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Preface

The notion of an operad was introduced 40 years ago in algebraic topology [6),
47, 60] in order to model the structure of iterated loop spaces. Since then,
operads have been used fruitfully in many fields of mathematics and physics.

Indeed, the notion of an operad supplies both a conceptual and effective
device to handle a variety of algebraic structures in various situations. Many
usual categories of algebras (like the category of commutative and associative
algebras, the category of associative algebras, the category of Lie algebras,
the category of Poisson algebras, ...) are associated to operads.

The main successful applications of operads in algebra occur in deforma-
tion theory: the theory of operads unifies the construction of deformation
complexes, gives generalizations of powerful methods of rational homotopy,
and brings to light deep connections between the cohomology of algebras,
the structure of combinatorial polyhedra, the geometry of moduli spaces
of surfaces, and conformal field theory. The new proofs of the existence of
deformation-quantizations by Kontsevich and Tamarkin bring together all
these developments and lead Kontsevich to the fascinating conjecture that
the motivic Galois group operates on the space of deformation-quantizations
(see [38]).

The purpose of this monograph is to study not operads themselves, but
modules over operads as a device to model functors between categories of
algebras as effectively as operads model categories of algebras.

Modules over operads occur naturally when one needs to represent univer-
sal complexes associated to algebras over operads (see [14], 54]).

Modules over operads have not been studied as extensively as operads yet.
However, a generalization of the theory of Hopf algebras to modules over
operads has already proved to be useful in various mathematical fields: to
organize Hopf invariants in homotopy theory [2]; to study non-commutative
generalizations of formal groups [12] [13]; to understand the structure of cer-
tain combinatorial Hopf algebras [38],39]. Besides, the notion of a module over
an operad unifies and generalizes classical structures, like Segal’s notion of a
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I'-object, which occur in homological algebra and homotopy theory. In [33],
Kapranov and Manin give an application of the relationship between mod-
ules over operads and functors for the construction of Morita equivalences
between categories of algebras.

Our own motivation to write this monograph comes from homotopy theory:
we prove, with a view to applications, that functors determined by modules
over operads satisfy good homotopy invariance properties.
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Introduction

Main ideas and objectives

The background of the theory of operads is entirely reviewed in the first
part of the monograph. The main characters of the story appear in a natural
generalization of the symmetric algebra S(X), the module spanned by tensors
1@ ®x, € X® divided out by the symmetry relations

xw(l)@"'®xw(n)Exl@"'@)xna

where w ranges permutations of (1,...,n). Formally, the symmetric algebra is
defined by the expansion S(X) = @, ,(X®")x, , where the notation (—)x,
refers to a module of coinvariants under the action of the symmetric group in
n-letters, denoted by X,,. The theory of operads deals with functors S(M) :
X — S(M, X) of generalized symmetric tensors

S(M, X) = (M(n) & Xy,

n=0

with coefficients in objects M (n) equipped with an action of the symmetric
groups X,. The structure formed by the coefficient sequence M = {M(n)},en
is called a X,-object (or, in English words, a symmetric sequence or a sym-
metric object). The definition of S(M, X) makes sense in the setting of a
symmetric monoidal category €. The map S(M) : X +— S(M, X) defines a
functor S(M) : € — £.

In this book we study a generalization of this construction with the aim
to model functors on algebras over operads. For an operad P, we use the
notation p€ to refer to the category of P-algebras in £. We aim to model
functors F' : g€ — & from a category of algebras over an operad R to the
underlying category &, functors F' : £ — p€ from the underlying category &
to a category of algebras over an operad P, as well as functors F : g€ — p&
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from a category of algebras over an operad R to another category of algebras
over an operad P.

To define functors of these types we use left and right modules over oper-
ads, the structures formed by X,-objects equipped with left or right operad
actions. For a right R-module M and an R-algebra A, we use a coequalizer
to make the right R-action on M agrees with the left R-action on A in the
object S(M, A). This construction returns an object Sg(M, A) € £ naturally
associated to the pair (M, A) and the map Sg(M) : A — Sg(M, A) defines a
functor Sg(M) : € — & naturally associated to M. For a left P-module N
the map S(N) : X — S(IV, X) defines naturally a functor S(N) : £ — p€.
For a P-R-bimodule N, a right R-module equipped with a left P-action that
commutes with the right R-action on N, the map Sg(N) : A — Sg(N, A)
defines naturally a functor Sg(N) : g€ — p€.

We study the categorical and homotopical properties of functors of these
form.

Not all functors are associated to modules over operads, but we check
that the categories of modules over operads are equipped with structures
that reflect natural operations on functors. As a byproduct, we obtain that
usual functors (enveloping operads, enveloping algebras, Kéhler differentials,
bar constructions, . ..), which are composed of tensor products and colimits,
can be associated to modules over operads.

In homotopy theory, operads are usually supposed to be cofibrant in the
underlying category of Y.-objects in order to ensure that the category of
algebras over an operad has a well defined model structure. In contrast, the
category of right modules over an operad R comes equipped with a natural
model structure which is always well defined if the operad R is cofibrant in the
underlying symmetric monoidal category. Bimodules over operads form model
categories in the same situation provided we restrict ourself to connected X,-
objects for which the constant term N(0) vanishes. Thus for modules over
operads we have more homotopical structures than at the algebra and functor
levels. As a result, certain homotopical constructions, which are difficult to
carry out at the functor level, can be realized easily by passing to modules
over operads (motivating examples are sketched next). On the other hand, we
check that, for functors associated to cofibrant right modules over operads,
homotopy equivalences of modules correspond to pointwise equivalences of
functors. In the case where algebras over operads form a model category, we
can restrict ourself to cofibrant algebras to obtain that any weak-equivalence
between right modules over operads induce a pointwise weak-equivalence of
functors. These results show that modules over operads give good models for
the homotopy of associated functors.

We use that objects equipped with left operad actions are identified with
algebras over operads provided we change the underlying symmetric monoidal
category of algebras. Suppose that the operad R belongs to a fixed base sym-
metric monoidal category C. The notion of an R-algebra can be defined in



Introduction 3

any symmetric monoidal category £ acted on by C, or equivalently equipped
with a symmetric monoidal functor n: C — &.

The category of X,-objects in C forms an instance of a symmetric monoidal
category over C, and so does the category of right R-modules. One observes
that a left P-module is equivalent to a P-algebra in the category of X,-objects
and a P-R-bimodule is equivalent to a P-algebra in the category of right R-
modules, for any operads P,R in the base category C.

Because of these observations, it is natural to assume that operads belong
to a base category C and algebras run over any symmetric monoidal category
& over C. We review constructions of the theory of operads in this relative
context. We study more specifically the functoriality of operadic constructions
with respect to the underlying symmetric monoidal category. We can deduce
properties of functors of the types S(N) : £ — p€ and Sg(N) : g€ — €
from this generalization of the theory of algebras over operads after we prove
that the map Sg : M +— Sg(M) defines a functor of symmetric monoidal
categories, like S : M +— S(M). For this reason, the book is essentially devoted
to the study of the category of right R-modules and to the study of functors
Sr(M) : g€ — & associated to right R-modules.

Historical overview and prospects

Modules over operads occur naturally once one aims to represent the struc-
ture underlying the cotriple construction of Beck [3] and May [47, §9]. As far
as we know, a first instance of this idea occurs in Smirnov’s papers [56] 57]
where an operadic analogue of the cotriple construction is defined. This op-
eradic cotriple construction is studied more thoroughly in Rezk’s thesis [54]
to define a homology theory for operads.

The operadic bar construction of Getzler-Jones [17] and the Koszul con-
struction of Ginzburg-Kapranov [I§] are other constructions of the homology
theory of operads. In [I4], we prove that the operadic cotriple construction,
the operadic bar construction and the Koszul construction are associated to
free resolutions in categories of modules over operads, like the bar construc-
tion of algebras.

Classical theorems involving modules over algebras can be generalized to
the context of operads: in [33], Kapranov and Manin use functors of the form
Sr(N) : g€ — p€ to define Morita equivalences for categories of algebras over
operads.

Our personal interest in modules over operads arose from the Lie theory of
formal groups over operads. In summary, we use Lie algebras in right modules
over operads to represent functors of the form Si(G) : € — L&, where L refers
to the operad of Lie algebras. Formal groups over an operad R are functors on
nilpotent objects of the category of R-algebras. For a nilpotent R-algebra A,
the object Sg(G, A) forms a nilpotent Lie algebra and the Campbell-Hausdorff
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formula provides this object with a natural group structure. Thus the map
A — Si(G, A) gives rise to a functor from nilpotent R-algebras to groups.
The Lie theory asserts that all formal groups over operads arise this way
(see [111 M2, [13]). The operadic proof of this result relies on a generalization
of the classical structure theorems of Hopf algebras to Hopf algebras in right
modules over operads. Historically, the classification of formal groups was
first obtained by Lazard in [37] in the formalism of “analyzers”, an early
precursor of the notion of an operad.

Recently, Patras-Schocker [49], Livernet-Patras [39] and Livernet [38] have
observed that Hopf algebras in X',-objects occur naturally to understand the
structure of certain classical combinatorial Hopf algebras.

Lie algebras in Y,-objects were introduced before in homotopy theory by
Barratt (see [2], see also [19, 61]) in order to model structures arising from
Milnor’s decomposition

N8(X1V Xy) ~ \/ w(X1, Xa),

where w runs over a Hall basis of the free Lie algebra in 2-generators x1, zo
and w(X7y, X5) refers to a smash product of copies of X7, X5 (one per occur-
rence of the variables x1,z2 in w).

In sequels [15] [16] we use modules over operads to define multiplicative
structures on the bar complex of algebras. Recall that the bar complex
B(C*(X)) of a cochain algebra A = C*(X) is chain equivalent to the cochain
complex of 22X, the loop space of X (under standard completeness assump-
tions on X). We obtain that this cochain complex B(C*(X)) comes naturally
equipped with the structure of an F.-algebra so that B(C*(X)) is equivalent
to C*(£2X) as an E-algebra.

Recall that an E.-operad refers to an operad E equipped with a weak-
equivalence E = C, where C is the operad of associative and commutative
algebras. An FE-algebra is an algebra over some E-operad. Roughly an
FE.-operad parameterizes operations that make an algebra structure com-
mutative up to a whole set of coherent homotopies.

In the differential graded context, the bar construction B(A) is defined
naturally for algebras A over Stasheff’s chain operad, the operad defined by
the chain complexes of Stasheff’s associahedra. We use the letter K to refer
to this operad. We observe that the bar construction is identified with the
functor B(A) = Sk(Bx, A) associated to a right K-module Bgx. We can restrict
the bar construction to any category of algebras associated to an operad R
equipped with a morphism 7 : K — R. The functor obtained by this restriction
process is also associated to a right R-module By obtained by an extension
of structures from Byx. Homotopy equivalent operads R — S have homotopy
equivalent modules By — Bs.

The bar module B¢ of the commutative operad C has a commutative al-
gebra structure that reflects the classical structure of the bar construction of



Introduction 5

commutative algebras. The existence of an equivalence By — Bc, where E
is any E-operad, allows us to transport the multiplicative structures of the
bar module B¢ to Bg and hence to obtain a multiplicative structure on the
bar complex of F-algebras. Constructions and theorems of this book are
motivated by this application.

Note that modules over operads are applied differently in [25] in the study
of structures on the bar construction: according to this article, modules over
operads model morphisms between bar complexes of chain algebras.

In [15], we only deal with multiplicative structures on modules over op-
erads and with multiplicative structures on the bar construction, but the
bar complex forms naturally a coassociative coalgebra. In a subsequent pa-
per [16], we address coalgebras and bialgebras in right modules over operads
in order to extend constructions of [I5] to the coalgebra setting and to obtain
a bialgebra structure on the bar complex.

