy(n) = Q(n) for n > 1), then for any (possibly truncated) A-sequence M and n > 0, one has
(49) FhoM)n):=Fo (M)(n)  and  FISM)(n) = F5 (M)(n).

By construction, the above X-sequences are equipped with a (possibly truncated) right module structures
over Q.o. We can extend this structure in order to get a (possibly truncated) right Q-module structures
using the operadic structure of Q and the A structure of M.

Ficure 11. Illustration of the right action by %.

Theorem 3.1. Let P be an operad and Q be a reduced well-pointed operad. The categories ABimodp,q and
T,ABimodp;q, with r > 0, admit cofibrantly generated model category structures, called Reedy model category
structures, transferred from ASeqp and T,ASeqp, respectively, along the adjunctions (48). In particular, these
model category structures make the pairs of functors (48) into Quillen adjunctions.
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Proof. According to the transfer principle 1.1, we have to check the small object argument as well as the
existence of a functorial fibrant replacement and a functorial factorization of the diagonal map in the
category ABimodp;g.

For the small object argument, let us remark that the pushout in the category of (P-Q)-bimodules is
defined exactly as in the category of (P-Q.)-bimodules. More precisely, for any n > 0, one has?:

(50) colim (B —A->C )(n) = colim (B —A->C )(n).
ABimOdp;Q EBimOdp;Q>0

Let ]:P/;\Q(X) be a domain of an element in the set of generating (acyclic) cofibrations in ABimodp;.
Let A = X; and assume that {M,},<, is a A-sequence of (P-Q)-bimodules, such that each map M, :=
colimg., Mg — M, fits into a pushout square

(51) Fol0Y) —= F(Y)

| l

Mcq Ma,

where dY — Y is a possibly infinite coproduct in ASeqp of generating (acyclic) cofibrations. It follows
from Lemma 2.10 and equations (49) and (50), that each map M., — M, is an objectwise closed inclusion.
Moreover, (]_[nzo X(n)) \ P(0) is a finite union of spheres (or discs), thus separable, and therefore, X is
N1-small relative to componentwise closed inclusions. So, the same argument used for the proof of the small
objects argument in Theorem 2.11 works.

Contrary to the category of XBimodp,, the objects in the category ABimodp, are not necessarily fibrant
and the identity functor is not a fibrant replacement functor. The aim of Section 3.1.1 is to introduce such
a fibrant replacement functor if Q is well-pointed. This fibrant replacement is different from the fibrant
coresolution functor for A-sequences defined in Section 1.3.

From now on, we introduce a functorial path object in the Reedy model category of (P-Q)-bimodules. In
other words, for any M € ABimodp; which is fibrant in the category of A-sequences, we build an element
Path(M) € ABimodp; such that there is a factorization of the diagonal map

A:M —> Path(M) —s> M x M,

1 2
where f is a weak equivalence and f, is a fibration. Let us consider
(52) Path(M)(n) = Map([0, 1]; M(n)).

The object so obtained inherits a bimodule structure from M. The map from M to Path(M), sending a
point to the constant path, is clearly a homotopy equivalence. Furthermore, let us remark that one has the
following identities:

M(Path(M))(n) = Map([O, 1];M(M)(n)) and  M(M xM)(n) = M(M)(n) x M(M)(n).
So, the map f is a fibration if the map between the limits induced by the natural transformation
Path(M)(n) =——= Path(M)(n) =——= Path(M)(n)

|

Map([0, 1]; M(M)(1)) — M(M)(n) x M(M)(1) <—— M (n) x M(n)

is a Serre fibration. The right vertical map is obviously a Serre fibration because the inclusion from J[0, 1]
into [0, 1] is a cofibration (see the proof of Theorem 2.11). Moreover, since the inclusion J[0, 1] — [0, 1]

2The forgetful functor from the category of (P-Q)-bimodules to the category of (P-Qs()-bimodules preserves colimits as it admits a
right adjoint by Proposition 3.14b for Q1 = Q, Q2 = Qs9, Y = Q.
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is a cofibration and the map M (n) - M(M)(n) is a fibration, an alternative version of the pushout product
lemma (see [Hir, Section 9.1.5]) implies that the map

Map([0, 11; M(n)) — Map([0, 1]; M(M)(n)) x Map(9[0, 1]; M(n))
Mup(B[O,l];M(M)(n))

is also a Serre fibration. As a consequence of Lemma 1.5, the map f; is a Serre fibration. O

3.1 Properties of the Reedy model category of bimodules

This subsection is divided into three parts. The first one is devoted to the construction of an explicit
fibrant coresolution functor for reduced bimodules. In the second part, we characterize (acyclic) cofibrations
in the Reedy model category of bimodules as (acyclic) cofibrations in the usual projective model category of
bimodules. The last part consists in extending the properties introduced in Section 2.2 to the Reedy model
category.

3.1.1 A Reedy fibrant replacement functor for bimodules

Let P be an operad and Q be a reduced operad. The goal of this section is to give an explicit Reedy fibrant
replacement in the category of bimodules if the operad Q is well-pointed. A conceptual description of this
fibrant coresolution in terms of internal hom is given in Section 3.3.

e The set of trees P[n]. Let P[n] be the set of planar trees T whose roots have exactly n incoming edges. We
label their leaves with the identity permutation in ¥;r|, where |T| is the number of leaves in T. We also
label the n incoming edges bijectively by the set [#] in the planar order from left to right. Such a tree T is
equipped with an orientation towards the root and we say that v < v’ if the path joining the vertex v’ with
the root passes through the vertex v. It makes the set of vertices V(T) into a partially ordered set. Moreover,
we consider the operations

Oim:Pln+m—-1] — P[n], withn,meNand1l<i<n,

ka :P[n] — P[m], withn,mkeNandm+k<n,

The operation ¢, ,,(T) is defined as follows. If m = 0, then ¢; ,, consists in adding an incoming edge to
the root of T at the i-th position. The new incoming edge is connected to a univalent vertex. If m > 0, then
0; m(T) is obtained from T by gluing together the incoming edges i,i +1,...,i + m — 1, of the root counted
according to the planar order. In both cases, 0; ,,(T) has one additional vertex to those of T. The new vertex
has exactly m incoming edges.

Ficure 12. Illustration of the applications 6, ¢ and 6, 3.

For any n, m and k such that m + k < n, the map I}"" : P[n] — P[m] consists in removing n —m incoming
edges together with the trees attached to them. The removed edges are those labelled by [#]\{k+1,...,k+m].
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Ficure 13. Illustration of the applications I'? and I}7.

e Construction of the fibrant replacement functor. From now on, we fix a (P-Q)-bimodule M. Let T be an
element in P[n]. We consider the spaces H(T) of indexing the vertices of T other than the root r by real
numbers and points in the operad Q, respectively. More precisely, one has

Q(fvl),

veV(T)\fr}
{{tv} [0, 1]V vy < vyt < tv/}-

S
=
I

o
=
I

In other words, H(T) is the space of order preserving maps
V(T)\{r} —[0,1].
Finally, we denote by M/ (1) the subspace
(53) M/ myc | | Map(H(T)xD(T); M(T)))
TeP[n]
composed of families of continuous maps {fr}rcp|,) satisfying the following conditions:

1. Let T be an element in P[n] having a bivalent vertex v other than the root. Then one has

(54) H(T)xD(T \ {v}) ——— H(T)x D(T)

| J

HTA v xD(TA o)) 7= M(IT \ {v}]) = M(IT1)
where T\ {v} is the tree obtained from T by removing the bivalent vertex v (i.e. by replacing the
incoming and outgoing edges of v by a single edge). The upper horizontal map indexes the vertex v

by the unit of the operad Q while the left vertical map is obtained by forgetting the the real number
indexing the bivalent vertex v.

2. For any non-root vertex v of T and any permutation ¢ of the incoming edges of v, one has

(55) H(T)x D(T) — H(T -0)x D(T - 0)

/| I8

M(|T|) ————> M(IT - a]) = M(IT])
or[T]
where T - 0 is the tree obtained from T by permuting the incoming edges of v according to the
permutation o and o7[T] € X7 is the induced permutation of the leaves of T. The upper horizontal
map sends the decorations of the tree T to the corresponding decorations of T - ¢ and acts on the
Q-decoration of the vertex v using the X-structure of the operad Q.
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3. For any inner edge e, which is not connected to the root, one has

(56) H(T/e)x D(T) —— H(T) x D(T)

| .

H(T/e)xD(T/e) T M(|T/e|) = M(IT])
T/e
where T/e is the tree obtained from T by contracting the edge e. The upper horizontal map indexes
the source and the target vertices of e by the real number in H(T/e) corresponding to the vertex
resulting from the contraction of e. The left vertical map is defined using the operadic structure

of Q.
4. Any tree T has a unique decomposition of the form T = T, o;(,) T, along any edge e. Then one has
(57) H(T,)xD(Te)x [T Q(jv]) —— H(T)xD(T)

veV(T/)
fTEXWl fr

M(|T,|) x Q(IT,1) Qe M(|TJ)

The upper horizontal map consists in indexing the vertices associated to the tree T, by 1. The map
n: ]_[vev(Te/) Q(lvl) = Q(|T/]) is defined using the operadic structure of Q while the lower horizontal
map is obtained using the right Q-module structure of M.

Remark 3.2. Let us notice that, as a special case of the fourth condition, for any univalent vertex v, one has

H(T \ {v}) x D(T \ {v}) —— H(T) x D(T)

fT\{v»l lfr

M(T\{v}) = M(T| + 1) — 7= M(T})

where T \ {v} is the tree obtained from T by removing the univalent vertex v (and thus producing one more
leaf). The upper horizontal map consists in indexing the vertex v by the real number 1 and the unique point
#o € Q(0). The lower horizontal map composes the input of M(|T \ {v}|), corresponding to the vertex v, with
the point *; € Q(0) using the right Q-module structure of M.

e The X-structure on the fibrant coresolution. The space M/ (n) inherits an action of the permutation group %,,.
More precisely, for any o € ¥,,, we denote by T, the tree obtained from T € P[n] by permuting the incoming
edges associated to the root of T according to the permutation ¢. Such a permutation induces the following
two bijections:

oy[T]: V(T\{r})) — V(T,\{r) €Zyanmr
or[T]: orT) — T,) €E|T|.

(58)

Here, {(T) denotes the set [|T|] of leaves. So, the action of the permutation group ¢* : M/ (n) — M/ (1) sends
a family of continuous maps {fr}rep[,) to the family {(f - o)r}rep[,) given by the formula

(f -o)r : H(T)xD(T) — M(|T));
b @) — fr, (gm0} 1oy (mi} ) - 0L T].

e The bimodule structure on the fibrant coresolution. Since one has the identity M/ (0) = M(0), one has a map
Yo : P(0) — M/ (0) and the XY-sequence M/ inherits a (P-Q)-bimodule structure whose right operations are
given by
(59) ol i Mf(n)xQ(m) — MSf(n+m-1);
{frirerin)» 4+ {(f " @)1} repinsm-1)
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where (f o )1 is the composite map:

(f o' @)1 : H(T) x D(T) —— H(8;,(T)) X D(8;,n(T ))]%—>M(Ibzm(T)|)=M(|TI)-

The left hand side map consists in indexing the new vertex by the real number 0 and the point g € Q(m).
Similarly, the left P-module structure on M/ is given by the operations

Ye: P(k)fo(nl) ---fo(nk) — Mf(nl +eee ot 1g);
A ey A ey F— AP L F) T ePny )

where p(f1,..., f¥)r is the composite map

H(T)xD(T) M(|T])

= Ve(pi=r-)
Xifphi 1) .
I H( i (T)x DTy (T)) - [T M(L sy, (T)D)

1<i< 1<i<k

Finally, there is a map of (P-Q)-bimodules  : M — Mmf sending a point m € M(n) to the family of
continuous maps {1(m)r}rep[n) given by the formula

n(m)p: H(T)xD(T) —  M(|T|);

{t,}, g0} +— molq,),

using the right Q-bimodule structure of M. It means that m is taken for a root and we compose with {g,}
using the operadic structure of Q and the right module structure of M.

Proposition 3.3. The map 1 : M — M/ is a weak equivalence.

Proof. The proof is similar to the proof of Proposition 1.3. We show that the map of A-sequences 7, : M (1) —
M/ (n) is a homotopy equivalence of ¥-sequences. For this purpose, we introduce a map of X-sequences
¥ : MS — M given by
Pu: M (1) —— M(n);
{frirepin) —— fc,(*),

where C,, is the n-corolla whose corresponding space H(C,) x D(C,) is necessarily the one point topological
space. The map 3 so obtained makes # into a deformation retract and the homotopy consists in bringing the
real numbers indexing the vertices other than the root to 1. m|

Proposition 3.4. If the operad Q is well-pointed, then the (P-Q)-bimodule M/ is Reedy fibrant.

Proof. The proof is divided into two parts. First, we identify the matching object M(M/)(n) with a space
M(n) defined in the same way as M/ () by changing slightly the construction of the space H(T). Thereafter,
we build a tower of fibrations related to M/ (1) and M(n) according to the number of vertices of the trees in
P[#n]. In the proof we use equivariant homotopy theory techniques from Appendix A.2.

Simplification of the matching object: We say that two trees T; and T, from P[n] are equivalent if they
are isomorphic as non-planar trees and moreover the isomorphism between T; and T, preserves the order of
the incoming edges of the root r. We denote by T[] the so obtained set of equivalence classes. For T € T[n]
we denote by Aut(T) the set of automorphisms of T which preserve the order of the incoming edges to the
root. Let |T| denote the number of leaves of T. For each T € T[n] we choose a planar representative and
we label the leaves of T in the corresponding planar order they appear. This gives us a homomorphism
Aut(T) — X7, which is not always injective due to the presence of arity zero vertices.

Because of the relation (55), the space M/ (1) can be equivalently described as the subspace

c [ | Mapausr(H(T)x D(T); M(T]))

TeT[n]
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composed of families of continuous maps {fr}ret[y) satisfying the conditions (54), (56), (57) properly
understood.

For any tree T € T[n], we denote by Hy(T) the subspace of H(T) which consists of points having at least
one univalent vertex labelled by 0 and connected to the root of T. Let M;(#n) be the subspace

Mo(n) € | | Mapaur)(Ho(T)x D(T); M(T))),
TeT[n]

satisfying the relations (54), (56) and (57). In order to show that the space My(n) is homeomorphic to
the matching object M(MS)(n), we recall that a point in M(MF)(n)is a family of maps {¢1;}, indexed by
he A, ([€],[n]), T € T[¢] and ¢ < n, satisfying some conditions related to the limit (3) as well as the relations
(54), (56) and (57).

For each pair (T, h), with h € A ([€],[n]) and T € T[], we denote by T[h] the tree in T[n] obtained from T
by adding univalent vertices connected to the root according to the order preserving map h (see Figure 14).
So the map

a: My(n) — MM (n);
¢={pr} — {(@od)rn}

is given by the composite maps

(a0 ) H(T)x D(T) —— Hy(T[h]) x D(T[h]) mM(IT[h]I) =M(|T)),

where the left hand side map consists in indexing the new univalent vertices by the unique point in Q(0)
and the real number 0.

Ficure 14. Illustration of the construction of T[h].

Conversely, for any tree T € T[n] and {t,} € Hy(T), we denote by {}; ) the number of incoming edges
of the root of T which are not connected to univalent vertices indexed by 0. Furthermore, we denote by
h{{t,}]: [€}s,}] — [n] the order preserving map which keeps in mind the position of the incoming edges of the
root which are not connected to a univalent vertex indexed by 0. Finally, T[{t,}] € T[¢|; ] is the tree obtained
from T by removing the incoming edges of the root which are connected to a univalent vertex indexed by 0.
So, one has the map

B: MM )n) — My(n);

¢=A{prn} — {(Bod)rh
given by
(Bod)r: Ho(T)xD(T) —>  M(TI);

b (g} —  drienmie (i) 1d0)),
where the families {f,} and {§,} are obtained from {¢,} and {q,}, respectively, by removing the parameters
corresponding to the univalent vertices indexed by 0 and connected to the root. The map B is well defined
due to the relations induced by the limit and, together with the map «, induces a homeomorphism between
M,(n) and the matching object M(M/)(n). Furthermore, the map from M/ (1) — M(M/)(n) is equivalent to
the restriction map
r: M (n) — My (n),
induced by the inclusion Hy(T) — H(T) for any tree T € T[n].
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Construction of the tower of fibrations: We construct a tower of fibrations according to the number of
vertices of the trees in T[n]:

Mo(n) = Aq Ay Ay Ay M/ (n).

For this purpose, we introduce the set T[n, k] of trees in T[n] having exactly k vertices. In particular, T[n,1]
has only one element which is the n-corolla C,. The space Ay is defined as the subspace

Acc| |1 Mapawer(HT) < DT); MAT)) [x| | | Mapaur(Ho(T)x D(T); M(T)))
TeT(n,i] TeT[n,i]

i<k i>k

composed of families of continuous maps {fr}rcT(,) satisfying the conditions (54), (56), (57).
The space Ay is defined by induction from Aj_; using the pullback diagram:

(60) Ac—= || Mapau)(H(T)xD(T); M(T)))
[T1eT[n,k]

Acr— || Mapaun((HxD)=(T); M(T),
[T1eT[nk]

In the diagram above, for any tree T € T[n, k], D™(T) is the subspace of D(T) formed by points having at
least one bivalent vertex labelled by the unit of the operad Q. On the other hand, the space H™(T) c H(T)
consists of points in Hy(T) or having two consecutive vertices indexed by the same real number or having a
vertex indexed by 1. Then we set

(H xD)™(T):= (H™(T)x D(T)) ]_[ (H(T)xD~(T)).

H~(T)xD~(T)

To show that the map Ay — Ax_; is a Serre fibration, one has to prove that the right vertical map in (60) is
one. Let t be the number of arity one (non-root) vertices of T. Denote by

Dy(T):= Q1) ]_[ Q (Iv)).
veV(T
\v\;tl
One has, D(T) = D1(T) x D1 (T). We similarly denote by D;(T) the subset consisting of points having at
least one coordinate equal to the unit #; € Q(1) and define

(H x Dy)™(T) := (H™(T) x Dy(T)) ]_I (H(T)x Dy (T)).
H~(T)xD;(T)

We have
(61) (HxD) (T)=(HxD1) (T)xD,1(T) and (HxD)(T)=(H xD1)(T)XD,1(T).

Recall Definition A.9 of a cellularly equivariant cofibration. Let n denote the ordered set {0,1,...,n+1}. The
dual to the simplicial indexing category A can be defined as the category having {n, n € N} as the set of
objects with morphisms order preserving maps that also preserve both extrema. The space H(T) can be
described as the realization of the simplicial set Hy(e) with Hp (1) being the set of order preserving maps

(62) V(T)\{r} > n.

Note that H™(T) is the realization of a simplicial subset Hy(e) C Hr(e). It consists of order-preserving
maps (62) which are either sending an arity zero vertex of T to 0 or non-injective or sending some vertex of T
to the maximal element. By Lemma A.11, the inclusion H™(T) — H(T) is a cellularly Aut(T)-equivariant
cofibration. Using the fact that the operad Q is well-pointed and also applying Lemmas A.12, A.13, A.14, we
get that the inclusion (H x D)™ (T) — H(T) x D{(T) is a cellularly Aut(T)-equivariant cofibration.
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Using the fact that the category Top is cartesian closed, for any X € Aut(T)-Top, one has a homeomor-
phism

(63) Map puyr)(X x Do1(T); M(ITD) = Mapaur)(X; Map(D,1 (T), M(IT]))),

where the Aut(T)-action on Map(Dil(T), M(ITI)) is defined by (f -g)(x) = f(x-g7')-g, g§ € Aut(T). Applying
this homeomorphism to (61) and then Lemma A.10 to the right vertical map in (60), we get that the latter is
a Serre fibration.

O

Remark 3.5. The same strategy can be used in order to get a fibrant replacement functor for the Reedy
model category of r-truncated (P-Q)-bimodules. The fibrant replacement should be defined as a subspace of
the product (53) with an additional restriction |T| < r. The constraints are the same.

3.1.2 Characterization of Reedy cofibrations for bimodules

It has been shown by the second author [ , Theorem 8.3.20] that a map of A-sequences is a Reedy
cofibration if and only if it is a projective X-cofibration. In the context of operads, he also proves | ,
Theorem 8.4.12] that a map ¢ : P — Q between reduced operads is cofibrant in the Reedy model category
A,Operad if and only if the corresponding map ¢ : P.o = Q¢ is a cofibration in the projective model
structure of (not necessarily reduced) operads. In what follows, we prove an analogous version in the context
of operadic bimodules.

Theorem 3.6. Let P and Q be as in Theorem 3.1. A morphism ¢ : M — N in the category of (possibly truncated)
(P-Q)-bimodules is a Reedy cofibration if and only if the corresponding map ¢ is a cofibration in the projective
model category of (possibly truncated) (P-Qs)-bimodules.

Proof. First, we show that if the induced map is a cofibration in the projective model category of (P-Q.)-
bimodules then the map ¢ : M — N is a Reedy cofibration in the category of (P-Q)-bimodules. For this
purpose, we consider the following lifting problem in the category of (P-Q)-bimodules:

(64) M—s A

Jp7 7
o7
7/
N——B
]

where p : A — B is an acyclic Reedy fibration. The strategy is to build the map ¢ by induction using an
adjunction between (P-Q)-bimodules

ars : ABimodp, o 2 ABimodp; g : cosk,.

The functor ar,, called the arity filtration functor, sends a (P-Q)-bimodule M to the bimodule ar;(M) defined
as a quotient of the free (P-Qs)-bimodule generated by the first s components of M where the equivalence
relation is determined by the restriction of the bimodule structure on the first s components of M. In other
words, if L; denotes the left adjoint to the truncation functor T, then the arity filtration functor is given by
ars = Lg o T;. By construction, arg(M) is a (P-Q)-bimodule and one has the identities

ars_joars = ars_q, colimgar(M)=M and ary(M)(k) = M(k), for k <s.

Let us notice that, even though this functor is called filtration, the natural map ar,(M) — M might not be an
inclusion. First, we give an explicit description of the right adjoint of the arity filtration functor.

The A-coskeletons associated to a bimodule. According to the notation introduced by the second author
[ ], the X-sequence cosks(M) = {cosks(M)(n),n > 0}, called the s-th coskeleton associated to the bimodule

M, is given by the formula
65 ks(M)(n)= i M(i), ith n > 0.
(65) cosks(M)(n) pealm (i) with n
0<i<s
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As a matter of fact, the right adjoint R;, to the s-truncation functor T, is defined by the same formula.
Similarly to the arity filtration functor, the functor cosk; is also given by

cosks = Rs 0 T;.

By construction, a point x € cosky(M)(n) is a family of elements x = {x;, € M(i),h € A,([i]; [n]) and i < s}
satisfying the relation of the limit: for any f € A ([i]; [j]) and g € A, ([j]; [n]), one has f*(x,) = x4of. In
particular, cosks(M)(0) = M(0) is obviously endowed with a map from P(0). Furthermore, the X-sequence
cosks(M) inherits a A-structure. For any f € A ([n1]; [n2]), one has

f*icosks(M)(ny) —> cosks(M)(ny);
(66) 0<i< 0<i<
Cubher ity Brouhuen igsim )y

The A-sequence cosks(M) is also a (P-Q)-bimodule. In order to define the right operations, we introduce
some notation. Let n,m >0, €{1,...,n} and h € A, ([i]; [n+ m—1]). If we denote by £; € A, ([m]; [n+m —1])
and ¢, € A ([n]; [n+m —1]) the order preserving maps

l:m] — [n+m-1]; and ly:[n] — [n+m-1];

o ifa<y,
a — a+d, a — .
a+m ifa>¥,

then there exist unique morphisms h; and h, making the following diagrams commute:

[[]—— " (n+m—1] [(]—— "~ [n+m—1]
| I | K
[Im(€;) N Im(h)|] o [m] [Im(€y \ {€}) N Im(h)|] T (1]

Finally, if we denote by ¢ =C—|{a €i]|h(a) < £}], then the right operations are defined as follows:
ol : cosky(M)(n)x Q(m) —> cosky(M)(n+m—1);

ben @ 4 B o B @R e

Let kq,...,kg >0 and h € A ([i]; [ky + -+ k¢]). In order to define the left operation, we introduce the
morphism ¢; € A, ([k;]; [k; +--- + k¢]) sending a to a + k1 +--- + k;_1. Then there exists a unique morphism #;
such that the following diagram commutes:

(67)

(i) ———— [k + -+ k]

T

(IIm(h) N Im(&;)]] e [ki]

Finally, the left operation is given by the formula

Y : P(€) x cosks(M)(ky) x -+ x cosks(M)(kg)  —>  cosks(M)(ky + -+ kg);
p;{xl}{l}""’{xif} — {P(X}ﬁ;---,ng)}ggis([i];[kﬁ...wp-

The arity filtration and the coskeleton functors form an adjunction. For any pair of reduced (P-Q)-
bimodules M and N, we define below a homeomorphism between the mapping spaces of (P-Q)-bimodules:

(68) F: ABimodp,g(ars(M); N) 2 ABimodp;o(M; cosks(N)) : G.

Let f : M — cosks(N) be a bimodule map. The bimodule map G(f) is defined by induction. If n < s and
x € ars(M)(n) = M(n), then G(f)(x) = f(x)[4]-[x), the point indexed by the identity order preserving map.
From now on, we assume that G(f) is defined for any element ary(M) until the arity n > s. Let x € arg(M)(n+1).

Then one has . ‘
{ G(f)(x') ol y if x=x"o'y,
G(f)(x)=
Y(G(f)(x1)s-- -, G(f)(xe))  if x =(xq,..., Xp).
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Conversely, let ¢ : ar,(M) — N be a bimodule map. Then one has
F(g)y:M(n) — cosky(N)(n);

x = b =g o ST e
The arity functor ar; preserves YBimodp g_ -cofibrations. The functor ar, can be defined on the category
YBimodp g , and it fits into a Quillen adjunction

(69) ars: ¥Bimodp o , 2 XBimodp g : trs,

L(n), n<s;

where tr, is the truncation functor try(L)(n) = {
*, n>s.

One has a square of functors

ABimOdp;Q L ABimOdp;Q

Ul lu
. ars .
YBimodp o , — XBimodp .

The vertical arrows denote the forgetful functor. This square commutes by the same argument as in the case
of operads, see | , Theorem 8.4.12]. One checks it first for free bimodules: ars]-}ﬁQ(L) = ]-;DAQ(LSS) and

arsj-"PZ;Q>O(L) = .7-},2;Q>0(L§5). Here, L., denotes the sequence

{L(n), n<s;

0, n>s.

It follows from (49) that the square commutes for free bimodules. The forgetful functor U preserves colimits
as it has a right adjoint by Proposition 3.14b for Q; = Q, Q, = Qs¢, Y = Q. So do the functors ar;. On the
other hand, any bimodule can naturally be seen as a coequalizer of free ones. The adjunction (69) is a Quillen
adjunction as fr; preserves fibrations and equivalences. As a consequence, ar;: XBimodp g , — XBimodp g,
preserves cofibrations.

Construction of the lift by induction. We work out our lifting problem (64) by an inductive construction
on arity. By definition, one has ary(N) = N (that is N(0) in arity 0 and the empty set otherwise) and
arg(M) = My. Consequently, the bimodule map ¢ : ary(N) — A is obtained as a lift of the following diagram

of P-algebras:
fPol lpo

N(0) — B(0)
0
Such a lift exists. Indeed, the left vertical map is a cofibration of P-algebras since the arity functor preserves
cofibrations. Moreover, since p is an acyclic Reedy fibration, the map A(0) — B(0) x v(p)(0) M(A)(0) = B(0) is
an acyclic Serre fibration.
Then we assume that the bimodule map ¢,_; : ar;_;(N) — A is well defined. We consider the following
diagram in the category of reduced (P-Q)-bimodules:

(fot;¢5-1)
(70) ar(M) | | ara(N) —————4
ars_1 (M) _ - -
- - ~|p
(ar():1) PR
ars(N) - B

jot

where the upper horizontal map is defined using the map i o : ary(M) - M — A on the first summand and
the map @,_; : ar,_1(N) — A on the second summand. By applying the identifications ar,_; o ar; = ar;,_; and
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ars o arg = arg together with the adjunction (68), we get that the lifting problem (70) becomes equivalent to a
lifting problem of the following form in the category of reduced (P-Q)-bimodules:

F(iot)
(71) ars(M) cosks(A)
7
¢ - -
ﬂrs(¢)l _ /(/)5/ - :Lnxcosks(p)
arN// cosk,_1(A x  cosks(B).
s(N) F(ps_1)xF(ary(j)) -1 )cosks_l(B) 5(B)

The left vertical map is a cofibration in XBimodp ¢_, since the arity functor preserves cofibrations. On the
other hand, the right vertical map is an acyclic Serre fibration in both the projective model category of
Y-sequences and the Reedy model categories of A-sequences, see the proof of [ , Theorem 8.3.20]. In
that proof the second author has a similar diagram (loc. cit. equation (6)), but in the category of A-sequence.
The coskeleton functors are defined on the category ASeq by the same formula (65). Thus, the second author
shows that for any Reedy fibration A — B of A-sequences, the induced map
cosks(A) — cosks_1(A) X cosky(B)
cosks_1(B)

is an acyclic both Reedy and (therefore) Serre fibration. As a consequence the lift ¢; of Diagram (71) exists
in the category of (P-Qs()-bimodules.