For a cochain algebra, the comultiplicative structure of the bar complex
B(C*(X)) models the multiplicative structure of the loop space 2X. Bialge-
bras in right modules over operads give rise to Lie algebras, like the classical
ones. One should expect that Lie algebras arising from the bar module By
are related to Barratt’s twisted Lie algebras.

Contents

The sections, paragraphs, and statements marked by the sign ‘9’ can be
skipped in the course of a normal reading. These marks § refer to refinement
outlines.

Part[l. Categorical and operadic background

The purpose of the first part of the book is to clarify the background of our
constructions. This part does not contain any original result, but only changes
of presentation in our approach of operads. Roughly, we make use of functors
of symmetric monoidal categories in standard operadic constructions.

Symmetric monoidal categories for operads

First of all, we give the definition of a symmetric monoidal category £ over
a base symmetric monoidal category C. Formally, a symmetric monoidal cat-
egory over C is an object under C in the 2-category formed by symmetric
monoidal categories and symmetric monoidal functors. In §1| we give equiv-
alent axioms for this structure in a form suitable for our applications. Be-
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sides, we inspect properties of functors and adjunctions between symmetric
monoidal categories.

Symmetric objects and functors

We survey categorical properties of the functor S : M — S(M) from X,-
objects to functors F' : £ — £. More specifically, we recall the definition of
the tensor product of X,-objects, the operation that gives to X,-objects the
structure of a symmetric monoidal category over C, and the definition of the
composition product of X,-objects, an operation that reflects the composition
of functors. For the sake of completeness, we also recall that the functor
S: M — S(M) has aright adjoint I" : G +— T'(G). In the case £ = C = kMod,
the category of modules over a ring k, we use this construction to prove
that the functor S : M +— S(M) is bijective on morphism sets for projective
X -objects or if the ground ring is an infinite field.

Operads and algebras in symmetric monoidal categories

We recall the definition of an algebra over an operad P. We review the basic
examples of the commutative, associative, and Lie operads, which are asso-
ciated to commutative and associative algebras, associative algebras and Lie
algebras respectively.

We assume that the operad P belongs to the base category C and we
define the category p€ of P-algebras in a symmetric monoidal category & over
C. We observe that any functor p : D — £ of symmetric monoidal categories
over C induces a functor on the categories of P-algebras p : pD — &, for
any operad P in the base category C. We review the classical constructions
of free objects, extension and restriction functors, colimits in categories of
algebras over operads, and we check that these constructions are invariant
under changes of symmetric monoidal categories. We review the classical
definition of endomorphism operads with similar functoriality questions in
mind.

At this point, we study the example of algebras in X.-objects and the
example of algebras in functors. We make the observation that a left module
over an operad P is equivalent to a P-algebra in Y,-objects. We also observe
that a functor F' : X — p€, where X' is any source category, is equivalent
to a P-algebra in the category of functors of the form F : X — £. We use
that S : M — S(M) defines a symmetric monoidal functor to obtain the
correspondence between left P-modules N and functors S(N) : £ — €.
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Miscellaneous structures associated to algebras over operads

We recall the definition of miscellaneous structures associated to algebras
over operads: enveloping operads, which model comma categories of algebras
over operads; enveloping algebras, which are associative algebras formed from
the structure of enveloping operads; representations, which are nothing but
modules over enveloping algebras; and modules of Kéahler differentials, which
represent the module of derivations of an algebra over an operad. We study
applications of these notions to the usual operads: commutative, associative,
and Lie. For each example, the operadic definition of an enveloping algebra
is equivalent to a standard construction of algebra, and similarly as regards
representations and Kéahler differentials.

Part[Il. The category of right modules over operads
and functors

In the second part of the book, we study categorical structures of right mod-
ules over operads and functors. Roughly, we prove that the categories of right
modules over operads are equipped with structures that reflect natural op-
erations at the functor level. This part contains overlaps with the literature
(with [13] and [54, Chapter 2] in particular). Nevertheless, we prefer to give
a comprehensive account of definitions and categorical constructions on right
modules over operads.

Definitions and basic constructions

First of all, we recall the definition of a right module over an operad R and
of the associated functors Sg(M) : A +— Sg(M, A), where the variable A
ranges over R-algebras in any symmetric monoidal category £ over the base
category C.

In the book, we use the notation M for the category of X.-objects in
the base category C and the notation F for the category of functors F' :
& — &, where £ is any given symmetric monoidal category over C. The map
S : M — S(M) defines a functor S : M — F. In a similar way, we use the
notation My for the category of right R-modules and the notation Fy for
the category of functors F' : g€ — £. The map Sy : M +— Sg(M) defines a
functor Sg : My — Fry.
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Tensor products

For any source category A, the category of functors F' : A — & has a natural
tensor product inherited pointwise from the symmetric monoidal category &.
In the first part of this introduction, we mention that the category of X,-
objects M comes also equipped with a natural tensor product, as well as
the category of right R-modules M. The definition of the tensor product of
Y .-objects is recalled in The tensor product of right R-modules is derived
from the tensor product of X,-objects and this definition is recalled in

Classical theorems assert that the functor S : M +— S(M) satisfies S(M ®
N) ~ S(M) ® S(N). In we check that the functor Sg : M +— Sg(M)
satisfies similarly Sg(M ® N) ~ Sg(M) ® Sg(N). Formally, we prove that the
map Sg : M — Sg(M) defines a functor of symmetric monoidal categories
over C:

Mz, ®@,1) 2 (Fp,®,1).

g7l Universal constructions on right modules over operads

An operad morphism 1 : R — S gives rise to extension and restriction functors
1 € = s€ : 9", The composition of functors F' : € — & with the restriction
functor ¥' : s€ — R€ defines an extension functor on functor categories:
i Fr — Fgs. In the converse direction, the composition of functors G :
s€ — & with the extension functor iy : g€ — g€ defines a restriction functor
'(/J! : F s — Fg. These extension and restriction functors ¢, : Fgp = Fg: 1/1!
form a pair of adjoint functors.

At the level of module categories, we also have extension and restriction
functors ¢y : My = Mg : ' that generalize the classical extension and
restriction functors of modules over associative algebras. We prove that these
operations on modules correspond to the extension and restriction of functors.
Explicitly, we have natural functor isomorphisms ¢ Sg (M) ~ Sg(¢hyM) and
Y Sp(M) ~ Sg(1)' M). Besides, we check the coherence of these isomorphisms
with respect to adjunction relations and tensor structures.

In the particular case of the unit morphism of an operad, we obtain that
the composite of a functor Sg(M) : g€ — & with the free R-algebra functor
is identified with the functor S(M) : £ — &£ associated to the underlying X,-
object of M. In the converse direction, for a X,-object L, we obtain that the
composite of the functor S(L) : £ — £ with the forgetful functor U : € — &
is identified with the functor associated to a free right R-module associated
to L.
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Adjunction and embedding properties

The functor Sg : My — Fy has a right adjoint I'y : Fg — My, like the
functor S : M — F. In the case &€ = C = kMod, the category of modules
over a ring k, we use this result to prove that the functor Sy : M — Sg(M)
is bijective on morphism sets in the same situations as the functor S : M —
S(M) on X,-objects.

Algebras in right modules over operads

We study the structure of algebras in a category of right modules over an
operad. We observe at this point that a bimodule over operads P, R is equiv-
alent to a P-algebra in right R-modules. We use that Sg : M +— Sz(M) defines
a symmetric monoidal functor to obtain the correspondence between P-R-
bimodules N and functors S(N) : € — p&, as in the case of left P-modules.
We review applications of the general theory of §3] to this correspondence
between P-algebra structures.

Miscellaneous examples

To give an illustration of our constructions, we prove that enveloping oper-
ads, enveloping algebras and modules of Kahler differentials, whose defini-
tions are recalled in are instances of functors associated to modules over
operads. Besides we examine the structure of these modules for classical op-
erads, namely the operad of associative algebras A, the operad of Lie algebras
L, and the operad of associative and commutative algebras C.

New examples of functors associated to right modules over operads can be
derived by using the categorical operations of and

Part [IT]. Homotopical background

The purpose of the third part of the book is to survey applications of homo-
topical algebra to the theory of operads. We review carefully axioms of model
categories to define (semi-)model structures on categories of algebras over op-
erads. We study with more details the (semi-)model categories of algebras in
differential graded modules.

This part does not contain any original result, like our exposition of the
background of operads, but only changes of presentations. More specifically,
we observe that crucial verifications in the homotopy theory of algebras over
operads are consequences of general results about the homotopy of functors
associated to modules over operads. In this sense, this part gives first moti-
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vations to set a homotopy theory for modules over operads, the purpose of
the fourth part of the book.

Symmetric monoidal model categories for operads

First of all, we review the axioms of model categories and the construction of
new model structures by adjunction from a given model category. The model
categories introduced in this book are defined by this adjunction process.

The notion of a symmetric monoidal model category gives the background
for the homotopy theory of operads. We give axioms for a symmetric monoidal
model category &£ over a base symmetric monoidal model category C.

We prove that the category of Y,-objects inherits a model structure and
forms a symmetric monoidal model category over the base category. Then we
study the homotopy invariance of the functor S(M) : &€ — &£ associated to a
XY.-object M. We prove more globally that the bifunctor (M, X) — S(M, X)
satisfies an analogue of the pushout-product axiom of tensor products in
symmetric monoidal model categories.

The homotopy of algebras over operads

To have a good homotopy theory for algebras over an operad P, we have
to make assumptions on the operad P. In general, it is only reasonable to
assume that the unit morphism of the operad n : I — P defines a cofibration
in the underlying category of X.-objects — we say that the operad P is X,-
cofibrant. In the differential graded context, this assumption implies that
each component of the operad P(n) forms a chain complex of projective X,,-
modules. For certain good symmetric monoidal categories, we can simply
assume that the unit morphism of the operad n : I — P defines a cofibration
in the base category C — we say that the operad P is C-cofibrant. In the
differential graded context, this assumption implies that the chain complex
P(n) consists of projective k-modules, but we do not assume that P(n) forms
a chain complex of projective X',-modules.

The category of P-algebras p€ inherits natural classes of weak-equivalences,
cofibrations, fibrations, which are defined by using the adjunction between
p€ and the underlying category £. But none of our assumptions, though
reasonable, is sufficient to imply the full axioms of model categories: the lifting
and cofibration axioms hold in the category of P-algebras for morphisms with
a cofibrant domain only. In this situation, it is usual to say that P-algebras
forms a semi-model category.

In fact, the structure of a semi-model category is sufficient to carry out
every usual construction of homotopical algebra. For our purpose, we review
the definition of model structures by adjunction and the notion of a Quillen
adjunction in the context of semi-model categories.
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We prove the existence of semi-model structures on the category of P-
algebras p€ for every symmetric monoidal model category &£ over the base
category C when the operad P is Y,-cofibrant. Since we prove that X,-objects
form a symmetric monoidal model category over C, we can apply our result
to obtain a semi-model structure on the category of P-algebras in X,-objects,
equivalently, on the category of left P-modules. Recall that a X,-object is
connected if M(0) = 0. We observe that the semi-model structure of the
category of P-algebras in connected X,.-objects is well defined as long as the
operad P is C-cofibrant.

The (co)homology of algebras over operads

The category of algebras over an operad P has a natural cohomology the-
ory Hy(A,E) defined as a derived functor from the functor of deriva-
tions Derp(A, E). There is also a natural homology theory HE(A,E) de-
fined from the functor of Kihler differentials 21(A). We review the defi-
nition of these derived functors. The operadic (co)homology agrees with the
usual Hochschild (co)homology for associative algebras, with the Chevalley-
Eilenberg (co)homology for Lie algebras, and with the Harrison (co)homology
for commutative algebras.