The morphism ¢ is compatible with the A-structure. By definition, let us remark that one has the identifi-
cations cosks_1(N)(s) = M(N)(s) and cosk;_1(A)(s) = M(A)(s). By construction of the map F from (68) applied
to @s_q :ars_q oars(N)(s) — A(s), on has the factorization

E(@s_1) - ars(N)(s) = N(s) —= M(N)(s) —2L m(A)(s).

Consequently, the commutativity of diagram (71) implies the commutativity of the square:

ars(N)(s) = N(s) cosks(A)(s) = A(s)

| |

M(N)(s) ——— cosks_1(A)(s) = M(A)(s).

It follows that our morphism ¢, intertwines the action of the restriction operators h : [n;] — [n,]. This
proves that ¢, and, therefore, ¢, are morphisms of reduced bimodules preserving the A-structure. Thus so
is @ = lim; ;.

Conversely. The forgetful functor &: ABimodp,; — YBimodp o, preserves colimits. Therefore, it is
enough to check the statement for generating cofibrations in ABimodp,. The latter are given by applying
the free functor FP/}Q to the generating cofibrations of ASeqp. On the other hand, A-cofibrations are always

Y -cofibrations and the free functor .}}DAQ agrees with ]-'PE; Q.o S€€ (49). O

3.1.3 Left properness and extension/restriction functors for the Reedy model structure

As seen in Section 2.2, under some conditions on the operads, the projective model category of bimodules
is relatively left proper and the extension/restriction adjunctions are Quillen equivalences. In what follows,
we show that the Reedy model category inherits the same properties as a consequence of the characterization
of Reedy cofibrations in the previous section.

Theorem 3.7. Let P be an operad and Q be a reduced and well-pointed operad. The Reedy model category
ABimodp,q is right proper. If P(0) € Top is a cofibrant space, P,y € XOperad is a cofibrant operad and Q
is componentwise cofibrant, then ABimodp,q is left proper relative to the class S of componentwise cofibrant
bimodules for which the arity zero left action map yy is a cofibration. In the latter case, cofibrations with domain in
S are componentwise cofibrations, implying that the class of objects S is closed under cofibrations. If in addition Q
is X-cofibrant, then cofibrations with domain in the subclass S* C S of L-cofibrant objects are ¥-cofibrations, and
S* is also closed under cofibrations.
50



Proof. The first statement is proved in exactly the same way as Theorem 2.14 using the facts that a Reedy
fibration is always a projective (componentwise) fibration and that pullbacks (and more generally limits) in
the category of bimodules are defined componentwise and the fact that the category of spaces is right proper.
For the other statements, we first recall that the forgetful functor &/: ABimodp;o — YXBimodp;q_, preserves

colimits®. In particular, pushouts are sent to pushouts. By Theorem 3.6, it also creates cofibrations. The
statements then follow from the analogous statements Theorems 2.16 and 2.18 for XBimodp;g_,. m|

Let ¢p; : P — P’ be a weak equivalence of operads and ¢, : Q — Q’ be a weak equivalence of reduced
operads. Similarly to Section 2.2.2, we show that, under some conditions, the Reedy model categories of
(P-Q)-bimodules and (P’-Q’)-bimodules are Quillen equivalent. By abuse of notation, we denote by ¢* and
¢, the restriction functor and the extension functor, respectively, between the Reedy model categories:

(72) ¢ : ABimodp, o 2 ABimodp/, : ¢”.
In the same way as in Section 2.2.2, for any M € ABimOdp;Q and M’ e ABimOdpi;Q', one has
Gi(M) = (p(M)(n) = F o (UNM))(n)/ ~, n >0},
P (M’) = {Pp*(M')(n) = M’(n), n>0}.

Theorem 3.8. Let ¢y: P — P’ be a weak equivalences of Y-cofibrant operads and ¢,: Q — Q' be a weak
equivalence between reduced and componentwise cofibrant operads. Then one has Quillen equivalences

(73) qb[: ABimOdP;Q = ABimodp»;Q/: (P*,

(74) ¢1: T,ABimodp, o 2 T,ABimodp:, ¢ : ¢

Proof. Since the restriction functor creates weak equivalences, one has a Quillen equivalence if, for any
Reedy cofibrant object M in ABimodp;q, the adjunction unit

(75) M — ¢™(py(M))

is a weak equivalence. To prove it, we consider the adjunction ¢;: YBimodp;q , & XBimodp; ¢

induced by the weak equivalences of operads ¢; : P — P’ and ¢5°: Q. — Q. By construction, one has the
identity

¢ (Pr(M)) = ¢*(P1(M)).

By Theorem 2.19, the extension/restriction adjunction ((]5!, d;*) is a Quillen equivalence. Moreover, thanks to
the characterization of Reedy cofibrations, M is also cofibrant in the projective model category ¥Bimodp g_,
and the map M — ¢*(¢p,(M)) = ¢*(¢:(M)) is a weak equivalence. o

3.2 The connection between the model category structures on bimodules

Similarly to the operadic case in [ ], we build a Quillen adjunction between the projective model
category of (P-Q)-bimodules and the Reedy model category of (P-Q)-bimodules where P is an operad and
Q is a reduced operad. Furthermore, if M and N are two bimodules, then we show that there is a weak
equivalence between the derived mapping spaces:

IBimod}, ,(M; N) =~ ABimod}, o(M; N).

For completeness of exposition, the last subsection is devoted to adapt the Boardman-Vogt resolution (well
known for operads, see [ ]) to the context of bimodules. We refer the reader to | ] for a detailed
account of this construction.

31n fact the forgetful functor from the category of (P-Q)-bimodules to left P-modules creates colimits. It preserves colimits as it has
a right adjoint by Proposition 3.14b for Q1 = Q, Q2 =1, Y = Q. The fact that a cocone in bimodules is a colimit if it is a colimit in the
category of left modules is easily verified.
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3.2.1 Quillen adjunction between the model category structures

Let P be an operad and Q be a well-pointed reduced operad. The projective and the Reedy model
categories of bimodules have the same class of weak equivalences and induce the same homotopy category.
Consequently, one has the following statement about the adjunctions

id: ZBimOdp;Q <:> ABimOdp;QI ld,

76
(76) id: T,XBimodp,; & T,ABimodp;q: id.

Theorem 3.9. For any operad P and any well-pointed reduced operad Q, the pairs of functors (76) form Quillen
equivalences. Furthermore, for any pair M, N € ABimodp;q,, one has

(77) TBimod}, o(M,N) ~ ABimod}, o (M, N).
Moreover, if M, N € T,,ABimOdp;Q, with r > 0, then one has
(78) T, Bimod}, (M, N) = T,ABimod} ,(M, N).

Proof. In order to prove that the pairs of functors (76) form Quillen adjunctions we check that the right
adjoint functors preserve fibrations and acyclic fibrations. Let f : M — N be an (acyclic) fibration in the
Reedy model category of bimodules. By definition, the map f is a fibration if the corresponding map U (f)
in the category of A-sequences is a fibration. In other words, it means that the maps

(79) M(n) — M(M)(n) X M(N)(n) N(n), with n €N,

are (acyclic) Serre fibrations. On the other hand, the map id(f) is a fibration in the projective model category
of bimodules if the maps M(n) — N(n), with n € N, are Serre fibrations. According to the notation introduced
in Section 1.2, the pair of functors

A[-]:XSeq 2 ASeq:U(-)

forms a Quillen adjunction (see | , Theorem 8.3.20]). In particular, the forgetful functor U preserves
(acyclic) fibrations. As a consequence, if the maps (79) are (acyclic) Serre fibrations, then the induced maps
M(n) — N(n), with n € N, are (acyclic) Serre fibrations. Furthermore, the Quillen adjunction so obtained is
obviously a Quillen equivalence since we consider identity functors. Finally, the identities (77) and (78) are
induced by taking a projective cofibrant replacement of M and a Reedy fibrant replacement of N and using
the fact that any projectively cofibrant object is Reedy cofibrant and any Reedy fibrant object is projectively
fibrant. O

3.2.2 Boardman-Vogt type resolution in the projective/Reedy model category

From a (P-Q)-bimodule M, we build a (P-Q)-bimodule Bp,(M). The points of Bp,o(M)(n), n > 0,
are equivalence classes [T'; {t,}; {pu}; {70} {g0}], where T € sP,, (see Section 2.1.2) is a tree with section
while {pv}vevd(T), {my}vevr(r) and {q, }yevu (1) are families of points labelling the vertices below the section,
on the section and above the section, respectively, by points in P, M and Q, respectively. Furthermore,
{tu}vev(T)\ve(T) is a family of real numbers in the interval [0, 1] indexing the vertices which are not pearls. If
e is an inner edge above the section, then ) > t;(,). Similarly, if e is an inner edge below the section, then
tse) < ti(e)- In other words, closer to a pearl is a vertex, smaller is the corresponding number. The space
Bp;o(M)(n) is a quotient of the subspace of

(80) 11 ]_[ (whx [ [Pawhxlo, )] x [] [Qiwhx[o,1]]

TesP, veVP(T veV4(T) veVH4(T)
determined by the restrictions on the families {¢,}. The equivalence relation is generated by the conditions:

i) If a vertex is labelled by a unit in P(1) or Q(1), then locally one has the identity
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iii) If two consecutive vertices, connected by an edge e, are indexed by the same real number ¢ € [0, 1], then e
is contracted using the operadic structures of P and Q. The vertex so obtained is indexed by the real

number ¢.
qw

iv) If a vertex above the section is indexed by 0, then its output edge is contracted by using the right module
structure. Similarly, if a vertex below the section is indexed by 0, then all its incoming edges are contracted
by using the left module structure. In both cases the new vertex becomes a pearl.

my M2 ms

(p2o1p1, t)

1 3 2 1 3

ms
Y]

ms

pi(my, my)

(P2, t)

v) If a univalent pearl is indexed by a point of the form y((x), with x € P(0), then we contract its output edge
by using the operadic structure of P. In particular, if all the pearls connected to a vertex v are univalent
and of the form y,(x,), then the vertex is identified to the pearled corolla with no input.

Yo(z1) Yo(2)

Yo(p(z1, 22))
(. 1)

Let us describe the (P-Q)-bimodule structure. Let g € Q(n) and [T'; {t,}; {p,}; {m.}; {9, }] be a point in
Bp;o(M)(m). The right operation [T ; {t,}; {p,}; {m,}; {qu}] o’ g consists in grafting the n-corolla labelled by g
to the i-th incoming edge of T and indexing the new vertex by 1. Similarly, let [T;; {t}}; {p}}; {m}}; (q}}] be
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a family of points in the spaces Bp,o(M)(m;). The left module structure over P is defined as follows: each
tree of the family is grafted to a leaf of the n-corolla labelled by p € P(n) from left to right. The new vertex,
coming from the n-corolla, is indexed by 1.

1 2 3 1 2 3 1 2
my
(¢,t)
(g,1) . (p1: 1)
P my (poap2, 1)

Figure 15. Illustration of the left module structure y, : P(2) x Bp;o(M)(3) x Bp,o(M)(0) — Bp;o(M)(3).

One has an obvious inclusion of ¥-sequences 1: M — Bp. (M), where each element m € M(n) is sent to
an n-corolla labelled by m, whose only vertex is a pearl. Furthermore, the map

(81) B BP;Q(M) —>M; [T; {tv}; {pv}; {mv}; {QV}] g [T; {0}; {pv}; {mv}; {%}]'
is defined by sending the real numbers indexing the vertices to 0. The obtained element is identified to the
pearled corolla labelled by a point in M. It is easy to see that y is a (P-Q)-bimodule map.

In order to get resolutions for truncated bimodules, one considers a filtration in Bp, (M) according to the
number of geometrical inputs which is the number of leaves plus the number of univalent vertices above the
section. A point in Bp,o(M) is said to be prime if the real numbers indexing the vertices are strictly smaller
than 1. Otherwise, a point is said to be composite and can be decomposed into prime components as shown in
Figure 16. More precisely, the prime components are obtained by removing the vertices indexed by 1.

(g3, 1)

=

Prime components

and (q5 ) t7)

Ficure 16. A composite point and its prime components.

A prime point is in the r-th filtration layer Bp,o(M), if the number of its geometrical inputs is at most r.
Similarly, a composite point is in the r-th filtration layer if its all prime components are in Bp,5(M),. For
instance, the composite point in Figure 16 is in the filtration layer Bp,o(M)s. For each r, Bp,o(M), is a
(P-Q)-bimodule and one has the following filtration of Bp;o(M):

(82)  Bp,o(M)g — Bp,g(M); —— -+ ——= Bp,o(M),_; ——= Bp,o(M), —— -+ —— Bp,o(M).

Theorem 3.10 (Theorem 2.12 in | ). Assume that P and Q are X-cofibrant operads, and M is a Y-cofibrant
(P-Q)-bimodule for which the arity zero left action map yq: P(0) — M(0) is a cofibration. Then the objects Bp,o(M)
and T,Bp;o(M), are cofibrant replacements of M and T,M in the categories YBimodp,qy and T,XBimodp;q,
respectively. In particular, the maps p and T, pl1, 5, o (M), are weak equivalences.