The cohomology of a P-algebra A has coefficients in representations of
A, equivalently in left modules over the enveloping algebra of A. We prove
the existence of universal coefficient spectral sequences which determine the
cohomology Hy (A, E) from Ext-functors Exty; (Hy (A4,U), E), where U refers
to the enveloping algebra of A. We have similar results for the homology
HF(AE).

We observe that the universal coefficients spectral sequences degenerate
for the associative and Lie operads, but not for the commutative operad. We
retrieve from this observation that the cohomology (respectively, homology)
of associative algebras is determined by an Ext-functor (respectively, by a
Tor-functor), and similarly as regards the cohomology of Lie algebras.

An alternative construction of a (co)homology theory for algebras over
an operad P comes from the cotriple construction of Beck. We recall the
definition of the cotriple complex and we prove that the cotriple construction
gives the same result as the abstract definition of the (co)homology by a
derived functor.

Part[IV]. The homotopy of modules over operads and
functors

In the fourth part of the book, we study the homotopical properties of the
functor Sg(M) : A — Sgp(M, A) associated to a right R-module M, and more
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globally of the bifunctor (M, A) — Sg(M, A) on right R-modules M and R-
algebras A. We aim to prove that modules over operads give a good homotopy
model of functors.

The model category of right modules over an operad

First of all, we check that the category of right modules over an operad R
inherits the structure of a cofibrantly generated symmetric monoidal model
category from the base category C, like the category of X,-objects, as long
as the operad R is C-cofibrant.

According to the category of P-algebras in right R-modules (equiva-
lently, on the category of P-R-modules) inherits a semi-model structure pro-
vided that the operad P is X,-cofibrant. If we restrict ourself to connected
right R-modules, then this model structure is well defined as long as the
operad P is C-cofibrant.

Modules and homotopy invariance of functors

We study the homotopy invariance of the bifunctor (M, A) — Sg(M, A). We
prove that a weak-equivalence of right R-modules f : M =5 N induces a
weak-equivalence Sg(f, A) : Sg(M, A) = Sg(N, A) provided that:

(1) the right R-module M, N are cofibrant as right R-modules and the R-algebra
A defines a cofibrant object in the underlying category &,

(2) or the operad R is X,-cofibrant, the right R-module M, N are cofibrant as
XY .-objects and the R-algebra A is cofibrant as an R-algebra.

We prove symmetrically that a weak-equivalence of R-algebras f : A = B
induces a weak-equivalence Sg(M, f) : Sg(M, A) = Sg(M, B) provided that:

(1) the right R-module M is cofibrant as a right R-module and the R-algebras
A, B define cofibrant objects in the underlying category &,

(2) or the operad R is X,-cofibrant, the right R-module M is cofibrant as a
X.-object and the R-algebras A, B are cofibrant as R-algebras.

Some instances of these assertions already occur in the literature, but the
unifying statement is completely new. Assertions (1) are proved by standard
homotopical arguments, but the technical verification of assertions (2), post-
poned to an appendix, takes a whole part of the book.

The assumption about the operad in assertions (2) ensures that the R-
algebras form a semi-model category. But we note that, for certain good
categories £, the semi-model structure of R-algebras is well defined as long as
the operad R is C-cofibrant. In this situation, we can simply assume that the
right R-modules are cofibrant as collections of objects M (n) € C to have the
homotopy invariance properties of assertions (2).
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In we observe that the relative composition product M oy N (a natural
operation between a right R-module M and a left R-module N) is a partic-
ular instance of a construction of the form Sg(M, N), where we identify left
R-modules with R-algebras in X,-objects. Accordingly, we can use our theo-
rems to study the homotopy invariance of the relative composition product
M og N. In we study finer homotopy invariance properties of relative
composition products M og N which occur for a connected left R-module N.

Extension and restriction functors and model structures

Let 1 : R — S an operad morphism. If the operads R, S are C-cofibrant, then
the extension and restriction functors 1, : My = Mg : ' define a Quillen
adjunction for modules. In the context of algebras over operads, we assume
that the operads R,S are X,-cofibrant or that the monoidal category & is
good enough to ensure that R-algebras and S-algebras form model categories.
In this situation, we obtain that the extension and restriction functors ) :
R€ = s& 1 1" define Quillen adjoint functors too.

In both contexts (modules and algebras), the extension and restriction
functors define Quillen adjoint equivalences when the morphism 1 is an op-
erad equivalence. In we give a new general proof of this assertion, which
has already been verified in various situations: in the context of simplicial sets
and simplicial modules, [54) §3.6]; for certain operads in differential graded
modules, [26]; in the context of spectra, [2I, Theorem 1.2.4] and [23]; under
the assumption that the underlying model category is left proper, [4].

For algebras, the crux is to check that the adjunction unit n4 : A — 'y A
defines a weak-equivalence for every cofibrant R-algebra A. In 7] and §9] we
observe that the functors v : g€ = € : ' are associated to right modules
over operads, as well as the functors ¢y : My = Mg : ¢'. From this obser-
vation, the proof that nA : A — 1)'yy A defines a weak-equivalence occurs as
an application of the results of on the homotopy invariance of functors
associated to modules over operads.

Miscellaneous applications

To conclude the book, we survey some applications of the homotopy the-
ory of right modules of operads to the homotopy of algebras over operads.
More specifically, we use results of §I7] to study the homotopy invariance
of usual operadic constructions, like enveloping operads, enveloping algebras
and Kéhler differentials, and to revisit the definition of the (co)homology of
algebras over an operad. In particular, we prove in that the (co)homology
of algebras over an operad agrees with the cohomology of the cotriple con-
struction.
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In we define the (co)homology of algebras over an operad R by using
derived functors of Kihler differentials (21 (A). In we prove that 23 (A)
is the functor associated to a right R-module 2. In we use theorems
of to prove that the homology of R-algebras is defined by a Tor-functor
(and the cohomology by an Ext-functor) if 2} forms a free right R-module
(when R is an operad in k-modules). As an example, we retrieve that the
classical Hochschild homology of associative algebras, as well as the classi-
cal Chevalley-Eilenberg homology of Lie algebras, are given by Tor-functors
(respectively, Ext-functors for the cohomology), unlike Harrison or André-
Quillen homology of commutative algebras.

Part[V]. Appendiz: technical verifications

The purpose of the appendix is to achieve technical verifications of
and Namely we prove that the bifunctor (M, A) — Sg(M, A) associ-
ated to an operad R satisfies an analogue of the pushout-product axiom of
tensor products in symmetric monoidal model categories.



Part 1
Categorical and operadic background






Foreword: categorical conventions

0.1 Functor categories. In this book, we deal with categories of functors F :
A — X. Generally, the category A is not supposed to be small, but to avoid
set-theoretic difficulties we assume tacitely that any category A considered
in the bookij contains a small subcategory Af such that every object X € A
is the filtered colimit of a diagram of Ay. Moreover, we consider tacitely
only functors F' : A — X that preserve filtered colimits and the notation
F(A, X) refers to the category formed by these functors. All functors which
arise from our constructions satisfy this assumption. Under this convention,
we obtain that the category F (A, X) has small morphism sets and no actual
set-theoretic difficulty occurs.

Besides, the existence of the small category Ay implies that a functor
¢ A — X admits a right adjoint ¢* : X — A if and only if it preserves
colimits, because the set-theoretic condition of the adjoint functor theorem
is automatically fulfilled.

0.2 Notation for colimits. Categories occur at two levels in our construc-
tions: we use ground categories, which are usually symmetric monoidal cate-
gories, and categories of algebras over operads, which lie over an underlying
ground category. To distinguish the role of these categories, we use two sys-
tem of conventions to represent colimits: we adopt additive notation (0 for
the initial object and @ for the coproduct) for ground categories, and the
pointed-set notation V for the coproduct in categories of algebras over op-
erads. Nevertheless, we return to pointed-set (or set) notation in particular
instances of ground categories (sets, simplicial sets, topological spaces, ... )
for which this convention is usual.

The pointed-set notation is applied to the category of operads in a base
symmetric monoidal category (see . The pointed-set notation is also
used for categories to which no role is assigned.

* We only make an exception for the category of topological spaces.

17
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Note that ground categories are not assumed to be additive in general.
The initial object 0 is not supposed to be a zero object, and the coproduct
@ is not supposed to be a bi-product.

0.3 Symmetric monoidal categories and enriched categories. The
structure of a symmetric monoidal category gives the categorical background
of the theory of operads. The definition of this notion is reviewed in the next
chapter. For the moment, recall briefly that a symmetric monoidal category
consists of a category C equipped with a tensor product ® : C xC — C and a
unit object 1 € C which satisfies the usual unit, associativity and symmetry
relations of the tensor product of modules over a ring.

The notation Morg(X,Y) is used throughout the book to refer to the
morphism-sets of any category £. But many categories are assumed to be
enriched over a base symmetric monoidal category and come equipped with
a hom-bifunctor with value in C, if C refers to the base category (see .
The hom-objects of every enriched category £ are denoted by Homg(X,Y),
to be distinguished from the morphism sets Morg(X,Y).

0.4 Point-set symmetric monoidal categories. We illustrate our con-
structions by applications in categories of modules over a commutative
ground ring, in categories of differential graded modules (dg-modules for
short), in categories of X,-objects (also called symmetric objects in English
words), or in categories of right modules over an operad. In these instances of
symmetric monoidal categories, the tensor product X ®Y is spanned in a nat-
ural sense by certain tensors x ® y, where (z,y) € X XY, and any morphism
¢: X®Y — Z is equivalent to a kind of multilinear map ¢ : x @ y — ¢(z,y)
on the set of generating tensors. The tensor product 6 : (z,y) — z ®y
represents itself a universal multilinear map 6 : X x Y — X ® Y. The rep-
resentation of morphisms ¢ : X ® Y — Z by actual multilinear maps can
be extended to homomorphisms, elements of internal hom-objects of these
categories. This pointwise representation, usual for modules over a ring, is
formalized in §I.1.5] in the context of dg-modules, in §2.1.9] in the context
of XY,-objects, and in in the context of right modules over an operad.

In illustrations, we apply the pointwise representation of tensors to the
categories, derived from the category of modules, which are mentioned in this
paragraph. But, of course, pointwise representations of tensors hold in the
category of sets, whose tensor product is defined by the cartesian product, and
more generally in any point-set category derived from the cartesian category
of sets, like the category of topological spaces or the category simplicial sets.

In the sequel, we speak abusively of a point-set context to refer to a
symmetric monoidal category in which a pointwise representation of tensors
holds.

0.5 The principle of generalized point-tensors. The pointwise represen-
tation, which makes many definitions more basic, is used in applications. To
simplify, we may make explicit the example of modules over a ring only and
we may omit the case of dg-modules (respectively, X.-objects, right modules



Foreword: categorical conventions 19

over operads) in illustrations. Usually, the generalization from modules to dg-
modules (respectively, X.-objects, right modules over operads) can be carried
out automatically within the pointwise representation, without calling back
the category formalism.

The only rule is to keep track of tensor permutations in mappings to re-
place a tensor z ® y by a decorated tensor ¢ - x ® y, where the decoration o
consists of a sign in the context of dg-modules (see , a block permu-
tation in the context of X,-objects and modules over operads (see ,
a sign combined with a block permutation in the context of symmetric ob-
jects in dg-modules ... The rule arises from the definition of the symmetry
isomorphism 7: X ® Y = X ®@ Y in these symmetric monoidal categories.

To refer to these rules, we say that we apply the principle of generalized
point-tensors.