Now we change slightly the above construction in order to produce Reedy cofibrant replacements for
(P-Q)-bimodules when Q is a reduced operad. Let M be a (P-Q)-bimodule. We consider the X-sequence

By, o(M) := Bp,q_,(M).
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The superscript A is to emphasize that we get a cofibrant replacement in the Reedy model category structure.
The left action and the positive arity right action are defined in the same way as for Bp,g_,(M). The right
action by *; € Q(0) is defined in the obvious way as the right action by #; on 4 in the vertex (4, ) connected
to the leaf labelled by i as illustrated in the Figure 17.

1 2 3 1 1 2
a

! 2 2 3

*0 ‘0
ol — (ao1%; 1) (a;t) o3 _ (a;t)
m m m o? %

Figure 17. Illustration of the right action by =.

Note that since the arity zero component of Q. is empty, in the union (80) we can consider only trees
whose all non-pearl vertices have arities > 1. We denote this set by sPZ!. In other words, the space BII},Q(M)
can be obtained as the restriction of the coproduct (80) to this set.

Proposition 3.11. Assume that P and Q are X-cofibrant topological operads with Q(0) = %, and M is a X-
cofibrant (P-Q)-bimodule for which the arity zero left action map yq: P(0) — M(0) is a cofibration. Then the
objects BI{,\;Q(M) and TrBf};Q(M) are cofibrant replacements of M and T,M in the categories ABimodp,o and
T,ABimodp;q, respectively. In particular, the maps p and T,y are weak equivalences.

Proof. The map pu: BII};Q(M) = Bp;q.,(M) — M, which sends the real numbers indexing the vertices to 0, is a
homotopy equivalence as shown by Theorem 3.10. Furthermore, by the same theorem, BI’}; o(M)=Bp;q. (M)

is cofibrant in the projective model category of (P-Q.)-bimodules. Due to Theorem 3.6, BI/};Q(M) is also
Reedy cofibrant and it gives rise to a cofibrant resolution of M in the Reedy model category ABimodp;. The
same arguments work for the truncated case. Note that T,BQ;Q(M)T = TVBI/};Q(M) since arity zero vertices
above the section are not permitted. O

3.2.3 A functorial cofibrant replacement in the projective/Reedy model category

In the previous subsection we described a construction of projective and Reedy cofibrant replacements
provided the bimodule and the acting operads are X-cofibrant. In this subsection we explain how that
construction can be used to functorially define a cofibrant replacement without any assumption on the
bimodule, while assuming that the right-acting operad Q has cofibrant components and the left-acting
operad P is -cofibrant.

Given a (P-Q)-bimodule M, we first replace it by the X-sequence M’ :=|S,M|, whose n-th space is the
realization of the simplicial set of singular simplices in M(n). The obtained object is a (P’-Q’)-bimodule,
where the operads P’ and Q’ are similarly defined as P’ :=|S,P|, Q" :=|S,Q|. Let E,, as usual denote a
reduced X-cofibrant model of the commutative operad. Define X-sequences M., P., Q. as objectwise
product

M (1) := M'(n) x Es(n), P (1) := P'(n) x Eo(n),  Qgo(n) := Q'(n) x Ego(m).
We get that M/, is a X-cofibrant bimodule over a pair (P, Q.,) of X-cofibrant operads. We can therefore
apply the construction from the previous subsection.

For the following theorem denote by

¢1:PL,>P' 5P, ¢:Q,,—>Q >Q
the natural induced equivalences of operads. Note that
$o: ML, S>M S M

is an equivalence of (P, -Q. )-bimodules.
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Proposition 3.12. (a) Assume that P is a X-cofibrant operad and Q is a componentwise cofibrant operad. Let
M be any (P-Q)-bimodule for which the arity zero left action map yy: P(0) — M(0) is injective. Then the

objects ¢, (Bp;c;Qéo (Méo)) and ¢, (Ter‘;o;Qéo(Méo)r) are cofibrant replacements of M and T,M in the categories
YBimodp,q and T,XBimodp, g, respectively.

(b) Assume in addition that Q is reduced. Then the objects ¢, (BIIJ\JQ;QZ,O(M&)) and ¢, (TrB;’\go;ng (M{x,)) are
cofibrant replacements of M and T,M in the categories ABimodp, o and T,ABimodp,, respectively.

Proof. The result is an immediate consequence of Theorems 2.19, 3.8, 3.10 and Proposition 3.11. O

3.3 The Reedy fibrant replacement as an internal hom

In this subsection, we provide a more conceptual understanding of the Reedy fibrant replacement
described in Subsection 3.1.1. More precisely we explain this construction in terms of internal hom in the
category of ¥-sequences, see Proposition 3.15.

3.3.1 The right closed monoidal category of symmetric sequences

It is well known and appears in almost any textbook on the theory of operads that the category XSeq of
Y-sequences has a monoidal structure (£Seg, o,1) with the unit

1(k):{*’ k=1;
0, k=1;

and the composition product

Xov)(k) =] [xtmxs, |] ﬁY(Iﬁ‘l(i)l)-

n>0 B: [k]—=[n] i=1

Monoids in (XSeq, o, 1) are usual topological operads.

It is less known that ¥Seq is closed with respect to this monoidal structure. This fact is true for the category
of ¥-sequences in any bicomplete closed symmetric monoidal category and was noticed by G. M. Kelly back
in the 1970s [Kel]. More recently this also appeared in [Re 1, Section 2.2] and in [FHa, Section 3]*. This means
that ~Seq is endowed with an internal hom functor

[-,—]: £Seq°? x 2Seq — XSeq,

such that for any X € XSeq, the functor (-) o X is left adjoint to [X,—]. Sometimes this structure on a category
is called right closed monoidal instead of just closed monoidal as a monoidal product with an object on the
right has an adjoint. Explicitly,

(83) xyik=[1| [] M

n20 [ a: [n]—[k]

Z?l

k
[ xta i, ()
i=1

3.3.2 The tensor-hom adjunction

For concreteness all the statements in this subsection are made for the category XSeq. One should mention,
however, that they hold true for any bicomplete right closed monoidal category. (One only needs to replace
the word “operad” by “monoid”.)

Lemma 3.13. Let P,Q € ¥Operad and X,Y € XSeq. Consider the internal hom object [X,Y] € XSeq.

(a) If X is a left Q-module, then [X,Y] is a right Q-module.
(b) If Y is a left P-module, then [X,Y] is a left P-module.
(c) If X is a left Q-module and Y is a left P-module, then [X, Y] is a (P-Q)-bimodule.

4We also refer to [AC, Definition 1.20], where this structure appears implicitly and from where our formula (83) is borrowed.
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Sketch of the proof. For (a), the right action map [X,Y]o Q — [X, Y] is the adjoint to the composition

idix,y|ou :
[X,Y]oQoX 1% y]ox 22y,
Here px: Qo X — X is the left Q-action on X, and evy y is the adjoint to the identity map idxy).
For (b), the left action map Po [X,Y] — [X, Y] is adjoint to the composition

idpo
Po[X,Y]oX 22 poy My,
Here py is the left P-actionon Y.
The facts that these formulae correctly define P and Q actions are easily checked as well as the fact that
these actions commute in case of (c). O

If X is a right module over an operad Q and Y is a left Q-module, one defines X og Y € XSeq as the
coequalizer
XoQYzcoeq(XoQoY:ZXoY),
where both arrows are p, oidy and idy o py.
In case X and Y are both right modules over an operad Q, one defines [X, Y]Q € XSeq as the equalizer

[X,Y]g =eq([X, Y] 3 [X0QY]),

where the upper map is induced by the right Q-action py: X o Q — X, and the lower map is the adjoint to
the composition
EVX'indQ

[X,Y]oXo0Q "% vy ™y,

Proposition 3.14. ([I1a, Proposition 5.22]) Let Q;,Q,, P € XOperad and Y € ¥Bimodg, o,
(a) One has an adjunction between the categories of right Q and Q, modules

(84) (—) OQ1 Y: ERI\/IOC].Q1 (Z) ERMOdQZZ [Y’_]Qz‘
(b) Omne has an adjunction between the categories of (P-Q1) and (P-Q,) bimodules
(85) (—) OQ1 Y: EBimOdp;Ql (:) EBimodp;Qz: [Y’_]Qz'

Sketch of the proof. The statements are general and hold in any bicomplete (right) closed monoidal category.
The proof is essentially a categorification of the tensor-hom adjunction between the categories of (bi)modules
over rings. O

3.3.3 The Reedy fibrant replacement

Let N be a X-cofibrant right module over a Y-cofibrant operad Q. Viewed as a (1-Q)-bimodule, we
consider its resolution B1,o(N), see Subsection 3.2.2, which is its cofibrant replacement as a right Q-module.
It is easy to see that in case N is a (P-Q)-bimodule for some operad P, the sequence B1,5(N) has also a natural
structure of a (P-Q)-bimodule. Denote by Q° := B1,5(Q). One can show that Q¢ is a cofibrant replacement of
Q as a Q-bimodule. Roughly speaking it is because even before taking its resolution, Q is cofibrant as a left
module over itself.

We leave the following proposition as an exercise to the reader. For this proposition we do not assume
that Q is X-cofibrant.

Proposition 3.15. Let M € ABimodp,q, let M/ be its Reedy fibrant replacement as defined in Subsection 3.1.1,
and let Q° := B1,o(Q), see Subsection 3.2.2. One has an isomorphism of (P-Q)-bimodules:

M =[Q, M.

Moreover, the fibrant replacement map M — M/ is induced by the (cofibrant, in case Q is X-cofibrant) replacement
map Q° — Q:
M= [Q;M]Q d [QCxM]Q

As an interesting consequence we have the following.

Corollary 3.16. For any M € ABimodp,, one has a homeomorphism (MF)f = M of fibrant replacements.
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Proof. It follows from Proposition 3.15 and adjunction (85) that
(M7 =[Q°,[Q° Mlglo = [Q° 0 Q° Mlg.

On the other hand, it is easy to see that Q° oo Q° = Q°. To define an explicit homeomorphism Q° - Q° 0o Q5
for each tree in Q° we draw a horizontal line t = 1/2 and then replace all the real parameters in the vertices
below the horizontal section ¢ € [0,1/2] by 2t and all the real parameters of the vertices above the section
te(1/2,1]by 2t-1.° O

3.4 The subcategory of reduced bimodules
3.4.1 Main properties

Let P and Q be two reduced operads. We can then consider the category A,Bimodp, g of reduced (P-Q)-
bimodules. This category has been used by the first and third authors [DT] in order to get delooping theorems
for the Taylor tower approximations of mapping spaces avoiding multi-singularities, i.e. singularities
depending on several points.

The present section is devoted to adapt the constructions and theorems introduced in the previous sections
to the category A,Bimodp,q. By considering only reduced bimodules, we can simplify some constructions.
Since the proofs are almost the same, we list altogether the main statements. Note that the statements are
slightly improved for the functorial cofibrant resolution and for the extension/restriction adjunction.

Theorem 3.17. Let P and Q be reduced operads and, moreover, assume that Q is well-pointed.

(i) Reedy model structure. The category A,Bimodp, admits a cofibrantly generated model category structure,
called the Reedy model category structure, transferred from the Reedy model category A.ySeq along the

adjunction

}'P/?*Q:A>OSeq 2 A*Bimodp;Q:L{A,

where the free functor is given by
Fr o (M)n), n>1
A* P> 5 N l ’
(86) Foyo(M)(n) ::{ v

% n=0,
The model category so obtained makes the adjunction (}"P/}b,Z/IA) into a Quillen adjunction. Moreover,
the fibrant coresolution functor introduced in Section 3.1.1 restricts to the category A,Bimodp,q giving
rise to a functorial fibrant replacement. In case P and Q are componentwise cofibrant, the functor M

ol (BIIJ\, el (M;o)) of Proposition 3.12 gives rise to a functorial cofibrant resolution in A,Bimodp;q.

(i) Characterization of Reedy cofibrations. A morphism ¢ : M — N in the category A,Bimodp,q is a Reedy
cofibration if and only if the corresponding map ¢ : Msg — Nsq is a cofibration in the projective model
category of (Pso-Qs)-bimodules.

(iii) Left and Right properness. The Reedy model category A,Bimodp;q is right proper. If P is Reedy cofibrant
and Q is componentwise cofibrant, then A, Bimodp;, is left proper relative to the class of componentwise
cofibrant bimodules. In the latter case, the class of componentwise cofibrant bimodules is closed under
cofibrations. In particular, cofibrant bimodules are componentwise cofibrant. If in addition Q is X-cofibrant,
the class of X-cofibrant bimodules is also closed under cofibrations and cofibrant bimodules are Y-cofibrant.

(iv) Extension/restriction adjunctions. Let ¢p1: P — P’ and ¢p: Q — Q’ be weak equivalences between compo-
nentwise cofibrant reduced operads. One has a Quillen equivalence
4)! : A*Bimodp;Q <:) A*BimOdp/;Qf : (f)*,
All the above statements admit truncated versions for the categories T,A,Bimodp,q with r > 0.

5In fact for any right Q-module N, one has B1,o(N) = N og Q¢ and it is always true that B1,0(B1,0(N)) = B1;,g(N).
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Proof. The proof of (i) is exactly the same as for the construction of the usual Reedy model category of
(P-Q)-bimodules and the construction of the fibrant coresolution. Note that for the cofibrant replacement
functor we do not require P to be X-cofibrant, but only that it is componentwise cofibrant. The reason is that
the argument of Proposition 3.12 uses the extension/restriction adjunction. The latter has also the same
improved requirement that P and P’ are componentwise cofibrant, see statement (iv) above.

Statement (ii) follows from the fact that the forgetful functor :: A,Bimodp;o — ABimodp,q creates
cofibrations, see Proposition 3.18. Applying the characterization of Reedy cofibrations for bimodules
Theorem 3.6,a map M — N in A,Bimodp; is a cofibration if and only if it is a cofibration in ¥Bimodp ¢_.
Since P(0) = M(0) = N(0) = #, the arity zero component can be naturally ignored, and the map in question is
a cofibration if and only if M,y — N is one in XBimodp o , (o1, equivalently, in X, oBimodp  o_,)-

Statement (iii) follows from Theorem 3.7 and the fact that the inclusion functor ! creates weak equiva-
lences, fibrations, pullbacks, and also cofibrations and pushouts, see Proposition 3.18.