Chapter 1

Symmetric monoidal categories
for operads

Introduction

The notion of a symmetric monoidal category is used to give a general back-
ground for the theory of operads. Standard examples of symmetric monoidal
categories include categories of modules over a commutative ring, categories
of differential graded modules, various categories of coalgebras, the category
of sets together with the cartesian product, the category of simplicial sets,
and the category of topological spaces. Other possible examples include the
modern categories of spectra used to model stable homotopy, but in applica-
tions operads come often from the category of topological spaces or simplicial
sets and categories of spectra are not used as the base category in our sense
(see next).

The first purpose of this chapter is to survey definitions of symmetric
monoidal categories.

To set our constructions, we fix a base symmetric monoidal category, usu-
ally denoted by C, in which all small colimits, all small limits exist, and we
assume that the tensor product of C preserves all colimits (see . In the
sequel, operads are usually defined within this base category C. But, in our
constructions, we use naturally algebras over operads in extensions of the base
category to which the operad belongs. For this reason, we review definitions
of symmetric monoidal categories to have an appropriate axiomatic back-
ground for our applications. The axiomatic structure, needed to generalize
the definition of an algebra over an operad, consists of a symmetric monoidal
category over the base category C, an object under C in the 2-category of
symmetric monoidal categories (see §1.1.2).

Definitions of symmetric monoidal categories are reviewed in §I.1]with this
aim in mind. The structure of a symmetric monoidal category over the base
category is made explicit in that section.

In §1.2] we recall the definition and properties of particular colimits
(namely, reflexive coequalizers and filtered colimits). We use repeatedly that

21
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these colimits are preserved by tensor powers in symmetric monoidal cate-
gories.

The categories of spectra form natural examples of symmetric monoidal
categories over the category of simplicial sets. In applications of the theory
of operads, categories of spectra are often used as such and the actual base
category in our sense is formed by the category of simplicial sets. The example
of spectra is only examined in remarks of parts [[TINIV] of the book.

1.1 Symmetric monoidal categories over a base

In this section, we recall briefly the definition of a symmetric monoidal cat-
egory, essentially to fix axiomatic requirements on base symmetric monoidal
categories. Then we study the 2-category of symmetric monoidal categories
and we give an axiomatic definition of the structure of a symmetric monoidal
category over a base category. Besides we survey basic examples of symmetric
monoidal categories, used throughout the book in examples of applications.

1.1.1 The base symmetric monoidal category. Roughly (we refer to [44,
Chapter 11] for a detailed definition), a symmetric monoidal category consists
of a category C equipped with a tensor product ® : C XxC — C and a unit
object 1 € C such that we have unit relations

1C~C~C®1, VCeC,
an associativity relation
(A B)eC~A®(B®(C), VA B,CeC,
and a symmetry isomorphism
7(C,D):C®D = D®C, YO, DecC.

The natural isomorphisms that give these relations are part of the structure
and, whenever relations are patched together, all composites of relation iso-
morphisms are supposed to return the same result. According to [44, Chapter
11], the verification of this coherence assumption reduces to the commuta-
tivity of a 4-term associativity pentagon, three 2-term unit triangles, and a
3-term symmetry hexagon.

Abusively, we omit to specify the unit, associativity, and symmetry isomor-
phisms in the notation of a symmetric monoidal category. Moreover, we use
the notation (C,®, 1) only to insist that we consider the symmetric monoidal
structure of the category C. Usually, we specify a symmetric monoidal cat-
egory by the underlying category C, assuming that C has a natural internal
symmetric monoidal structure.
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Throughout this book, we use the letter C to refer to a base symmetric
monoidal category, fixed once and for all. Usual examples are surveyed next.

All small colimits, all small limits are supposed to exist in the base cate-
gory C and the tensor product ® : C x C — C is assumed to preserve colimits
in each variable separately. Explicitly, the natural morphism

colim(C; ® D) — (colim C;) ® D,

is an isomorphism for all diagrams Cj, i € I, and every fixed object D € C,
and similarly for colimits on the right-hand side.

1.1.2 The axioms of a symmetric monoidal category over a base.
In brief, a symmetric monoidal category over C consists of an object under C
in the 2-category of symmetric monoidal categories. For our needs, we give
a more explicit definition of the structure of a symmetric monoidal category
over a base category and we prove afterwards that the explicit definition
agrees with the abstract categorical definition.

For us, a symmetric monoidal category over C consists of a symmetric
monoidal category (£,®,1) equipped with an external tensor product ® :
C x& — & such that we have a unit relation

10X ~X, VX e,
an associativity relation
(CeD)eX~C(D®X), VC,DeCVX eg,
and such that we have a distribution relation
CRXY)~((CeX) Y ~X®(CRY), VCeCVX,Y e,

between the external tensor product and the internal tensor product of &£.
Again, the isomorphisms that give these relations are part of the structure
and all composites of relation isomorphisms are supposed to return the same
result whenever relations are patched together. The verification of this coher-
ence assumption reduces to the commutativity of the associativity pentagons,
unit triangles and symmetry hexagons of symmetric monoidal categories, but
where internal and external tensor products are patched together in all pos-
sible ways.

Recall that a category & is tensored over a base symmetric monoidal cat-
egory C if it is equipped with an external tensor product ® : C x& — &
that satisfies the unit and associativity relations. The structure of a symmet-
ric monoidal category over C put together an internal symmetric monoidal
structure with the structure of a tensored category.

Again, we assume that all small colimits, all small limits exist in the cate-
gory £. To simplify (see next remark), we also assume that the internal tensor
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product of £ preserves all colimits in each variable, and similarly as regards
the external tensor product ® : C x& — €&.
The base category forms clearly a symmetric monoidal category over itself.

1.1.3 Remark. In constructions of parts (for instance, in the definition
of the category of algebras in & associated to an operad in C), it is only
necessary to assume that:

— The internal tensor product of £ preserves initial objects, filtered colimits
and reflexive coequalizers on both sides (see for recollections on these
particular colimits);

— The external tensor product ® : C € — & preserves all colimits on the
left-hand side, but only initial objects, filtered colimits and reflexive co-
equalizers on the right-hand side.

The category of connected coalgebras used in [16] gives a motivating exam-
ple of a symmetric monoidal category over a base for which these weakened
axioms have to be taken.

In the next paragraphs, we recap our basic examples of base symmetric
monoidal categories and we give simple examples of symmetric monoidal
categories over the base. Usual tensor products are derived from two primitive
constructions: the tensor product of modules over a commutative ground ring
and the cartesian products of sets. Our exposition follows this subdivision.

1.1.4 Basic examples: symmetric monoidal categories of modules
and differential graded modules. Our first instance of a base symmetric
monoidal category is the category C = k Mod of modules over a fixed com-
mutative ground ring k together with the tensor product over the ground
ring ® = ®g. The ground ring is usually omitted in this notation and the
tensor product of C =k Mod is denoted by ®, like every tensor product of a
symmetric monoidal category.

The usual categories of differential graded modules (non-negatively graded,
lower graded, ...) form other classical instances of symmetric monoidal cate-
gories. In the sequel, we use the notation dgk Mod for the category of differ-
ential lower Z-graded k-modules, whose objects (called dg-modules for short)
consists of a k-module C' equipped with a grading C' = @.czC\ and with an
internal differential, usually denoted by § : C — C, that decreases degrees
by 1.

The tensor product of dg-modules C, D € dgk Mod is the dg-module C® D
defined by the usual formula

(C® D), = @ Cp ® Dy
p+q=n

together with the differential such that §(z®y) = 0(z) ®y+ a2 ®0(y), where
+ = (—1)? for homogeneous elements & € Cp, y € Cy. The tensor product
of dg-modules is obviously associative, has a unit given by the ground ring
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k (put in degree 0 to form a dg-module), and has a symmetry isomorphism
7(C,D) : C ® D = D ® C defined by the usual formula 7(C, D)(z ® y) =
+y ® x, where + = (—1)P? for homogeneous elements = € C),, y € C,,. Hence
we obtain that the category of dg-modules comes equipped with the structure
of a symmetric monoidal category.

The symmetric monoidal category of dg-modules forms obviously a sym-
metric monoidal category over k-modules.

The symmetry isomorphism of dg-modules follows the standard sign con-
vention of differential graded algebra, according to which a permutation of
homogeneous objects of degree p and ¢ produces a sign + = (—1)?4. In the
sequel, we do not make explicit the signs which are determined by this rule.

1.1.5 The pointwise representation of dg-tensors. The pointwise repre-
sentation of tensors of §§0.410.5] can be applied to the category of dg-modules.
In this representation, the tensor product C'® D is considered as a dg-module
spanned by tensor products z ® y of homogeneous elements (z,y) € Cp x Dy,.
To justify this rule, observe that a morphism of dg-modules ¢ : C®R D — FE is
equivalent to a collection of homogeneous maps ¢ : C, x Dy — E,,, which are
multilinear in the usual sense of linear algebra, together with a commutation
relation with respect to differentials. Hence a morphism ¢ : C ® D — FE is
well determined by a mapping z®y — ¢(z,y) on the set of generating tensors
xr ®y, where (z,y) € Cp x D,.

The definition of the symmetry isomorphism 7(C,D) : X @ Y =Y ® X
gives the commutation rule * ® y — +y ® z, with a sign added.

1.1.6 Remark: symmetric monoidal categories of graded objects.
Let grkMod denote the category of graded k-modules, whose objects con-
sists simply of k-modules C' € k Mod equipped with a splitting C = @, ., C...
Any object in that category can be identified with a dg-module equipped with
a trivial differential. The category grk Mod inherits a symmetric monoidal
structure from this identification, since a tensor product of dg-modules
equipped with a trivial differential has still a trivial differential. The sym-
metry isomorphism of this symmetric monoidal structure includes the sign of
differential graded algebra.

In the context of graded modules, we can drop this sign to obtain another
natural symmetry isomorphism 7(C, D) : C ® D =, D ® C. This convention
gives another symmetric monoidal structure on graded modules, which is not
equivalent to the symmetric monoidal structure of differential graded algebra.

These symmetric monoidal categories of graded modules form both sym-
metric monoidal categories over k-modules.

1.1.7 Basic examples: symmetric monoidal structures based on the
cartesian product. The category of sets Set together with the cartesian
product x forms an obvious instance of a symmetric monoidal category. The
cartesian product is also used to define a symmetric monoidal structure in
the usual category of topological spaces Top, and in the usual category of
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simplicial sets S. The one-point set, which gives the unit of these symmetric
monoidal categories, is represented by the notation *.

Suppose C is any category with colimits. For a set K € Set and an object
C € C, we have a tensor product K ® C € C formed by the coproduct over
the set K of copies of the object C :

K®C::®C.

keK

This construction provides any category with colimits with a tensor product
over the category of sets. If we assume further that C is a symmetric monoidal
category so that the tensor product ® : C x C — C preserves colimits, then
our external tensor product ® : Set x C — C satisfies the distribution relation
of Hence every symmetric monoidal category C whose tensor product
® : CxC — C preserves colimits forms naturally a symmetric monoidal
category over the category of sets.

Recall that a simplicial object in a category C consists of a collection of
objects X,, € £, n € N, equipped with faces d; : X,, — X,,_1,i=0,...,n,
and degeneracies s; : X,, — X1, j = 0,...,n, that satisfy the universal
relations of faces and degeneracies of simplicial sets. The category of simplicial
objects in C is denoted by Ca.

If C is a symmetric monoidal category, then C o inherits a tensor product
and forms still a symmetric monoidal category. The construction is standard:
the tensor product of simplicial objects C, D € Cx is defined dimensionwise
by (C ® D), = C,, ® D,, and comes equipped with the diagonal action of
faces and degeneracies. If £ is a symmetric monoidal category over a base
symmetric monoidal category C, then the category of simplicial objects £a
forms similarly a symmetric monoidal category over Ca.

If we apply this general construction to the base category of sets and to any
symmetric monoidal category C such that the tensor product ® : C xC — C
preserves colimits, then we obtain that the category of simplicial objects C o
forms a symmetric monoidal category over simplicial sets S. Next, in §1.1.11]
we shall observe that the category of topological spaces Top forms another
instance of a symmetric monoidal category over the category of simplicial
sets S.

The categories of spectra, alluded to in the introduction of this chapter,
form other instances of symmetric monoidal categories over simplicial sets,
but we defer applications of this idea to brief remarks in parts [[ITIJIV] of the
book.

1.1.8 Functors and natural transformations. A functor p: D — £ is a
functor of symmetric monoidal categories over C if we have a relation

pP(X ®Y) ~ p(X) @ p(Y)

for the internal tensor product of objects X,Y € D, a relation
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p(CRY)=C®p(Y),
for the external tensor product of Y € D with C € C, and an isomorphism

p(1)~1

for the unit object 1 € £. Again, the isomorphisms that give these relations
are part of the structure and are supposed to satisfy coherence relations with
respect to the isomorphisms that give the internal relations of symmetric
monoidal categories.

A natural transformation 8(X) : p(X) — o(X), where p,o : D — £ are
functors of symmetric monoidal categories over C, is a natural transformation
of symmetric monoidal categories over C if we have 6(1) = id, for unit objects,
A(XRY)=0X)®0(Y), forall X,)Y € D,and 6(C®Y) =C @), for
all C € C, Y € D. In these equations, we identify abusively the relations
of symmetric monoidal functors with identities. The relations are defined
properly by commutative diagrams obtained by patching together the natural
transformations with the isomorphisms that give these relations.

Adjoint functors p; : D = £ : p* define an adjunction of symmetric
monoidal categories over C if py and p* are functors of symmetric monoidal
categories over C, and the adjunction unit nX : X — p*p X, as well as the
adjunction augmentation €Y : pip*Y — Y, are natural transformations of
symmetric monoidal categories over C.

The next assertion is straightforward:

1.1.9 Proposition. For any symmetric monoidal category £ over C, we have
a symmetric monoidal functor n : (C,®,1) — (£,®,1) defined by n(C) =
C ® 1, where C ® 1 refers to the external tensor product of C' € C with the
unit object of £.

Conversely, any symmetric monoidal category (£,®,1) equipped with a
symmetric monoidal functor n : (C,®,1) — (£,®,1) forms a symmetric
monoidal category over C so that C®@ X =n(C)® X, forallC €C, X € £.
In addition, the functor n : C — &£ preserves colimits if and only if the
associated external tensor product C @ X = n(C) @ X preserves colimits on
the left.

These constructions define inverse equivalences of 2-categories between the
category of symmetric monoidal categories over C and the comma category
of objects under (C,®, 1) in the 2-category of symmetric monoidal categories.

|

The functor n : C — & is usually omitted in the notation of the object
n(C) € & associated to C € C. Note however that the identification n(C) = C
may be excessively abusive, though the functor n : C — & is canonically
determined by the structure of £, because 1 : C — £ is not supposed to be
faithful.

Proposition [1.1.9] makes clear the following transitivity relation:
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1.1.10 Observation. Let D be a symmetric monoidal category over the base
category C. Suppose &€ is a symmetric monoidal category over D. Then &
forms itself a symmetric monoidal category over the base category C.

1.1.11 Examples.

(a) In we observe that any symmetric monoidal category C forms
naturally a symmetric monoidal category over the cartesian category of sets
provided that the tensor product of C preserves colimits. The canonical func-
tor n : Set — C determined by this structure is given by the explicit formula
N(K) =K ®1= @, 1. Throughout the book, we also adopt the notation
1[K] = K ® 1 for this construction.

(b) The standard geometric realization of simplicial sets defines a functor of
symmetric monoidal categories | —| : (S, x, %) — (Top, X, ) since the classical
Eilenberg-Zilber subdivision of prisms gives rise to a natural homeomorphism

V:|K|x|L| = |K x L|

which satisfies the coherence relations alluded to in §1.1.8] Thus the category
of topological spaces forms a symmetric monoidal category over simplicial
sets.

(c) The normalized chain complex of simplicial sets defines a functor N, (—) :
S — dgkMod, but in this context we only have a weak-equivalence

V: N.(K) x N.(L) = N, (K x L),

for K,L € S, and the category of dg-modules does not form a symmetric
monoidal category over simplicial sets in our sense.

1.1.12 Enriched symmetric monoidal categories over the base cat-
egory. Throughout this book, we assume that all categories £ which are
tensored over the base category C satisfy the assumption that the external
tensor product ® : C xE — & preserves colimits on the left-hand side, as as-
serted in for symmetric monoidal categories over C. According to our
convention (see in the foreword), this assumption implies the existence
of an external hom-bifunctor

Homg(—,—):EP xE—C

such that
Morg(C ® X,Y) = More(C, Homg(X,Y)),

for all C € C, X,Y € &£. Thus we obtain that the category £ is naturally
enriched over the base category C ﬂ

* In the context of topological spaces, the set-theoretic convention of §0.1 is not satisfied,
but the existence of a good homomorphism object is a classical issue, which can be solved
if we take a good category of topological spaces (see the survey and the bibliographical
references of [28], §§2.4.21-26]).
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In a point-set context, where the objects of C have an actual underlying
set, we call homomorphisms the elements of Homg(X,Y'), which have to be
distinguished from the actual morphisms f € Morg(X,Y).

1.1.13 Examples.

(a) For & = C = kMod, the category of k-modules, we have simply
Homgmod(X,Y) = Morgmod(X,Y) since the set of k-module morphisms
forms itself a k-module and this k-module satisfies the adjunction relation of
hom-objects.

(b) For & = C = dgkMod, the category of dg-modules, the dg-object
Homggkmod(C, D) is spanned in degree d by homogeneous maps f : C — D
which raise degrees by d. The differential of a map f € Homggkmod(C, D) is
given by the usual commutator formula 6(f) =9 f — £/ -9 in which we use
the internal differential of the dg-modules C' and D.

Observe that a homogeneous element f € Homggrmod(C ® D, E) of

degree d is also equivalent to a collection of actual multilinear maps f :
Cp x Dy — E,, where n = p + g + d. Thus the pointwise representation
of §T.1.4) can be extended to homomorphisms of the category of dg-modules.
(c) For & = C = Set, the category of sets, we have simply Homget(X,Y) =
Morget (X,Y), the set of maps f: X — Y.
(d) The n-simplex A™ in the category of simplicial sets S is charac-
terized by the relation Mors(A™ K) = K,, for all K € S. The col-
lection A", n € N, form a cosimplicial object in S. For a category &
tensored over the category of simplicial sets S, we have a hom-object
Homg(C,D) € S defined by Homg(C,D),, = Morg(A™ @ C, D), together
with faces d; : Morg(A™ @ C,D) — Morg(A""! @ C, D) and degenera-
cies s; : Morg(A™ @ C,D) — Morg(A™™! ® C, D) induced by the faces
d': A"~! — A" and the degeneracies s/ : A"T! — A" of the n-simplex A™.
This definition is forced by the relations

Homg(X,Y), = Mors(A"™, Homg(X,Y)) = Morg (A" @ X, Y).

Use that the simplices A™, n € N, generate the category of simplicial sets to
extend the adjunction relation Mors(A™, Homg(X,Y)) = Morg (A" ® X,Y)
to all simplicial sets.

1.1.14 Functors on enriched categories. Recall that 1[—] : Set — C
refers to the canonical functor of symmetric monoidal categories such that
1[K] = @k 1. For K = Morg(X,Y), we have a morphism

iMore(X, Ve x~ @ xLuy
fEMorg(X,Y)
that determines a natural morphism

1[Morg(X,Y)] — Homeg(X,Y).
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A functor p : D — &, where the categories D and £ are tensored over C,
is a functor in the enriched sense if we have a natural transformation p :
Homp(X,Y) — Homg(pX, pY') which preserves compositions in hom-objects
and so that the diagram

1[Morp(X,Y)] e 1[Morg (pX, pY)]

| i

Homp(X,Y) v Home (pX, pY)

commutes, for all X,Y € D.
The next assertion is formal:

1.1.15 Proposition. Let p : D — £ be a functor, where the categories D
and £ are tensored over C. If p preserves external tensor products, then the
map f — p(f), defined for morphisms in &, extends to a morphism

Homp(X,Y) 2 Home(pX, pY),

so that we have a commutative diagram

Mor¢(C, Homp(X,Y)) - S Mor¢(C, Homg (pX, pY))
~ Morg (C ® pX, pY)

TN

Morp(C® X,Y) Morg(p(C @ X), pY)

p

for all C € C, and p defines a functor in the enriched sense. a
For our needs we check further:

1.1.16 Proposition. Let p; : D = £ : p* be adjoint functors, where the cat-
egories D and & are tensored over C. If py preserves external tensor products,
then the functors p; : D 2 & : p* satisfy an enriched adjunction relation

Homg(mX,Y) ~ Homp (X, p*Y),

where morphism sets are replaced by hom-objects over C. Moreover, the mor-
phism on hom-objects induced by py : D — & fits a commutative diagram
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P!

Homp(X,Y) Homg(pX, pmY) ,

nY. /

HO’ITI,D (X, p*p!Y)

where nY, denotes the morphism induced by the adjunction unit nY :' Y —
prpY.

Proof. Apply the adjunction relation on morphism sets to a tensor product
CRY € D, where C € C and X € D. Since we assume p(C®X) ~ C®p(X),
we obtain natural isomorphisms

Morg (C ® pX,Y) ——=— Morg(p(C @ X),Y) ——— Morp(C ® X, p*Y)

zl iz

Morc(C, Homg(prX,Y)) o= More (C, Homp (X, p*Y))

from which we deduce the existence of an isomorphism
Homg(pX,Y) ~ Homp(X, p*Y),

foral X e D, Y €&.
For XY € D, we have a commutative diagram on morphism sets

P!

Morp(X,Y) Morg(m X, pY) .

nY. /

Morp (X, p*mY)

This assertion is a formal consequence of the definition of an adjunction unit.
Again, we apply this diagram to a tensor product X := C ® X € D, where
C € C and X € D, and we use the relation p)(C ® X) ~ C ® pi(X) to check
that the diagram commutes at the level of hom-objects. O

1.1.17 Reduced symmetric monoidal categories over a base. In the
sequel, we also consider reduced symmetric monoidal categories £° which
come equipped with a symmetric internal tensor product and with an external
tensor product over C, but which have no internal unit object. In this case,
we assume all axioms of a symmetric monoidal category over a base, except
the axioms that involve the unit of £.

Any reduced symmetric monoidal category £V is equivalent to a symmetric
monoidal category over C of the form & = C x&°, together with the functor
n : C — & such that nC = (C,0) and the internal tensor product so that:
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(C, XY =nCoY e (0,X°)Y, V(C X% eCxE VY g,
XD, YY=XonDdX®(0,YY), VX c& V(D,Y®) eCxE,
nC ® (0, X% = (0, X% @nC = (0,C ® X°), V(C,X°) €Cx&°
and (0, X% ®(0,Y%) =(0,X°®Y?), V(X° Y% & x&.

The coproduct in & = C x&° is given by the obvious formula (C, X°) @
(DY) =(CaD,X°aY").

This construction gives readily:
1.1.18 Proposition. The category of reduced symmetric monoidal categories

over C is equivalent to a subcategory of the 2-category of symmetric monoidal
categories over C. a

1.2 Reflexive coequalizers and filtered colimits

Recall that a coequalizer

do
X1 4; XO —_—> coker(X1 = Xo)
dy

is reflexive if there exists a morphism sy : Xy — X; such that dgsg = id =
dysg. In this context, we say that dy, d;, forms a reflexive pair of morphisms.