We now prove (iv). Since the restriction functor creates weak equivalences, one has to check that, for any
Reedy cofibrant object M in A,Bimodp; g, the adjunction unit

M — ¢™(py(M))

is a weak equivalence. Due to the characterization of Reedy cofibrations, M is also cofibrant in the
projective model category X, oBimodp, g . Since (¢1)so : Pog — Py and (P3)so @ Qs — QL are still
weak equivalences between componentwise cofibrant operads, by Theorem 2.22, the pair of functors
((P>0)1; (p=0)") gives rise to a Quillen equivalence

(ps0)1: EsoBimodp, o 2 EsoBimodp,; o : (¢s0)".

Therefore, the map M.y — (¢>0)*((¢>0)!(M>0))(n) is a weak equivalence. The statement is a consequence of
the identity

¢ (d1(M))50 = ($50)*((50):(Msg))-

3.4.2 Quillen adjunction between the Reedy model categories

Let P and Q be two reduced operads with Q well-pointed. The inclusion functor : from the category of
(possibly truncated) reduced bimodules into the category of (possibly truncated) bimodules has a left adjoint
7 called the unitarization functor. This latter one consists in collapsing the arity zero component to a point
and adjusting the other components according to the equivalence relation induced by this collapse:

(87) T: ABimodp;Q = A,,Bimodp;Q: L

t: T,ABimodp,g 2 T,A.Bimodp;g: &
Proposition 3.18. The pairs of functors (87) form Quillen adjunctions. Moreover, the inclusion functor 1 creates
weak equivalences, fibrations, cofibrations, limits, and colimits.

Proof. By construction, i creates equivalences and fibrations. As a consequence, the adjunction (87) is a
Quillen one. Since the limits are taken objectwise, and the limit of any point-constant diagram is a point, :
creates limits. Note that 7, as a left adjoint, preserves colimits and cofibrations, and 7 o1 = id. Therefore, one
only needs to check that 1 preserves colimits and cofibrations.

For colimits, we again have to show that the colimit of any diagram in ABimodp, with values in reduced
bimodules is a reduced bimodule. The truncation functor T,: ABimodp,o, — T,ABimodp,, preserves
colimits as it admits a right adjoint, see Section 3.1.2. In the case r = 0, the category ToABimodp,q is
equivalent to the category of P-algebras in Top. The one-point space is a free P-algebra generated by the
empty set Fp(0). On the other hand, the free P-algebra functor Fp: Top — Algp preserves colimits and the
colimit of any empty set constant diagram is the empty set. The statement follows.

Finally, for cofibrations, since ¢ creates colimits, it is enough to check that the generating cofibrations in
A,Bimodp;q are cofibrations in ABimodp,. The generating cofibrations in the former are the maps

(88) Fp(9X) = Forp(X),
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where dX — X is one of the generating cofibrations of A,(Seq. For a A, y-sequence Y, denote by Y, the A-
sequence that agrees with Y in positive arities and has one point in arity zero. From the formulas (86) and (49),

it follows that .ﬁ,ﬁb(Y) = };)’}Q(Y+). The inclusion (dX), — X, is a X-cofibration and, as a consequence, is a
ASeqgp-cofibration. Together with the fact that the functor ]-"PAQ preserves cofibrations, we conclude that the
inclusion (88), or equivalently .Fljf}Q((aX)+) — ]—"P/}Q(XJr), is a cofibration in ABimodp, .

O

Theorem 3.19. Let P and Q be as in Theorem 3.17. The inclusion functors 1 from (87) induce fully faithful
inclusions of homotopy categories. Moreover, for any pair M, N € A,Bimodp,q, one has

(89) A.Bimod}, o(M,N) = ABimod}, , (1M, :N) =~ ZBimod}, , (1M, iN).
Furthermore, if M, N € T,A*Bimodp;Q, with r > 0, then one has
(90) T,A.Bimod}, (M, N) = T,ABimod}}, o (:M,:N) = T,ZBimod},, , (1M, iN).

Proof. The first statement follows from the fact that the functors 1 themselves are fully faithful inclusions of
model categories preserving equivalences, fibrations, and cofibrations, see Proposition 3.18. The equiva-
lences (89) and (90) follow from Theorem 3.9 and the fact that 1 preserve cofibrant and fibrant replacements
and are fully faithful.

O

4 The projective model category of O infinitesimal bimodules
Let O be an operad. An O infinitesimal bimodule, or just an O-Ibimodule, is a X-sequence M € XSeq
together with operations
of: M(n)xO(m) — M(n+m—1), rightinfinitesimal operations with i € {1,...,n},

(°1) 0;: O(m)xM(m)— M(n+m-1), leftinfinitesimal operations with i € {1,...,n},

satisfying compatibility relations with the symmetric group action as well as associativity and unit axioms.
More precisely, for any integersi e {1,...,n},je{i+1,...,n}, ke {l,...,m} and any permutation o € ¥, and

T € ¥,,, one has the following commutative diagrams:

M(n)xO(m)xO(Z)LM(n)xO(m+€—1) M(n)xO(m)xO(é)L>M(n+m—1)><0(€)

oit loi ojj jojﬂnl

M(n+m—l)><O(€)ﬁ>M(n+m+€—2) M(n+€-1)xO(m) —— M(n+m+{€-2)
o +1- Ol
Linear associativity for the right infinitesimal operations Ramified associativity for the right infinitesimal operations
O(11) x M(m) x O(f) ——= M(n+m—1)x O(¢) O(1) x O(m) x M(£) —= O(n +m—1) x M(€)
o]'l lo/'Jrrnl OjL l/oﬂml

O(n+{€-1)xM(m) ——— M(n+m+{-2) M(n+€-1)xO(m) ———= M(n+m+{-2)
Ramified compatibility between the left and right operations 1 Ramified compatibility between the left and right operations 2
O(n) x M(m) x O(£) —= M(n+m—1) x O(€) O(1n) x O(m) x M(£) —= O(n) x M(m + € —1)

Okl lokﬂ'l o,l lo,-
On)xM(m+£€-1) ——M(n+m+{-2) O(n+m—1)xM(€)ﬁ> (n+m+£€-2)
i i

Linear compatibility between the left and right operations Linear associativity for the left infinitesimal operations
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O(n)xM(m)LM(n+m—l) M(n)xO(m)LM(n+m—l)

o*xr*t j(ﬁoa(iﬂ)*) mxr*l L(UOU(,')T)*

O(n)xM(m)o—(_)>M(n+m—1) M(n)xO(m)T>M(n+m—l)

ol1 O(T 1

Compatibility with the symmetric group action 1 Compatibility with the symmetric group action 2
M(n)x O(1) O(1) x M(n)

M(n)
M(n)
Compatibility with the unit of the operad

Note that the ramified compatibility between the left and right operations 2 follows from the ramified compatibility
between the left and right operations 1 and the compatibility with the symmetric group action and was given for
clarity.

A map between O-Ibimodules should preserve these operations. We denote by XIbimod the category of
O-Ibimodules. Given an integer r > 0, we also consider the category of r-truncated Ibimodules T,XIbimod.
An object of this category is an r-truncated X-sequence endowed with left and right operations (91) which
are defined under the conditions n < r and n+m—1 < r. One has an obvious truncation functor

T,(-) : £Ibimodp — T,XIbimod,.
In the rest of the paper, we use the notation
xo' @ =ol(x;0), forxeM(n)and 6 € O(m),
0o;x=0;(0;x), for O e O(n)and x € M(m),

Example 4.1. If 1 : O — M is a map of O-bimodules, then 7 is also a map of O-Ibimodules. Indeed,
any operad is an infinitesimal bimodule over itself. Since the right operations and the right infinitesimal
operations are the same, the O-Ibimodule structure on M is given by the following left infinitesimal
operations:

0;:0(n)xM(m) — Mnm+m-1);
0,x) +— 7/5(9}7’](*1);"';7’](*1);3(;17(*1);"';17("’1))-

4.1 Properties of the category of infinitesimal bimodules

In this subsection we introduce some basic properties related to the category of O-Ibimodules where O is
a fixed operad. First, we show that the category of O-Ibimodules is equivalent to the category of algebras
over an explicit colored operad denoted by O,. Thereafter, we build the free bimodule functor using the
language of trees. Finally, we give a combinatorial description of the pushout for infinitesimal bimodules.

4.1.1 Infinitesimal bimodules as algebras over a colored operad

From an operad O, we build a colored operad O, such that the category of O-Ibimodules is equivalent to
the category of O, -algebras. More precisely, the colored operad O,, with set of colors S = N, is concentrated
in arity 1 and it is given by the formula

(92) Oumm:= || ] olai'G,
ay:[m],—[n], i€[n],

where [n], is the set obtained from [#] by adding a basepoint denoted by 0. The map a, is a map of sets
preserving the basepoint. In order to define operadic compositions

01:0,(n; m)xO,(k; n)— O,(k; m),
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we fix two pointed maps a, : [m], [n] and B, : [n] [k] and we build a map of the form
[T odasta ]_[ ol (i — [ | ol oa) ().
ie[n], jelk]s

For this purpose, we rewrite the left hand 51de term as follows:

O(la (0)) x O(1z" (0)]) x I_[ O|a+ H o x| | odaz! .
iepi( iep ! (j)
Part 1 Part 2

In Part 2, as in formula (24), we use the operadic structure of O in order to get an element in O(|(, oa, )™ (j)|)
with j # 0. For Part 1, let ;1(0)\ {0} = {i1,...,1,}, 4o € O(la;*(0)]), by € O(IB;1(0)]), a, € O(lai ' (i,)]), 1 <7 <p.
Then the element (ag, bo,ay,...,a,) in the Part 1 product is sent to ag oy by(id, ay,...,ap).

Proposition 4.2 (Proposition 4.9 in [AT]). The category of O-Ibimodules is equivalent to the category of O, -
algebras.

Note that since the operad O, has only unary operations, it can be viewed as an enriched in Top category.
One has that an O, -algebra is the same thing as an O, -shaped diagram in Top:

Algo, = Topo+
4.1.2 The free Ibimodule functor
In what follows, we introduce the left adjoints of the forgetful functors
U* : Ylbimodp — £Seq and U : T,XIbimody — T,XSeq,

denoted by ZF ‘5 and ZF 82, respectively. As usual in the operadic theory, the free functor can be described
as a coproduct indexed by a particular set of trees. In that case, we use the set of pearled trees which are pairs
T =(T; p) where T is a planar rooted tree, with leaves labelled by a permutation, and p is a particular vertex,
called the pearl. A pearled tree is said to be reduced if each vertex is connected to the pearl by an inner edge.
We denote by pP,, and rpP,, the sets of pearled trees and reduced pearled trees, respectively, having exactly
n leaves.

ne= T5 =

Ficure 18. Examples of a pearled tree T} € pP5 and a reduced pearled tree T, € rpPs.

Construction 4.3. Let M = {M(n)} be a X-sequence. The space I]—%(M)(n) is obtained from the set of
reduced pearled trees by indexing the pearl by a point in M whereas the other vertices are indexed by points
in the operad O. More precisely, one has

(93) rsmm=| [ | Mphx [ ol
TerpP, veV(T)\{p}

A point in I}%(M) is denoted by [T'; x,; {6,}] where T is a reduced pearled tree, x, is a point in M and

{0y }vev(T)\(p) is @ family of points in O. The equivalence relation is generated by the following relations:
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i) The unit relation: if a vertex is indexed by the unit of the operad O, then we can remove it.

1 N 1

Ficure 19. Illustration of the unit relation.

i1) The compatibility with the symmetric group action: if a vertex is labelled by x - o, with x a point in O(n)
or M(n) and o € X, then we can remove o by permuting the incoming edges.

: g, g e

\ I\’ N ’ T \
\ Ty o 0 o | Tl
,I U U

Y ~NY s Ml e

Ficure 20. Illustration of the compatibility with the symmetric group.

The right infinitesimal operation o' (respectively the left infinitesimal operation o;) of a point [T'; xp; {0,}]
with an element 6 € O(m) consists in grafting the m-corolla indexed by 6 (respectively the reduced pearled
tree T) into the i-th leaf of the reduced tree with section T (respectively the m-corolla indexed by 0). If
the obtained element contains an inner edge joining two consecutive vertices other than a pearl, then we
contract it using the operadic structure of O.

Ficure 21. Illustration of the right infinitesimal operation o3 : I]-%(M)(5) x0(3) — I]-'(E)(M)(7).

Similarly, the free r-truncated bimodule functor I]-'gZ is obtained from the formula (28) by taking the
restriction of the coproduct to the reduced pearled trees having at most r leaves and such that the pearl has
at most r incoming edges. The equivalence relation, the left and right infinitesimal operations are defined in
the same way. Finally, one has two functors:

IFY:%Seq— YIbimody and ZIFg”:T,ESeq—> T, Ibimodo.
Theorem 4.4. One has the following adjunctions:
(94) IFY:¥Seq 2 SIbimodp : 4>  and  IF":T,ESeqz T,XIbimodg : U,

Proof. The proof is similar to the proof of Theorem 2.8. For any O-Ibimodule M’ and for any morphism of

Y-sequences f : M — M’, we can build a unique map of O-Ibimodules f : I]-%(M) — M’ by induction on

the number of vertices, such that f = f o i. We refer the refer to | , Proposition 2.3] for more details. O
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4.1.3 Combinatorial description of the pushout

Let O be a topological operad. Contrary to the bimodule case, the left infinitesimal operations are unary.
As a consequence, the pushout in the category of O-Ibimodules coincides with the pushout in the underlying
category of sequences. More precisely, for any pushout diagrams

(95) At AL
sz (respectively le )
B B,

in the category of O-Ibimodules (respectively, r-truncated O-Ibimodules) we introduce the ¥-sequences

(96) D(n) = [B<n>|_|C<n>
A(n)

and D,(n):[Br(n)LICr(n) .

The above sequences inherit a (possibly truncated) infinitesimal bimodule structure over O and one has the
following statement:

Proposition 4.5. One has the following identities in the category of (possibly truncated) O-Ibimodules:

D= colim (B —A— C) and D, = colim (B, — A — C,).
YIbimodp T,XIbimodp

Proof. Let hy : C — D’ and h, : B— D’ be two maps of O-Ibimodules such that ki o fi = hy o f,. Then there
exists a unique map of O-Ibimodule 6 : D — D’ given by

) hi(x) ifxeC,
o(x) =
hy(x) if xe€B.
This map is well defined and proves that D satisfies the universal property of the pushout. O

4.2 Model category structure
By applying the transfer principle 1.1 to the adjunctions introduced in Section 4.1.2

(97) IFY:3Seq 2 SIbimodp : U” and  IFZ":T,ESeq 2 T, Ibimodg : U,
we get the following statement:

Theorem 4.6. Let O be any topological operad. The category of (truncated) infinitesimal bimodules ¥Ibimodg
(respectively, T, XIbimod g, r > 0) inherits a cofibrantly generated model category structure, called the projective
model category structure, in which all objects are fibrant. The model structure in question makes the adjunctions
(97) into Quillen adjunctions. More precisely, a (possibly truncated) Ibimodule map f is a weak equivalence
(respectively, a fibration) if and only if the induced map U*(f) is a weak equivalence (respectively, a fibration) in
the category of (possibly truncated) X-sequences.

Proof. Similar to the proof of Theorem 2.11. ]

4.2.1 Relative left properness of the projective model category

Theorem 4.7. For any topological operad O, the projective model category Xlbimodg is right proper. It is left
proper provided O is componentwise cofibrant.

Proof. Since all the objects in Y¥Ibimodg are fibrant, this category is right proper (we refer the reader to

the proof of Theorem 2.2.1 for more details). Furthermore, as explained in Section 4.1.3, the pushout in

the category of O-Ibimodules coincides with the pushout in the category of (non-X) sequences, which is

obviously left proper as the category Top is such. By part (a) of the next theorem, cofibrations in XIbimodg

are componentwise cofibrations provided O is componentwise cofibrant. We conclude that in this case,

YIbimody is also left proper. m|
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Theorem 4.8. (a) If O is a componentwise cofibrant operad, then cofibrations in the category YIbimodg are
cofibrations componentwise. In particular, the class of componentwise cofibrant objects is closed under cofibrations
and cofibrant objects have cofibrant components.

(b) If O is a X-cofibrant operad, then cofibrations in the category YIbimodg are X-cofibrant. In particular, the
class of X-cofibrant objects is closed under cofibrations and cofibrant objects are X-cofibrant.

Proof. Ttis enough to check that the generating cofibrations in XIbimodg are cofibrations in Top component-
wise, in the case (a), and are X-cofibrations, in the case (b). The first is a consequence of the pushout-product
axiom, while the second is proved in exactly the same way as the similar statement for operads | ,
Corollary 5.2]. O

4.2.2 Extension/restriction adjunction for the projective model category of infinitesimal bi-
modules

Let ¢ : O — O’ be a map of operads. Similarly to the category of algebras (see Theorem 1.7) and bimodules
(see Section 2.2.2), we show that the projective model categories of O-Ibimodules and O’-Ibimodules are
Quillen equivalent under some conditions on the operads. For this purpose, we recall the construction of
the restriction functor ¢* and of the extension functor ¢, in the context of infinitesimal bimodules:

¢, : XIbimodp 2 Ylbimody : ¢°.

e The restriction functor. The restriction functor ¢* sends an O’-Ibimodule M to the O-Ibimodule ¢*(M) =
{¢p*(M)(n) = M(n), n > 0} in which the O-bimodule structure is defined using the O’-bimodule structure of

M as follows: ‘
ol 1 p*(M)(n)x O(m) — *(M)(n+m-1);

x;0 +— xoicf)(e),

o : O(m) x ¢*(M)(m) —>  ¢*(M)(n+m—1);
O;x +— ¢(O)o;x.
e The extension functor. The extension functor ¢, is obtained as a quotient of the free O’-Ibimodule functor

introduced in Section 4.1.2. More precisely, if M is an O-Ibimodule, then the extension functor is given by
the formula

$(M)(n) = TF 5 (U™ (M))(n)/ ~
where the equivalence relation is generated by the axiom which consists in contracting inner edges having a

vertex v indexed by a point of the form ¢ (6) using the O infinitesimal bimodule structure of M as illustrated
in the following picture:

o(0) 6oz

The O’-infinitesimal bimodule structure on the free object is compatible with the equivalence relation
and provides an O’-Ibimodule structure on ¢,(M). Let us remark that, similarly to the bimodule case, the
O-Ibimodule map M — ¢*(¢p;(M)), sending a point x € M(n) to the n-corolla indexed by x, is not necessarily
injective.

Theorem 4.9. Let ¢ : O — O’ be a weak equivalence between operads with cofibrant components. The extension
and restriction functors, as well as their truncated versions, give rise to Quillen equivalences:

(98) ¢1: XIbimodp 2 Xlbimody : ¢,

(99) ¢;: T,XIbimodp 2 T,XIbimody: ¢°.
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Proof. As explained in Section 4.1.1, the projective model category of infinitesimal bimodules over an
operad is equivalent to the projective model category of algebras over a specific colored operad. We denote
by O, and O/ the corresponding colored operads associated to O and O’, respectively. One has that the
adjunction (98) is induced by the extension/restriction adjunction between the categories of algebras:

¢y : XIbimodp = Algp, 2 Algp, = XIbimodp : ¢.

From the fact that O and O’ have cofibrant components and from the explicit formula (92) for the components
of O, and O, we obtain that the colored operads O, and O have cofibrant components. Since they are
concentrated in arity one, they are X-cofibrant. Applying [ , Theorem 4.4], we conclude that the
extension/restriction adjunction between the categories of algebras is a Quillen equivalence.

The truncated case is done similarly by restricting the operads O, and O/ to their subsets of colors. O

5 The Reedy model category of O infinitesimal bimodules

Let O be a reduced operad. From now on, we denote by Albimod and T, Albimod the categories of
O-Ibimodules and truncated O-Ibimodules, respectively, equipped with the Reedy model category structures.
Note that as categories, Albimodp = XIbimod. Only the model structure is different. Similarly to the case
of reduced operads and bimodules, this structure is transferred from the categories ASeq and T, ASeq along
the adjunctions

IF5:ASeq 2 Albimodg:UA,
(100)
—_—

IFG" :T,ASeq 2 T,Albimodg : U,

where both free functors are obtained from the functors ZF % and ZF (T)’Z by taking the restriction of the
coproduct (93) to the reduced pearled trees without univalent vertices other than the pearl. In other words,
one has A Iy

IFHM):=TF5 (M), and IFg"(M):=IFg (M)

By construction, the above X-sequences are equipped with a (truncated) infinitesimal bimodule structure
over Os(. We can extend this structure in order to get a (truncated) O infinitesimal bimodule structure using
the operadic structure of O and the A structure of M.

Figure 22. Illustration of the right action by =.

Theorem 5.1. Let O be a reduced well-pointed operad. The categories Albimodp and T,Albimodgp, with r > 0,
admit cofibrantly generated model category structures, called Reedy model category structures, transferred from
ASeq and T,ASegq, respectively, along the adjunctions (100). In particular, these model category structures make
the pairs of functors (100) into Quillen adjunctions.

Proof. The proof is similar to the proof of Theorem 3.1. The path object is given by the same formula (52)
and the functorial fibrant coresolution (for which we need the assumption Q is well-pointed) is defined in
Subsection 5.1.1. m]

5.1 Properties of the Reedy model category of infinitesimal bimodules

This subsection is divided into two parts. The first one is devoted to the construction of an explicit fibrant
coresolution functor for infinitesimal bimodules. In the second part, we characterize (acyclic) cofibrations
in the Reedy model category of Ibimodules, we prove properness and we study extension/restriction
adjunctions.
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5.1.1 Fibrant replacement functor for infinitesimal bimodules

Let O be a reduced operad. In this subsection we produce a construction of a Reedy fibrant coresolution
for infinitesimal bimodules if the operad O is well-pointed. More precisely, we show that the coresolution
introduced in Section 3.1.1 gives rise to a coresolution for infinitesimal bimodules too. In other words, in
both cases, bimodules and infinitesimal bimodules, we only need the right module part of the structures in
order to get Reedy fibrant replacements. In the following, we overuse the notation introduced in Section 3.1.1.
Given an infinitesimal bimodule M over O, we consider the space M/ (n) from (53) taking Q = O. The family
M/S = {M/(n), n> 0} admits a X-structure and a right module structure from operations (59).

In order to introduce the left infinitesimal operations, we need the following notation. For a tree T € P[n],
we denote by Ti,..., T, the sub-trees grafting to the root of T according to the planar order. In particular,
one has the identity T = ¢,(Ty,..., T;;) where ¢, is the n-corolla. The number of leaves of each tree T}, with
1 <j<n,is denoted by n;[T]. For any tree T € P[n] and 1 < j <n, we also consider the operations

Bj: D(T) —  O(n[T]);
{Ouhvevirngm > 1{Bulvev(t))
given by composing the points of O indexing the vertices of the sub-tree T;.
Finally, by using the operation ka introduced in Section 3.1.1, one can define the left infinitesimal action
0;: O(n)xMf(m) — M/ (n+m-1);
0, {frirern) V> {(00; T} rePnem—1)

where (6 o; f)r is the composite map:

H(T)x D(T) Oeifr M(|T))

| |

[T omirh|x(HE" @)D (T))—=0| > wIT]|xM(L"(T))
1<j<n+m-1 1<j<n+m-1
j&li,.,i+m—1} j&li,..,i+m—1)

If we denote by I the set {1,...,i =1} U{i+m,...n+ m -1}, then the left vertical map is given by the product
[Tjer Bj to get the first factor and the operation induced by I'";, removing the incoming edges of the root of
T corresponding to the set I, in order to get the second factor. The lower horizontal map is given by the map
Jrm () on the second factor and the following map

6(—,---,id,---,—):( [ O(nj[T])]x[ [ O(nj[T])] — o )  wTl|;

je{l,...i-1} jeli+m,..n+m—1} 1<j<n+m-1
jefi,...,i+m—1}
(01,..-,01);(0],..,0) ) +—> 0(64,...,61,id,0],...,0)_._,),

using the operadic structure of O, on the first factor. Finally, the right vertical map is obtained using
the left infinitesimal operation oy, with £ =} ,;; 1 n;[T]+ 1. The fact that the compatibility relations
between the left and the right infinitesimal operations (defined at the beginning of Section 4) are satisfied is
a consequence of the following observations:
» Ramified compatibility between the left and right operations: for T € Pln+m+¢-2],i€{l,...,n—-1} and
jefi+1,...,n}, one has
I (T) = T (8jsm1;e(T)).
67



» Linear compatibility between the left and right operations: for T € P[n+m+€-2],i € {l,...,n}and ke {1,...,m},
one has

L (Skric;e(T)) = Sie(T7H(T)).

Proposition 5.2. The map 11 : M — M/ is a weak equivalence of O-Ibimodules. Furthermore, if the operad O is
well-pointed, then the O-Ibimodule M/ is Reedy fibrant.

Proof. The reader can easily check that # is a map of O infinitesimal bimodules. The other statements are
consequences Propositions 3.3 and 3.4. O

Remark 5.3. The same strategy can be used in order to get a fibrant replacement functor for r-truncated
reduced O-Ibimodules. The fibrant replacement should be defined as a subspace of the product with an
additional restriction |T| < r. The constraints are the same.

5.1.2 Characterization of cofibrations / left properness / extension-restriction adjunction

In this section, we show that the properties related to the Reedy model category of reduced bimodules
introduced in Section 3.1 admit counterparts in the context of infinitesimal bimodules. It means that we
are able to give a characterization of Reedy cofibrations and we prove that Albimod is left proper relative
to componentwise cofibrant objects. We also prove that the extension/restriction adjunction gives rise to a
Quillen equivalence between Reedy model categories of Ibimodules under some conditions on the operads.

Theorem 5.4. Let O be a reduced well-pointed operad. A morphism ¢: M — N in the category of (possibly
truncated) O-Ibimodules is a Reedy cofibration if and only if ¢ is a cofibration in the projective model category of
(possibly truncated) Osg-Ibimodules.

Idea of the proof. The strategy used for the proof of Theorem 3.6 works with no change in the context of
infinitesimal bimodules. Again, we introduce an adjunction ar, : Albimodg 2 Albimod : cosks; where ar
and cosk; are the arity filtration and the coskeleton functors, respectively. More precisely, if L; and R; denote
the left adjoint and the right adjoint, respectively, to the truncation functor T, : Albimody — T;Albimod,
then one has the following identities:

arg =Ly o T, and cosk; = R; 0 Tj.

In particular, the coskeleton functor is given by the formula (65) and inherits an infinitesimal bimodule
structure over O. The A-structure and the right infinitesimal operations are given by (66) and (67), respec-
tively. In order to define the left infinitesimal operations, we recall the following notation. Let n,m > 0,
Cefl,...,n}and he A ([i]; [n+m—1]). If we denote by ¢; € A ([m]; [n+m—1])and €, € A ([n]; [n+m—1])
the morphisms

l:m] — [n+m-1]; and ly:[n] — [n+m-1];
a ifa<¢,

a — a+d, a —> .
a+m ifa>¢,

then there exist unique morphisms h; and h, making the following diagrams commute:

[ — "~ [n+m—1] [ —— "~ n+m-1]
T ]ll T ]lz
[1tm(€1) 0 Em(h)]) ——— [m] [tm(E2 \ €} 0 ()] —— [n]

Finally, if we denote by £ = € —|{a € [i]| (@) < €}, then the left infinitesimal operations are given by
0;: O(n) x cosks(M)(m) — cosks(M)(n+m—1);

. 0<i< % = 0<i<
0; {x, }ue;\is([i];[m]) > {h3(0) op xp, }h:/l\+s([i];[n+m—l])‘

The rest of the proof is the same as the proof of Theorem 3.6. It consists in using the adjunction (ar;, cosks)
in order to define by induction a solution to the lifting problem. O
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Theorem 5.5. For any reduced well-pointed operad O, the Reedy model category Albimodg is right proper. It is
left proper provided O is componentwise cofibrant. In the latter case, cofibrations are componentwise cofibrations,
and, as a consequence, the class of componentwise cofibrant objects is closed under cofibrations and cofibrant
Ibimodules are componentwise cofibrant. If O is X-cofibrant, then the cofibrations are Y-cofibrations, the class of
X-cofibrant objects is closed under cofibrations, and cofibrant objects are X-cofibrant.