The importance of reflexive coequalizers for our purpose comes from the
following assertions:

1.2.1 Proposition (see [20, p. 46] and [54, Lemma 2.3.2]). Suppose T :
A x B — & is a bifunctor that preserves reflexive coequalizers in each variable
separately. Fxplicitly: the natural morphism

coker(T(X1,Y) = T(Xo,Y)) — T(coker(X; = Xj),Y),

18 an isomorphism, for all reflexive pairs of morphisms dy,dy : X1 = X and
all objects Y, and similarly for coequalizers in the second variable. Then:

(a) The functor T preserves reflexive coequalizers in two variables. Explicitly,
the natural morphism

coker(T'(X1,Y1) =2 T'(Xo,Ys)) — T(coker(X; =% Xo), coker(Y1 =2 Yp))
is an isomorphism for all reflexive pairs of morphisms do,d; : X1 = X

and do,dl : Y1 = Yo.

(b) In the case A = B, the composite of (X,Y) — T(X,Y) with the diagonal
functor X — (X, X) preserves reflexive coequalizers as well.
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Proof. Check that the obvious implication

€T (do,id) = €T'(dy,id) and €T(id,dp) = €T'(id, d;)
= éT(dQ, do) = €T(d1, dl)

is an equivalence if the parallel morphisms dy,d; : X1 — Xy and dg,d; :
Y7 — Y) have a reflection. Deduce from this observation:

coker(T(X1,Y1) = T'(Xo,Yp)) ~ colimT'(X;,Y;),

(4,4)

where colim; ;) T'(X;, Y;) refers to the colimit over the diagram

T(X1,Y1) —=T(Xo, V1) ,

I |

T(X1,Yy) —= T(Xo, Xo)
and use the assumption to conclude:
coker(T'(X1,Y1) = T'(Xo, Vo)) ~ cg%%r)nT(Xi, Y;)
~ coliim co%irn T(X;,Y;) ~ T(coker(X; = Xy), coker(Y1 = Yp)).

Use that diagonal functors preserve all colimits to obtain assertion @ ad

The same assertions hold for filtered colimits. Recall that a filtered colimit
refers to a colimit over a filtered category, and a category I is filtered if
(see [44, Chapter 9]):

(1) Any pair of objects 7, j € I can be joined together by morphisms

in I;
(2) Any pair of parallel morphisms u, v : ¢ — j can be equalized by a morphism

u
iTZ )k
v
in I.
As an example, any ordinal (see [27, 28]) forms a filtered category.

1.2.2 Proposition (see [54] Lemma 2.3.2]). Suppose T : AxB — & is a
bifunctor that preserves filtered colimits in each variable separately. Explicitly:
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the natural morphism

colimT(X;,Y) — T(colim X;,Y),

s an isomorphism, for all I-diagrams i — X;, where I is a filtered category,
and similarly with respect to the second variable. Then:

(a) The functor T preserves filtered colimits in two variables. Explicitly, the
natural morphism

colim T(X;,Y;) — T(colim X;, colim Y;)

s an isomorphism for all I-diagrams i — X; and i — Y;, where I is a filtered
category.

(b) In the case A = B, the composite of (X,Y) — T(X,Y) with the diagonal
functor X — (X, X) preserves filtered colimits as well.

Proof. Observe that the diagonal A : I — I x [ is a final functor when [ is
filtered (see [44, Chapter 9] for the notion of a final functor) to conclude that

colimT(X;,Y;) ~ colim T(X;,Y;)
el (1,7)€IXTI

~ colim colim T'(X;,Y;) ~ T(colim X;, colim Y}).
iel  jel i J

Use again that diagonal functors preserve all colimits to obtain assertion @

O

These assertions imply:

1.2.3 Proposition. The tensor power functors 1d®" : X — X% in a sym-

metric monoidal category € preserve reflexive coequalizers and filtered colim-
its. O



Chapter 2
Symmetric objects and functors

Introduction

In this chapter, we recall the definition of the category of X.-objects and we
review the relationship between X.-objects and functors. In short, a X, -object
(in English words, a symmetric sequence of objects, or simply a symmetric
object) is the coefficient sequence of a generalized symmetric functor S(M) :
X — S(M, X), defined by a formula of the form

oo

S(M, X) = D(M(r) ® X,
r=0

In §2.1] we recall the definition of the tensor product of X,-objects, the op-
eration which reflects the pointwise tensor product of functors and which pro-
vides the category of X,-objects with the structure of a symmetric monoidal
category over the base category.

Beside the tensor product, the category of X.-objects comes equipped
with a composition product that reflects the composition of functors. The
definition of this composition structure is recalled in §2.2}

The map S : M — S(M) defines a functor S : M — F, where M denotes
the category of Y.-objects and F denotes the category of functors F : £ — &€
on any symmetric monoidal category £ over the base category C. The adjoint
functor theorem implies that this functor has a right adjoint I : F — M.
In §2.3] we give an explicit construction of this adjoint functor by using that
the symmetric monoidal category £ is enriched over the base category C. In
addition, we prove that the map S : M — S(M) defines a faithful functor
in the enriched sense as long as the category & is equipped with a faithful
functor 7 : C — £. In the case £ = C = kMod, the category of modules over
a ring k, we use the explicit construction of the adjoint functor T' : G — T'(G)
to prove that the functor S : M +— S(M) is bijective on object sets under
mild conditions on Y,-objects or on the ground ring k.

35
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In §§2.T}2-3] we deal with global structures of the category of X,-objects.
In §2.4} we study the image of colimits under the functor S(M) : &€ — & associ-
ated to a X,-object M. Explicitly, we record that the functor S(M) : & — &
preserves filtered colimits and reflexive coequalizers (but not all colimits).
This verification is required by our conventions on functors (see and is
also used in where we address the construction of colimits in categories
of algebras over operads.

2.1 The symmetric monoidal category of XY .-objects
and functors

Formally, a X.-object in a category C consists of a sequence M(n), n € N,
where M (n) is an object of C equipped with an action of the symmetric
group X,. A morphism of X,-objects f : M — N consists of a sequence of
morphisms f : M(n) — N(n) that commute with the action of symmetric
groups.

Usually, we have a base category C, fixed once and for all, and we deal
tacitely with X,-objects in that category C. Otherwise we specify explicitly
the category in which we define our X,-object. We may use the notation
E*+ to refer to the category of X.-objects in a given category &, but we
usually adopt the short notation M for the category of Y.-objects in the
base category £ = C.

In the introduction of the chapter, we recall that M forms a symmetric
monoidal category over C. In this section, we address the definition and appli-
cations of this categorical structure. More specifically, we use the formalism
of symmetric monoidal categories over a base category to express the rela-
tionship between the tensor product of X,-objects and the pointwise tensor
product of functors on a symmetric monoidal category £ over C. Formally,
the category F of functors F' : £ — &£ inherits the structure of a symmetric
monoidal category over C and the map S : M +— S(M) defines a functor of
symmetric monoidal categories over C:

M, 2,1) > (F,0,1).

2.1.1 The functor associated to a X.-object. First of all, we recall the
definition of the functor S(M) : € — £ associated to a X,-object M, for £ a
symmetric monoidal category over C. The image of an object X € £ under
this functor, denoted by S(M, X) € &, is defined by the formula

oo

S(M, X) = (M) © X)),
r=0
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where we consider the coinvariants of the tensor products M (r)® X®" under
the action of the symmetric groups X,.. We use the internal tensor product
of £ to form the tensor power X®”, the external tensor product to form
the object M(r) ® X® in £, and the existence of colimits in £ to form the
coinvariant object (M (r) @ X®")y, and S(M, X).

In we introduce pointwise operations on functors F' : £ — £ that
correspond to tensor operations on the target. In light of these structures on
functors, we have a functor identity

oo

S(M) =P M (r) © 14"z,

r=0

where Id : £ — £ denotes the identity functor on £.

The construction S : M — S(M) is clearly functorial in £. Explicitly, for
a functor p : D — £ of symmetric monoidal categories over C, the diagram
of functors

D4>

&
S(M) lS(M )
H (C/‘
commutes up to natural isomorphisms. Equivalently, we have a natural func-
tor isomorphism S(M) o p =~ p o S(M), for every M € M.

In the point-set context, the element of S(M, V') represented by the tensor
R (11 ®-- @) € M(r)® Ve is denoted by £(x1,...,2,) € S(M,V). The
coinvariant relations read o§(x1,...,7,) = £(Ts(1), -+ To(r)), for o € L.

Clearly, the map S : M +— S(M) defines a functor S : M — F, where
F = F(&,E) denotes the category of functors F' : £ — £. (Because of our con-
ventions on functor categories, we should check that S(M) : £ — £ preserves
filtered colimits, but we postpone the simple verification of this assertion
to §2.41)

The category M is equipped with colimits and limits created termwise
in C. The category of functors F = F(&,€) is equipped with colimits as
well, inherited pointwise from the category £. By interchange of colimits, we
obtain immediately that the functor S : M — F(E, &) preserves colimits.

2.1.2 Constant Y,-objects and constant functors. Recall that a X,-
object M is constant if we have M (r) = 0 for all » > 0. The base category
C is isomorphic to the full subcategory of M formed by constant objects.
Explicitly, to any object C' € C, we associate the constant X.-object n(C')
such that n(C)(0) = C. This constant X,-object is associated to the constant
functor S(C, X) = C.

2.1.3 Connected Y.-objects and functors. The category embedding 7 :
C — M has an obvious left-inverse € : M — C defined by ¢(M) = M (0). The
category of connected X, -objects M° is the full subcategory of M formed by
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Y,-objects M such that ¢(M) = M(0) = 0, the initial object of C. Clearly,
connected X,-objects are associated to functors S(M) : € — & such that
S(M,0) =0.

In the case of a connected X,-object M € /\/107 we can extend the con-
struction of to reduced symmetric monoidal categories. To be explicit,
for objects X in a reduced symmetric monoidal category £° over C, we set

(M, X) = @) (M(n) © X"y,

n=1
to obtain a functor S°(M) : £° — £°.

2.1.4 The symmetric monoidal category of functors. Let F = F(A,C)
denote the category of functors F' : A — C, where A is any category (see .
Recall that F = F(A,C) has all small colimits and limits, inherited pointwise
from the base category C.

Observe that the category F is equipped with an internal tensor product
® : F®F — F and with an external tensor product ® : CQ F — F,
inherited from the base symmetric monoidal category, so that F forms a
symmetric monoidal category over C. Explicitly: the internal tensor product
of functors F,G : A — C is defined pointwise by (F®G)(X) = F(X)®G(X),
for all X € A; the tensor product of a functor G : A — C with an object
C € Cis defined by (C® F)(X) = C® F(X); the constant functor 1(X) = 1,
where 1 is the unit object of C, represents the unit object in the category of
functors.

The functor of symmetric monoidal categories

n:(C,®,1) = (F,®,1)

determined by this structure identifies an object C' € C with the constant
functor n(C)(X) = C. If A is equipped with a base object 0 € A, then we
have a natural splitting F = C x F°, where F° is the reduced symmetric
monoidal category over C formed by functors F' such that F(0) = 0, the
initial object of C.

Obviously, we can extend the observations of this paragraph to a category
of functors F = F(A, ), where £ is a symmetric monoidal category over the
base category C. In this case, the category F = F(A,E) forms a symmetric
monoidal category over £, and hence over the base category by transitivity.