Proof. Right properness immediately follows from Theorem 4.7. Indeed, Albimodp = XIbimod as cate-
gories. Therefore, they have the same pullbacks. Moreover, a Reedy fibration is always a projective fibration.
For left properness and the properties of cofibrations, we use the characterization of cofibrations Theorem 5.4
together with the analogous properties of XIbimodp_, established in Theorems 4.7 and 4.8. m]

Let ¢ : O — O’ be a weak equivalence of reduced operads. Similarly to Section 4.2.2, we show that the
Reedy model categories of O-Ibimodules and O’-Ibimodules are Quillen equivalent. By abuse of notation,
we denote by ¢* and ¢, the restriction functor and the extension functor, respectively, between the Reedy
model categories:

¢, : Albimodp 2 Albimody : ¢°.
In the same way as in Section 4.2.2, for any M € Albimodp and M’ € Albimod/, one has
G(M) = {p(M)(n) = FMUNM))(n)/ ~, n >0},
¢* (M) = {¢p"(M')(n)=M'(n), n>0}.

Theorem 5.6. Let ¢p: O — O’ be a weak equivalence between reduced componentwise cofibtant operads. One has
Quillen equivalences

(101) ¢:: Albimodp 2 Albimodg.: ¢7,

(102) ¢1: T,Albimodo 2 T,Albimod: ¢".

Proof. Since the restriction functor creates weak equivalences, one has to check that, for any Reedy cofibrant
object M in Albimod, the adjunction unit

M — ¢"(¢y(M))

is a weak equivalence. Due to the characterization of Reedy cofibrations, M is also cofibrant in the projective
model category of O,-Ibimodules. Since ¢ : O59 — O, is still a weak equivalence between compo-
nentwise cofibrant operads, by Theorem 2.19, the pair of functors ((¢s¢)1; (=o)*) gives rise to a Quillen
equivalence and the map M(n) — (¢>0)*((¢>0)!(M))(n) is a weak equivalence. The statement is a consequence
of the identity

¢ (dr(M)) = ()" ((p0)1(M)).

5.2 The connection between the model category structures on infinitesimal bimodules

Similarly to the operadic case in | ], we build a Quillen adjunction between the projective and the
Reedy model categories of infinitesimal bimodules over a reduced operad O. Furthermore, if M and N are
two infinitesimal bimodules, then we show that there is a weak equivalence between the derived mapping
spaces:

YIbimod" (M; N) ~ Albimod",(M; N).

For completeness of exposition, at the end of the subsection, we explain how to adapt the Boardman-Vogt
resolution (well known for operads, see | ]) to the context of infinitesimal bimodules. We refer the reader
to [DT] where this construction was defined by the first and third authors. Using this construction we define
a functorial cofibrant replacement in the categories YIbimod and Albimodg provided O is componentwise
cofibrant.
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5.2.1 Quillen adjunction between the model category structures

Let O be a reduced operad. The projective and the Reedy model categories of infinitesimal bimodules
over O have the same set of weak equivalence and induce the same homotopy category. Consequently, one
has the following statement about the adjunctions

id: XIbimody & Albimodg: id,
id: T,XIbimodyg & T,Albimodg: id.

Theorem 5.7. For any well-pointed reduced operad O, the pairs of functors (103) form Quillen equivalences.
Furthermore, for any pair M, N € Albimod, one has

(104) YIbimod” (M, N) ~ Albimod” (M, N).

Moreover, if M, N € T,Albimod, with r > 0, then one has

(105) T,¥Ibimod? (M, N) = T, Albimod}, (M, N).

Proof. The proof is similar to that of Theorem 3.9. m|

(103)

5.2.2 Cofibrant resolution in the projective/Reedy model category

Let O be an operad not necessarily reduced. From an O-Ibimodule M, we build an O-Ibimodule Zb(M).
The points of Zbo(M)(n), n > 0, are equivalence classes [T'; {t,}; x,; {0, }], where T € pP,, (see Section 4.1.2) is
a pearled tree, x, is a point in M labelling the pearl and {0, },cv(1)\(p) is a family of points in O labelling the
vertices other than the pearl. Furthermore, {t,},ev(r)\vr(7) is a family of real numbers in the interval [0, 1]
indexing the vertices which are not pearls. According to the orientation toward the pearl, if e is an inner
edge, then f,) > t;,). In other words, the closer to the pearl is a vertex, the smaller is the corresponding
number. The space Zbp(M)(n) is a quotient of the subspace of

(106) || Mebx [ [owwhxlo,1]]

TepP, veV(T)\{p}

determined by the restrictions on the families {t,}. The equivalence relation is generated by the unit
condition (i) and the compatibility with the symmetric group relation (i7) of Construction 4.3 as well as the
following conditions:
iii) If two consecutive vertices, connected by an edge ¢, are indexed by the same real number ¢ € [0, 1],
then e is contracted using the operadic structure of O. The vertex produced by this edge contraction
is indexed by the real number ¢.

(620201, 1)

(620161, 1)

iv) If a vertex connected to the pearl is indexed by 0, then we contract the inner edge connecting them
using the infinitesimal bimodule structure of M. In that case the new vertex, produced by the
contraction, becomes the pearl.

(91 ) t)

T, ol 6y
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Let us describe the O-Ibimodule structure. Let 6 € O(n) and [T'; {t,}; x,; {6,}] be a point in Zbo(M)(m).
The right infinitesimal operation [T {t,}; x,; {6,}] o' @ consists in grafting the n-corolla labelled by 6 to
the i-th incoming edge of T and indexing the new vertex by 1. Similarly, the left infinitesimal operation
0 0; [T; {t,}; xp; {0,}] consists in grafting the pearled tree T to the i-th incoming edge of n-corolla labelled
by 6 and indexing the new vertex by 1.

Ficure 23. Illustration of the right infinitesimal operation.

One has an obvious inclusion of ¥-sequences 1: M — Zbp(M), where each element x € M(n) is sent to an
n-corolla labelled by x, whose only vertex is a pearl. Furthermore, the following map:

(107) H:Zbo(M) — M [T;{t,}; x55{0,}] = [T5{0}; x5 {6,}],

is defined by sending the real numbers indexing the vertices other than the pearl to 0. The so obtained
element is identified to the pearled corolla labelled by a point in M. It is easy to see that y is an O-Ibimodule
map.

In order to get resolutions for truncated infinitesimal bimodules, one considers a filtration in Zbo (M)
according to the number of geometrical inputs which is the number of leaves plus the number of univalent
vertices other than the pearl. A point in Zbp(M) is said to be prime if the real numbers indexing the vertices
are strictly smaller than 1. Otherwise, a point is said to be composite and can be associated to a prime
component as shown in Figure 24. More precisely, the prime component is obtained by removing the vertices
indexed by 1.

(95 ) 1)

(0, to)

Tp

— (03, t3)

Prime component
(02, ta)

Ficure 24. A composite point and its prime components.

A prime point is in the r-th filtration layer Zbg(M), if the number of its geometrical inputs is at most r.
Similarly, a composite point is in the r-th filtration layer if its prime component is in Zbo(M),. For instance,
the composite point in Figure 24 is in the filtration layer Zby(M ). For each r, Tbp(M), is an O-Ibimodule
and one has the following filtration of Zby(M):

(108) Ibo(M)g —=Lbo(M); —— -+ ——=Tbo(M),_.1 —=Ibo(M), —--- —=Tbp(M).

Theorem 5.8 (Theorem 3.10 in [DT]). Assume that O is a X-cofibrant operad, and M is a Y-cofibrant O-
Ibimodule. Then the objects Tbo(M) and T,Zbo(M), are cofibrant replacements of M and T,M in the categories
YIbimodp and T,XIbimodo, respectively. In particular, the maps p and T, plt, 75, (M), are weak equivalences.
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Now we slightly change the above construction in order to produce Reedy cofibrant replacements for
O-Ibimodules when O is a reduced operad. Let M be an infinitesimal bimodule over O. As a X-sequence, we
set

Iby(M):=TIbo_ (M)
The superscript A is to emphasize that we get a cofibrant replacement in the Reedy model category structure.
The right and left action by the positive arity components is defined as it is on Zbp_ (M). The right action by
*y € 0(0) is defined in the obvious way as the right action by #; on a in the vertex (4, t) connected to the leaf
labelled by i as illustrated in the Figure 17.

Note that since the arity zero component of O is empty, in the union (106) we can consider only trees
whose all non-pearl vertices have arities > 1. We denote this set by pPZ!. In other words, the space IbS(M)
can be obtained as the restriction of the coproduct (106) to this set.

Proposition 5.9. [DT, Proposition 3.12] Assume that O is a reduced X-cofibrant operad, and M is a Y-cofibrant
O-Ibimodule. Then the objects Ibg(M) and TrIbS(M) are cofibrant replacements of M and T,M in the categories
Albimodg and T,Albimody, respectively. In particular, the maps y and T,y are weak equivalences.

Proof. The map pu: Ibg(M) — M, which changes the assignment of the real numbers indexing the vertices
to 0, is a homotopy equivalence. More precisely, it is a deformation retract in the category of Y-sequences in
which the homotopy consists in bringing the real numbers to 0. Furthermore, as a consequence of Theorem
5.8, Ib’O\(M) =T1bo_,(M) s cofibrant in the projective model category of O -Ibimodules. Due to Theorem 5.4,
Ib/O\(M) is also Reedy cofibrant and it gives rise to a cofibrant resolution of M in the Reedy model category
Albimodg. The same arguments work for the truncated case. Note that TrIbS(M)r = TerS(M), since arity
zero non-pearl vertices are not permitted. O

By means of Theorem 5.8 and Proposition 5.9, we construct a functorial cofibrant replacement in
YIbimodgy and Albimodp assuming that O is componentwise cofibrant. We adapt notation from Subsec-
tion 3.2.3. Given an O-Ibimodule M, we define M/, :=|S,M|x E,, O, :=|S,| X E.,. One has that both M/,
and O, are Y-cofibrant and M/, is an O ,-bimodule. Let

$: 0,50, and ¢g: ML, >M
be the natural projections. Note that ¢ can be viewed as a map of O/ -Ibimodules.

Proposition 5.10. (a) Assume that O is a componentwise cofibrant operad. Let M be any O-Ibimodule. Then
the objects ¢, (ZbOéo (Méo)) and ¢, (T,Iboéo(Méo),) are cofibrant replacements of M and T,M in the categories
YIbimodg and T,XIbimod, respectively.

(b) Assume in addition that the operad O is reduced. Then the objects ¢, (Ibggx, (Méo)) and ¢, (Trlbgéo (M{x,))
are cofibrant replacements of M and T,M in the categories Albimod and T, Albimod, respectively.

Proof. The result is an immediate consequence of Theorems 4.9, 5.6, 5.8 and Proposition 5.9. O

A Equivariant homotopy theory

A.1 Projective cofibrations for monoidal action

In what follows, for any topological monoid G, we consider the projective model structure on the category
of G-spaces denoted G-Top. We refer the reader to Subsection 1.1 for more details. We start by recalling the
statement of Berger-Moerdijk concerning the pushout product axiom.

Lemma A.1. | , Lemma 2.5.3] Let 1 - Gy - G — G, — 1 be a short exact sequence of discrete groups.
Let A — B be a Gy-cofibration and X — Y be a G-equivariant Gy-cofibration. Then the pushout product map
(AxY)Uuxx (BxX) — BxY is a G-cofibration. Moreover, the latter is acyclic if A— Bor X — Y is.

We use an analogue of this result (namely, Lemmas A.5 and A.8 below) that can be applied to ¥,,:O(1) and
to (X x £,,_x) 1 O(1), which are not groups, but monoids, and also are not discrete. In fact non-discreteness
is not a big problem. It is not hard to see that Berger-Moerdijk’s proof of | , Lemma 2.5.3] works for
topological groups as well. On the contrary, for their proof it is critical that the action is by groups. In fact
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the statement of Lemma A.1 in general does not hold when G, Gy, and G, are monoids. Indeed, consider
Gy =1 and G, = G = N the monoid of non-negative natural numbers with the natural addition operation.
Then for A — B being S*"! x N — D*¥x N, and X — Y being N = N, i > i + 1, the pushout product map
(AXY)Uyxx (BxX)— BxY is not an N-cofibration.

Lemma A.2. Let I be a topological monoid, A — B be a I'-cofibration, X — Y be a cofibration (in Top), then
the pushout-product map (AXY)Uaxx (Bx X) — Bx Y is a I'-cofibration, where X and Y are regarded as spaces
endowed with a trivial action of I'. Moreover, the latter is acyclicif A— Bor X - Y is.

The proof of this lemma is identical to that of [ , Lemma 2.5.2] in which I’ is not a topological monoid
but a discrete group. For the convenience of the reader the argument is given below.

Proof. Let Z — W be a trivial I'-fibration. One has to show that any square

(109) (AXY)UAxx(BXX)%T
BxY w

has a I'-equivariant lift. Since Top is cartesian closed, the existence of such lift is equivalent to the existence
of a I'-equivariant lift of the square

(110) A Map(Y,Z)

| |

B —— Map(Y, W) Xpapx,w) Map(X, Z).

Here the I'-action on the mapping spaces Map(Y,Z), Map(Y, W), etc. is defined through the action on the
target: (f-¥)(y):= f(v)- y. Since the left vertical arrow is a I'-cofibration, it is enough to show that the right
arrow is a trivial I'-fibration. On the other hand, since the forgetful functor I'-Top — Top creates fibrations
and weak equivalences, it suffices to verify that the right arrow is a trivial fibration in Top, in other words
that any square

sk-1 Map(Y,Z)

|

DF —— Map(Y, W) Xptap(x,w) Map(X, Z)

has a lift in Top. The latter is equivalent to the pushout-product property that the map (S¥! x Y) Ugi1,
(D* x X) — D¥ x Y is a cofibration.

The acyclicity statement is proved similarly by starting with any not-necessarily trivial I'-fibration
Z - W. O

Given a homomorphism of monoids j: ' — I/, one gets an extension-restriction adjunction
(111) ji: T-Top 2T’-Top: j".

Lemma A.3. For any morphism of topological monoids j: I — I, the extension-restriction adjunction (111) is
a Quillen adjunction. In particular, the extension functor j, preserves cofibrations and acyclic cofibrations. The
restriction functor j* preserves fibrations and weak equivalences. Moreover, if T is cofibrant as a right T-module,
then j* also preserves cofibrations.

Proof. All the statements follow from definition except the last one, which is implied by the fact that the

restriction functor preserves colimits and sends the generating cofibrations S¥~! xT” — DK xT” to cofibrations.

The latter assertion is a consequence of Lemma A.2 applied to A — B being @ — I/, and X — Y being

sk=1 _, Dk, O
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Definition A.4. (a) A sequence of morphisms of topological monoids

(112) 10515 51

is called short exact sequence if I, is a quotient of I as a topological space (p is a quotient map), and i
is a homeomorphism onto p~!(1).

(b) A short exact sequence (112) of topological monoids is called split-surjective, if p admits a continuous
section s: I, — I which is a morphism of monoids, and the map I, xI7 — T, (y2, ¥1) = s(y2) - i(y1),
is surjective.

For a split-surjective short exact sequence (112), thanks to the inclusions i and s, the monoids I7 and
I, can be viewed as subobjects of I'. For this reason in the sequel, we will be omitting i and s considering
I,T; cT. Note also that if [, is a group, the map I xIT = T, (2, 71) — ¥, - 1, is always surjective (and, in
fact, bijective).

Lemma A.5. Let (112) be a split-surjective short exact sequence of monoids. Let also I, fit into a split-surjective
short exact sequence

(113) 151050, 56,51

with G, being a group. Also assume that all elements of Ty commute with those from Iy inside T. Let A — B be a
T,-cofibration and X — Y be a T-equivariant Ty -cofibration with both X and Y having trivial action of Iy. Then
the pushout product map (AxY)Uuyx (Bx X) — BxY is a I'-cofibration. Moreover, the latter is acyclic if A — B
or X =Y is.

Example A.6. If A — B is a I;-cofibration and X — Y is a I -cofibration, then the pushout product map
(AXY)Uaxx (BxX)— BxYisalj xI)-cofibration. (Take I =} x I, and G, = 1.)

Proof of Lemma A.5. Let Z — W be a trivial I'-fibration. One has to show that the square (109) has a I'-
equivariant lift. By adjunction such lift defines a lift in the square (110). If I' were a group then the mapping
spaces Map(Y,Z), Map(Y, W), etc., would be endowed with a natural right T-action: (f - y)(v) = f(y-y~!)-y
The lift in question would arise from a lift in (109) if and only if it were I'-equivariant. However, in our
more general situation the mapping spaces do not get a natural I'-action and the condition on the induced
lift of (110) is less obvious. Denote by Mapr, (Y,Z) (Mapr, (Y, W), etc.) the subspace of Map(Y,Z) of I -
equivariant maps. Since the action of I} is trivial on A and on B, the induced lift of (110) must factor through
a lift in the square

(114)

BN

Mapr, (Y,Z)

|

B—— Mﬂprl (Y, W) XMﬁPrl (X, W) Mﬂprl (X, Y)
On the other hand, the spaces Mapr, (Y,Z2), Maprl (Y, W), etc., have a natural I}-action defined as follows:

(f 72)®) = @ p2(r2)) 72
where y, € T,. One checks that if f € Mapr, (Y,Z), thensois f - y;:

F 7)) =f@ri-p2r2)") 7
(r2)™"pa(y2) 71 p2(y2) ™) 72
(7)™ -p2(y2) -1 - P2(7/2) )
v p2(r2)) pa(y2) - pa(y2) v,
™) v2n = (@) 0
The third equation is obtained using the fact that p,(y,)-y1 - p2(y2)"' €} and f € Mapr, (Y, Z). The fourth

equation uses that p,(y,)™' -y, € 1"20 and that I} commutes with 1"20.
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We claim that a map B — Map(Y, Z) is adjoint to a I'-equivariant map F: Bx Y — Z if and only if it
factors through Mapr, (Y, Z) and the map B — Mapr, (Y, Z) is I,-equivariant. (The same holds for the maps
A — Map(Y,Z), B— Map(Y, W), etc.)

Indeed, let F: BxY — Z be a I-equivariant map. Since I acts trivially on B,

F(b,y)-y1=F(b-y1,y-y1)=F(b,y- )
Thus, F(b,—) € Mapr, (Y,Z). To check that the induced map B — Mapr, (Y,Z) is I-equivariant, we need to
make sure that F(b-y,,9) = F(b,v-p»(¥2)~!) - ¥,. One has

F(b,ypa(y2)™) - y2=F(b-y2v-p2(y2)™ - y2) = F(b-y2,).
The last equation uses the fact that py(y,)~! -y, € I} and that I} acts trivially on Y.

In the other direction, let F: BxY — Z be the adjoint of a I}-equivariant map B — Mapr, (Y,Z) —
Map(Y,Z). One has to check that F is '-equivariant. Since the product map I, xI; — I is surjective, each
y €T can be written as ¥ = y,-y1, 1 €11, 2 € I,. We need to check that F(b-y,-y1,v-v2-y1) =F(b,9)- 2 71-
One has

F(b-y2-y1,9v2-71) =F(b-y2,9-72-71) since I acts trivially on B,
=F(-y29-72) 7 since F(b-y2,~) € Mapr, (Y, Z),
=F(b,y-v5-pa(¥2)™")-y2-y1 since F is I,-equivariant,

=F(b,y) - v 1 since I3 acts trivially on Y.

As a consequence of the above, the square (109) has a I'-equivariant lift if and only if the square (114) has
a [,-equivariant lift. On the other hand, the left vertical map in (114) is a I}-cofibration. Therefore a lift
exists provided the right vertical map in (114) is a trivial I,-fibration. The latter holds provided that the
map is a trivial fibration in Top, which follows from the fact that (¥~ x Y) Ugk-15x (D¥x X) > DkxYisa
I -cofibration, see Lemma A.2. m]

Lemma A.7. Let I be a topological monoid and Z be a I'-cofibrant space. Then the functor
Zxp—:T°-Top — Top

from left I-modules to spaces, sends left I'-spaces that are cofibrant in Top to cofibrant spaces, and preserves the
weak equivalences between such objects.

Proof. Since a retract of a cofibrant space is a cofibrant space and retract of a weak equivalence is a weak
equivalence, we can assume that Z is I'-cellular: Z = colim,<,Z,, where each map Z_, := colimg,Zg — Z,
is a pushout of a generating I'-cofibration. One has to check two statements.

e If the statement of the lemma holds for Z_,, then it does for Z,,.
e If the statement of the lemma holds for each Zﬁ, B < a, then it does for Z_,,.

For any generating I'-cofibration $¥~! xT' — D* x T and any cofibrant in Top left [-space A, the induced
map

(115) (SK 1 xT)xp A > (DFxT) xp A
is S¥1 x A — D* x A. Since A is cofibrant, this map (115) is a cofibration. On the other hand, for any

weak equivalence of T-spaces A — B, the induced maps S¥! x A — S¥~1 x B and D¥ x A — D* x B are weak
equivalences. The first statement above follows by applying Proposition 2.12 and recalling that Top is left

proper.
To prove the second statement, we notice that the sequence Z, xr A, @ < A, is a sequence of cofibrations,
being pushouts of cofibrations of the form (115). Therefore,

colim, 1 (Z, xr A) =~ hocolim, .y (Z, X1 A).
One has the same weak equivalence of spaces for B. Since Z, xr A — Z, xr B, a < A, are all weak equivalences,
hocolim,,(Z, xr A) ~hocolim, .y (Z, xr B).
On the other hand, the functors (—) xp A and (—) xp B preserve colimits. We conclude

Z xp A = colim, ) (Z, xp A) = colimy .y (Z, xr B) = Z xr B.
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Compatible action of a monoid and a group: We say that a topological monoid I' is endowed with a right
action of a group K if one is given a map I' x K — T, (y,k) — y¥, which is a right K-action on the set T and
for every k € K, the map (-)¥: T — T is a monoid homomorphism. Given such an action, one defines the
semi-direct product monoid I' « K. Its underlying set is I x K, while multiplication is as follows

-1
(Y1, k1) - (2, k2) = (1 '7/51 Jki k).
A right I' x K-space A can equivalently be seen as a right I'-module with a right K-action compatible in the
sense
(a-y)-k=(a-k)-y, foranyaecA, yeTl, keK.

Note that the same map I' x K — I, defines a right K-action on I'’”? — the monoid with the reversed
multiplication. A right I'’? =< K-space X can equivalently be seen as a left I-module with a right K-action
compatible in the sense

(y-x)-k:yk‘(x-k), foranyxe X, yel, keK.
Lemma A.8. Let 1 — K; — K — K, — 1 be a short exact sequence of topological groups. Let I be a topological
monoid endowed with a right Ky-action. If A — B is a T < K,-cofibration and X — Y is a I'P x K-equivariant
K -cofibration, then the pushout-product map (A X Y)Uax.x (Bxp X) — Bxr Y is a K-cofibration. Moreover, the
latter is acyclicif A— Bor X — Y is.

Proof. Let Z — W be a trivial K-fibration. One has to show that any square
(116) (AXI'Y)UAer(BXI*X)%Z

| |

Bx; Y — =W
has a K-equivariant lift. One has a homeomorphism of mapping spaces.
Mapy (Bxr Y, Z) = Mapr..k, (B, Map, (Y, Z)).

(One has similar homeomorphisms for Mapg (A xr Y, Z), etc.) The K-action on B xp Y is the diagonal one:
(b,y)-k=(b-k,y-k). The action of T < K; on Mapg (Y, W) is defined as follows:

(f- kD@ =fly- k) k
where k € K is any point in the preimage of k; € K.

Using this, the existence of a lift in (116) is equivalent to the existence of a I' « K,-equivariant lift of the
square

(117) A Mapg, (Y,2)

| |

B —— Mapg, (Y, W) Xmapy, (x,w) Map, (X, Z).

Since A — Bis a I' = K;-cofibration, one has to check that the right vertical arrow is a trivial I = K,-fibration,
or, equivalently a fibration in Top. In other words, one has to check that any square below

gk-1 Mapg, (Y, 2)

| |

D¥ —— Mapy, (Y, W) XMapy, (x,w) Mapg, (X, Z)

has a lift in Top. The latter is equivalent to the pushout-product property that the map (S¥! x Y) Ugi1,
(D* x X) — D¥ x Y is a K; -cofibration, true by Lemmas A.1 or A.2.
O
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A.2 Cellularly equivariant cofibrations

Definition A.9. Let G be a discrete group.

(a) A G-equivariant map Xy — X is called a G-equivariant cell attachment if it fits into a pushout
diagram

(118) Sk=1 % (H\G) — D¥ x (H\G)

| |

Xog ——mmmm X4,

where H C G is a subgroup of G.
(b) A G-equivariant map Xy — X is called a cellularly G-equivariant cofibration if it is a G-equivariant
retract of a possibly transfinite sequence of G-equivariant cell attachments.

In fact there exists a model structure on G-Top for which cofibrations are exactly the cellularly G-
equivariant cofibrations [Far]. This model structure produces a different (from projective) homotopy
category as it has a smaller class of equivalences for which one has to take into account all orbit subspaces.
Any G-space is still fibrant in this model structure. We do not use this more subtle model structure on
G-Top. We just need a few technical lemmas below.

Lemma A.10. For any cellularly G-equivariant cofibration Xy — X and any G-space Y, the induced map
Mapg(X,Y) - Mapg(Xo,Y)
is a Serre fibration.

Proof. A retract of a Serre fibration is a Serre fibration as well as is the limit of a tower of Serre fibrations.
Therefore it is enough to consider the case of a G-equivariant cell attachment Xy — X; asin (118). One has a
pullback square

Mapg(X;,Y) —— Mapg(D* x (H\G),Y)

| |

Mapg(Xo,Y) — Mapg(S*! x (H\G), Y).
The left vertical map is a Serre fibration provided the right vertical map is one. One has
Mapg(D* x (H\G),Y) = Mapy (D, Y) = Map(D*, YH);
Mapg(SK x (H\G), Y) = Mapy (S5, Y) = Map(s*=1, YH).

Therefore, the right vertical map in the square above is the map Map(D¥, YH) — Map(S¥-1, YH), which is a
Serre fibration. This follows from the fact that the invariant space Y is fibrant (like any topological space)
and the map from $¥-! to D¥ is a cofibration.

O

Lemmas A.11-A.14 below help to recognize cellularly equivariant cofibrations.

Lemma A.11. The realization of any G-equivariant inclusion of simplicial G-sets is a cellularly G-equivariant
cofibration.

Proof. Obvious. m]
Lemma A.12. For any homomorphism ¢ : G| — G, of discrete groups, both the restriction and extension functors
¢1: Gi-Top 2 Gy-Top: ¢*

preserve cellularly equivariant cofibrations.

Proof. Obvious. O
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Lemma A.13. If

(119) Xo—X and Yy—>Y

are cellularly G-equivariant cofibrations, then so is the pushout-product map
(120) (X% Yp) Uxyxy, (XoxY) —> X xY.

Proof. For generating G-equivariant cell attachments ski=1 % (H;\G) — D" x (H;\G) and S*~1 x (H,\G) —
D*2 x (H,\G), the map (120) becomes

421 (H)\G) x (Hy\G) — DM1*52 x (H{\G) x (H,\G).

The G-set (H1\G) x (H,\G) is isomorphic to a disjoint union of identical G-sets (H; N H,)\G. Thus, the
statement of the lemma holds in this case. Similarly it is true for an arbitrary pair of G-equivariant cell
attachments.

In case X = colim, ), X, and Y = colim,.,, Y, are (possibly transfinite) sequences of G-equivariant cell
attachments, then the inclusion (120) is also a (transfinite) sequence of G-equivariant cell attachments

(e 1)
where the set 1; x A, is given the lexicographical order and therefore is also an ordinal. The spaces Z,, ,,
are defined recursively:

Z. = lim  Zp 4 |U(X, xY,.),
avay =\, colim  Zpup | Kar X Yao)

with Z o being the left-hand side of (120).
Finally, if (119) are retracts of (transfinite) sequences of cell attachments then so is the pushout-product.
O

Lemma A.14. Let dX — X be a cofibration in Top. Then J(X*") — X*" is a cellularly X,,-equivariant cofibration.

Proof. One needs to check it first for the inclusion S¥~! — DK, which is done by stratifying (D¥)*" into
¥,-orbits and then decomposing the orbits into cells. Applying previous Lemmas A.12 and A.13 we can

conclude that the inclusion . ,
a]_[(Dki)xni = I_I(Dki)xni
i=1 i=1
is a cellularly (]_[‘f:1 ¥, )-equivariant cofibration. The rest of the argument is similar to the proof of the
previous lemma. Assuming that X — X is a possibly transfinite sequence of cell attachments colim, ) X,,
we decompose X" extending the cellular structure of colimﬁmXﬁX". O
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