We have:

2.1.5 Proposition (¢f. [12, §1.1.3] or [14], §1.2] or [54, Lemma 2.2.4]). The
category M is equipped with the structure of a symmetric monoidal category
over C so that the map S : M — S(M) defines a functor of symmetric
monoidal categories over C

S:(M,®,1) — (F(E,E),®,1),
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functorially in €, for every symmetric monoidal category £ over C. O

The functoriality claim asserts explicitly that, for any functor p: D — £ of
symmetric monoidal categories over C, the tensor isomorphisms S(M ® N) ~
S(M) ® S(N) and the functoriality isomorphisms S(M) o p ~ po S(M) fit a

commutative hexagon

1

S(M®@N)op poS(M & N)
(S(M) @ S(N)) o p po (S(M)®S(N))

N

&
S(M) 0 p@S(N) 0 p——— po S(M) @ po S(N)

and similarly for the isomorphism S(1) ~ 1.
We have further:

2.1.6 Proposition. The category M° of connected X-objects forms a re-
duced symmetric monoidal category over C.

The category M admits a splitting M = C x M° and is isomorphic to the
symmetric monoidal category over C associated to the reduced category MP.
The functor S : M +— S(M) fits a diagram of symmetric monoidal categories

over C

M S FEE . O

ZT I-

0 0
CxM WCX]:(&E)

We refer to the literature for the proof of the assertions of proposi-
tions [2.1.5 For our needs, we recall simply the explicit construction
of the tensor product M ® N. This construction also occurs in the definition
of the category of symmetric spectra in stable homotopy (see [30, §2.1]).

2.1.7 The tensor product of X.-objects. The terms of the tensor product
of X.-objects are defined explicitly by a formula of the form

(M@&N)n)= P Zn@s,xx, M(p) @ N(g),

p+g=n

where we use the tensor product over the category of sets, defined explicitly
in §.T.7 In the construction, we use the canonical group embedding X, x
Yy C Ypiq which identifies a permutation o € X, (respectively, 7 € %) to a
permutation of the subset {1,...,p} C {1,...,p,p+1,...,p+q} (respectively,
{p+1,...,p+q} C{1,...,p,p+1,...,p+q}). The tensor product M (p)@N(q)
forms a X, x Xj-object in C. The group X, x X, acts on X, by translations on
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the right. The quotient in the tensor product makes this right X, x ¥;-action
agree with the left ¥, x X -action on M (p) ® N(q).

The group X, also acts on X, by translation on the left. This left X,,-
action induces a left X),-action on (M ® N)(n) and determines the X,-object
structure of the collection M @ N = {(M ® N)(n)}nen.

The constant Y ,-object 1 such that

1 (the unit object of C), if n =0,
i(n) = .
0, otherwise,

defines a unit for this tensor product. The associativity of the tensor product
of X,-objects is inherited from the base category. Let 7(p,q) € X, be the
permutation such that:

T(pvq)(i):p+ia fori:la---a‘]»
7(p,q)(q+1i) =i, fori=1,...,p.

The symmetry isomorphism 7(M,N): M ® N — N ® M is induced compo-
nentwise by morphisms of the form

2, ® M(p) @ N(q) “22%%, 5, @ N(q) @ M(p)

where we use the symmetry isomorphism 7 : M (p) ® N(q) — N(q) ® M(p)
of the category C and a translation of the right by the block transposition
7(p, q) on the symmetric group X,.

The functor n : C — M which identifies the objects of C to constant
XY .-objects defines a functor of symmetric monoidal categories

n:(C,®,1) = (M,®,1)

and makes (M, ®, 1) into a symmetric monoidal category over C. By an im-
mediate inspection of definitions, we obtain that the external tensor product
of a X,-object M with an object C' € C is given by the obvious formula
(CRM)(r)=C® M(r).

2.1.8 Tensor powers. For the needs of we make explicit the structure
of tensor powers M@ in the category of X,-objects.
For all n € N, we have obviously:

M) = @ Ba®s, cns,, (M(m)®- @ M(n,).
ni+-+n.=n
In this formula, we use the canonical group embedding ¥,,, x --- x X, —

X, which identifies a permutation of X,, to a permutation of the subset
{ni+-4+ni—1+1,....,n+ - +n,_1+n;} C{1,...,n}. Again the quotient
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in the tensor product makes agree the internal X, -action on M (n;) with the
action of X, by right translations on X,.

The tensor power M®" is equipped with a X,-action, deduced from the
symmetric structure of the tensor product of X.-objects. Let w € X, be
any permutation. For any partition n = n; + --- + n,, we form the block
permutation w(nq,...,n,) € X, such that:

wng, M) (M) + 0+ Moy + ) =01+ -1 Tk,
for k=1,...,nu@, 1 =1,...,7.

The tensor permutation w* : M®" — M®" is induced componentwise by
morphisms of the form

) w(ni,...,n.)Qw*
—

Yo @M(n)®--- @ M(n, Zn @ M(ny1)) ® -+ @ M(nu(r))
where we use the tensor permutation w* : M (n1)®- - - QM (n,) — M (n,(1))®
o+ ® M(ny () within the category C and a left translation by the block
permutation w(ny, ..., n,) on the symmetric group X,,. This formula extends
obviously the definition of in the case r = 2. To prove the general
formula, check the definition of associativity isomorphisms for the tensor
product of X,-objects and observe that composites of block permutations are
still block permutations to determine composites of symmetry isomorphisms.

2.1.9 The pointwise representation of tensors in Y.-objects. In the
point-set context, we use the notation w-zr ® y € M ® N to represent the
element defined by w® z ® y € X, ® M(p) ® N(q) in the tensor product
of X,-objects

M ® N(n) = @ Yn @5, x5, M(p) ® N(q),
ptg=n

and the notation z ® y € M ® N in the case where w = id is the identity
permutation.

By definition, the action of a permutation w on M ® N maps the tensor z®y
to w-x®y. Accordingly, the tensor product M ® N is spanned, as a X,-object,
by the tensors z ® y € M(p) ® N(q), where (z,y) € M(p) x N(q).

In our sense (see §, the tensor product of X,-objects inherits a
pointwise representation from the base category. To justify our pointwise
representation, we also use the next assertion which identifies morphisms
f: M®N — T with actual multilinear maps on the set of generating
tensors.

The abstract definition of implies that the symmetry isomorphism
7(M,N): M ®N = N ® M maps the tensor t @y € M @ N to a tensor of
the form 7(p,q) -y ® x € N ® M, where 7(p, q) is a block permutation. Thus
the permutation rule of tensors in X,-objects is determined by the mapping
r@y+—1(p,q) Yy
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2.1.10 Fact. For any X.-object T, a morphism f: M@N — T is equivalent
to a collection of morphisms

f:M(p)®N(q) = T(p+q)

which commute with the action of the subgroup X, x Xq C Xpiy.

This assertion is an obvious consequence of the definition of the tensor
product in

2.1.11 Enriched category structures. In we observe that any
symmetric monoidal category over C that satisfies the conventions of is
naturally enriched over C. An explicit construction of external hom-objects
for categories of functors F = F(A,E) and the category of Y,-objects M
can be derived from the existence of hom-objects in £ (respectively, C )ﬂ
The external hom of the functor category F = F(A, &) is given by the end

Homz(F,G) = s Homg(F(X),G(X)).

The adjunction relation
Morz(C ® F,G) = Morc(C, Homz(F,Q)),

for C € C, F,G € F, is equivalent to the definition of an end.
The external hom of the category of X,-objects is defined by a product of
the form

Homp(M,N) = [ [ Home(M(n), N(n))™".
n=0

The hom-object Home (M (n), N(n)) inherits a conjugate action of the sym-

metric group from the X,,-objects M (n) and N (n). The expression Home (M (n), N(n))*»
refers to the invariant object with respect to this action of X,,. The adjunction

relation of hom-objects

Morp(C ® M, N) = More(C, Homam (F, G))

for C e C, M,N € M, is immediate.

2.1.12 Generating Y.-objects. The identity functor Id : £ — & is identi-
fied with the functor S(I) = Id associated to a X.-object I defined by:

I(n) = {1, ifn=1,

0, otherwise.

* But serious set-theoretic difficulties occur for the category of functors F = F(A, £) if A
does not satisfy the condition of §0.1} for instance when we take A = £ = Top, the category
of topological spaces.
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This object I represents the unit of the composition product of X,-objects
defined next.

For r € N, let F}. = I®" be the rth tensor power of I in M. Since S(F,) =
S(I)®" =1d®", we obtain that S(F,.) : £ — & represents the rth tensor power
functor Id®" : X — X®r,

The definition of the tensor product of X,-objects (see implies that

F, = I®" satisfies
1[X.], ifn=r,
Fo(n) = { 7 .
0, otherwise.

Recall that 1[X,] denotes the X,-object in C formed by the sum over X, of
copies of the tensor unit 1 € C.

The symmetric group X, acts on F,.(r) = 1[X,]| equivariantly by trans-
lations on the right, and hence acts on F;. on the right by automorphisms
of Y.-objects. This symmetric group action corresponds to the action by
tensor permutations on tensor powers 1",

The Y,-objects F., r € N, are characterized by the following property:

2.1.13 Proposition. We have a natural X,.-equivariant isomorphism
wr (M) : M(r) = Homp (Fy, M),
for all M € M.

Proof. Immediate: we have

HOT)’LM(FT,M) ~ HomC(l[Er]’M(r))Er
and  Home(1[%,], M())*" ~ Home(1, M (1)) =~ M(r).

One checks readily that the X,-action by right translations on 1[X,] cor-
responds to the internal X,.-action of M(r) under the latter isomorphisms.
Hence we obtain a X,.-equivariant isomorphism

wp (M) : M(r) = Homaq(Fy, M),
as stated. O
2.1.14 Canonical generating morphisms. Observe that

M(r), ifn=r,

0, otherwise.

(M(r) ® Fy(n))s, = {

Accordingly, for a X,-object M, we have obvious morphisms
(M) (M(r)® F.)s, = M

that sum up to an isomorphism
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At the functor level, we have S((M(r) ® F,)s,) =~ (M(r) ® 1d®")s,
and S(¢-(M)) represents the canonical morphism

(M) @ 1% )5, — EDM(r) ® 147, = S(M).

The morphism Hom(F,.,M) ® F, — M induces a natural morphism
(Hom(F,, M)®F,)s. — M. We check readily that the isomorphism of propo-
sition [2.1.13| fits a commutative diagram

~

(M(r) @ F,) g, “= (Hom(Fp, M) ® F) s, .

T

|

M

Equivalently, the isomorphism w, (M) corresponds to the morphism ¢,.(M)
under the adjunction relation

Morp (M (r) ® Fr) s, , M) = More (M (r), Hom a (Fy, M))ZT.

To conclude, proposition [2.1.13| and the discussion of §2.1.14]imply:

2.1.15 Proposition. The objects F,., v € N, define small projective genera-
tors of M in the sense of enriched categories. Explicitly, the functors

Homp(Fy,—) : M — Hompa(E,., M)

preserve filtered colimits and coequalizers and the canonical morphism

& Homm(F., M) @ F, — M
r=0

s a reqular epi, for all M € M. a

Note that the functors S(F,) = Id®” do not generate F and do not form
projective objects in F in general.

2.1.16 Remark. Since F,, = I®", the isomorphism of §2.1.14] can be identi-
fied with an isomorphism

S(M,I) = é(M(T) Q1) ~ M

r=0



2.2 Composition of Yy-objects and functors 45

between M and the X,-object S(M,T) € M associated to I € M by the
functor S(M) : € — & for &€ = M. This observation can be used to recover a
X.-object M from the associated collection of functors S(M) : € — &, where
& runs over all monoidal symmetric categories over C.

2.2 Composition of ¥,.-objects and functors

The category of functors F = F(E,€) is equipped with another (non-
symmetric) monoidal structure (F,o,1d) defined by the composition of func-
tors F,G — F o G, together with the identity functor Id as a unit object.
The category of Y.-objects has a (non-symmetric) monoidal structure that
reflects the composition structure of functors. Formally, we have:

2.2.1 Proposition (see [I7,56]). The category of X.-objects M is equipped
with a monoidal structure (M, o,I) so that the map S : M — S(M) defines
a functor of monoidal categories

S: (M,o0,I)— (F(,E),0,1d),

for all symmetric monoidal categories € over C. ad

The composition product of X,-objects refers to the operation M, N —
M o N that yields this monoidal structure. For our purposes, we recall the
construction of [I4, §1.3] which uses the symmetric monoidal structure of the
category of Y,-objects in the definition of the composition product M, N
Mo N.

2.2.2 The monoidal composition structure of the category of X.-
objects. In fact, the composite M o N is defined by a generalized symmetric
tensor construction formed in the category £ = M:

MoN =S(M,N) = é(M(T) ® N® )5, .
r=0

Since the functor S : M — S(M) preserves colimits and tensor products, we
have identities

S(MoN)=EPS(M(r)@ N®")s, = PM(r) @ S(N)®")z,.
r=0 r=0

Hence, we obtain immediately that this composition product M o N satisfies
the relation S(M o N) ~ S(M) o S(N), asserted by proposition [2.2.1}

The unit of the composition product is the object I, defined in
which corresponds to the identity functor S(I) = Id. The isomorphism

of identified with
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o

S(M, 1) =P M(r) @ I°)5, ~ M
r=0

(see §2.1.16)), is equivalent to the right unit relation M oI ~ M.

2.2.3 The distribution relation between tensor and composition
products. In the category of functors, the tensor product and the composi-
tion product satisfy the distribution relation (F® G)oS = (FoS)® (G0 S).
In the category of X,-modules, we have a natural distribution isomorphism

O(M,N,P): (M&N)oP = (MoP)®(NoP)

which arises from the relation S(M ® N, P) ~ S(M, P) ® S(N, P) yielded
by proposition This distribution isomorphism reflects the distribution
relation at the functor level. Formally, we have a commutative hexagon

S(M ® N)oS(P

/\

S((M ® S(N)) o S(P)

l_

S((M o P)® (N o P)) ® (S(N) o S(P))

\/

S(MoP)®S(NoP)

that connects the distribution isomorphism 6(M, N, P) to the functor identity
(S(M) @ S(N)) 0 S(P) = (S(M) 0 S(P)) @ (S(N) 0 S(P)).
To summarize, we obtain:

2.2.4 Observation. Let F = F(E,E). For any functor S € F, the composi-
tion product F — F o S defines a functor of symmetric monoidal categories
over C

_OS(]:7®51)_>(]:7®a1)

For any N € M, the composition product M — M o N defines a functor
of symmetric monoidal categories over C

—oN:(M,®,1) = (M,®,1)

and the diagram of functors
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M= F
—oNi l—oS(N)

MT>.7:

commutes up to a natural equivalence of symmetric monoidal categories
over C.

Besides, we check readily:

2.2.5 Observation. The distribution isomorphisms 0(M, N, P) satisfy
O(M,N,TI)=id
for the unit object C = I and make commute the triangles

(M&N)oPoQ A (MoPoQ)®(NoPoQ),

e(m mﬂ@

(MoP)&(NoP))oQ

for all M,N,P,Q € M.

These coherence relations are obvious at the functor level since all isomor-
phisms are identities in this case.

2.3 Adjunction and embedding properties

In the context of a module category £ = C = kMod, where k is an infinite
field, we recall in [14] §1.2] that the functor S : M +— S(M) is full and faithful.
To prove this assertion, one can observe that the functor S : M +— S(M) has a
right adjoint I' : G — I'(G) so that the adjunction unit n(M) : M — I'(S(M))
forms an isomorphism (see proposition 1.2.5 in loc. cit.). In the general case
of a module category £ = C = k Mod, where k is any ground ring, we obtain
further that n(M) : M — T'(S(M)) forms an isomorphism if M is a projective
Y, -module (see proposition .

The aim of this section is to review these properties in the context of a
symmetric monoidal category £ over C. For short, we set F = F(€,E).

Since we observe that the functor S : M — F preserves colimits, we obtain
that this functor has a right adjoint I' : 7 — M. In a first part, we give an
explicit construction of this adjoint functor " : G +— T'(G). For this purpose,
we assume that C has an internal hom, £ is enriched over C, and we generalize
a construction of [14} §1.2]. In a second part, we observe that S : M — S(M)
extends to a functor of enriched categories and we prove that this functor
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S : M +— F is faithful in an enriched sense, at least if the category & is
equipped with a faithful functor n : C — £. Equivalently, we obtain that the
adjunction unit n(M) : M — I'(S(M)) defines a monomorphism.

This account is motivated by the subsequent generalization of §8|in the
context of right modules over operad. The results and constructions of this
section are not used anywhere else in the book.

2.3.1 The endomorphism module of a pair. Observe first that the func-
tor M — S(M,Y), for a fixed object Y € &, has a right adjoint. For this aim,
form, for X,Y € &, the X,-object Endx y such that

Endxy(r) = Homg(X®",Y).

In §8.1.1) we observe that this X,-object defines naturally a right module
over Endx, the endomorphism operad of X, and we call this structure the
endomorphism module of the pair (X,Y).

For the moment, observe simply:

2.3.2 Proposition (cf. [64, Proposition 2.2.7]). We have a natural isomor-
phism
MOI‘g(S(M, AXP)7 Y) ~ MorM(M, EndX,y)

forall M e M and X,Y € £.
Proof. This adjunction relation arises from the canonical isomorphisms:

oo

More (DM (r) @ X®7)z,, V) ~ [[ More(M(r) @ X®7)5,,Y)

r=0

oo
o~ H More (M (r), Morg (X®7,Y))*
r=0
= Mor (M, Endx y).

O

2.3.3 Observation. Next (see observation we observe that the map
S(N) : X — S(N, X) defines a functor S(N) : £ — € to the category p& of
algebras over an operad P when N is equipped with the structure of a left
P-module. One can observe that the endomorphism module Endx y forms a
left module over the endomorphism operad of Y. As a corollary, if Y = B
is a P-algebra, then we obtain that Endx p forms a left module over P by
restriction of structures. In the context of P-algebras, we have an adjunction
relation
MOI‘Pg(S(N, )()7 B) ~ MOI‘PM(N, ETLdX,B)

for all N € p M, X € £ and B € p&, where p M refers to the category of left

P-modules (see §§3.2.943.2.10)).
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2.3.4 Definition of the adjoint functor I' : 7 — M. We apply the point-
wise adjunction relation of proposition [2.3.2] to the category of functors F.
In §2.1.1] we notice that the functor S(M) satisfies

oo

S(M) = @P(M(r) ®1d*") 5, = S(M,1d),

r=0

where Id is the identity functor on £. According to this relation, if we set
I'(G) = Endyq g for G € F, then proposition returns:

2.3.5 Proposition. The functor T' : F — M defined by the map G —
Endia,q is right adjoint to S : M — F. O

By proposition [I.1.16] we have as well:

2.3.6 Proposition. The functors S : M = F : I satisfy an enriched ad-
junction relation

Homm(S(M),G) ~ Homz(M,T(QG)),

where morphism sets are replaced by hom-objects over C. a

Proposition [1.1.15] implies that any functor of symmetric monoidal cat-
egories over C, like S : M — F, defines a functor in the enriched sense.
Accordingly, the map f — S(f), defined for morphisms of X,-objects, ex-
tends to a morphism on hom-objects:

Homa (M, N) 25 Hom#(S(M),S(N)).

By proposition [I.1.16] we obtain further:
2.3.7 Proposition. The diagram

Homp (M, N) Hom #(S(M),S(N))

Hompa (M, T'(S

commutes. O

According to this assertion, we can use the adjunction unit n(N) : N —
I'(S(NV)) and the adjunction relation between S: M — F and I' : F — M to
determine S : Homam (M, N) — Homz(S(M),S(N)). In the converse direc-
tion, we can apply the morphism S : Homa(M, N) — Homz(S(M),S(N))
to the generating X,-objects M = F, = I®", r € N, in order to determine
the adjunction unit:

2.3.8 Proposition. The component n(N) : N(r) — Homz(1d®",S(N)) of
the adjunction unit n(N) : N — T'(S(N)) coincides with the morphism



50 2 Symmetric objects and functors
N(r) = Homp(Fy, N) 2 Homz(S(F,),S(N)) = Homz(1d%",S(N))

formed by the composite of the isomorphism w,(N) : N(r) = Homa(F,, N)
of proposition the morphism induced by the functor S : M — F on
hom-objects, and the isomorphism induced by the relation S(F,.) ~ 1d%".

Proof. This proposition is a consequence of proposition In the case
M = F., we obtain a commutative diagram:

N(r) ————— Homm(F;, N)

n(N)i n(N)*i \

L(S(N))(r) —== Hompm (Fy, L(S(N))) —= Homm(S(F}),S(N))
One proves by a straightforward verification that the composite

D(S(N))(r) —== Homp(F;, T(S(N))) —= Hompm(S(F:),S(N))

Hom p(1d®7, N)

is the identity morphism of I'(S(N))(r) = Hom(Id®",S(N)) and the propo-
sition follows. O

In the remainder of this section, we check that the morphism S : Hom (M, N) —
Homgz(S(M),S(N)) is mono under the assumption that the symmetric
monoidal category & is equipped with a faithful functor n : C — £. The
proof of this observation is based on the next lemma:

2.3.9 Lemma. Let 19" = 1, ®--- @ 1, be the sum of r copies of the unit
object 1 € C. For M € M, we have a canonical isomorphism

S(M,].@r)ﬁ @ M(?’L1+"'+nr)2nl><...><2nr.

nit--+n.=n

Proof. We have X, -equivariant isomorphisms

(11@...@1T)®n: @ 1,0 - ®1;,

where the symmetric group X, acts on n-tuples (i1, ...,%,) by permutations
of terms. We have an identification
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P 1= Pt xox D\

(214eeeyin) ni+--+n.=n

from which we deduce the splitting

(Mn)® (L& 01,)) g, ~ P (Mn) 1T, x - x Ty, \Z))z,

&~ @ M(ni+ -+ 1) s, xS,

ni+--+n.=n
and the lemma follows. a

We deduce from lemma [2.3.9

2.3.10 Proposition. The functor S : M — F(&,&) is faithful for all sym-
metric monoidal categories over C equipped with a faithful functorn :C — &.

Moreover, the functor S : M — F(E,&) is faithful in an enriched sense.
Ezxplicitly, the morphism induced by S on hom-objects

Homa (M, N) 25 Hom#(S(M),S(N))

is mono in C, for all M, N € M.

Proof. The object M(r) is isomorphic to the component n; = --- =n, =1
in the decomposition of lemma As a byproduct, lemma [2.3.9] implies
the existence of a natural monomorphism o (M) : M(r) — S(M,197), for
all M € M. From this assertion we deduce that S induces an injection on
hom-sets

Mor g (M, N) 2 More(S(M, 1%7),S(N, 1%7)),

for all M, N € M. If £ is a symmetric monoidal category equipped with a
faithful functor n : C — &, then the map

More(S(M, 1%7),S(N, 1%7)) — Morg (S(M, 1%7), S(N, 1%7))

is injective as well. Hence we conclude readily that S induces an injection on
hom-sets

Mor (M, N) = | More(S(M, X),S(N, X)) = Morz(S(M), S(N)),

for all M, N € M, and defines a faithful functor S : M — F.
In the context of enriched categories, we obtain that the map on hom-sets

Mo (C' ® M, N) S Mor#(S(C @ M),S(N)) ~ Mor#(C ® S(M),S(N))

is injective for all C' € C, M, N € M. By adjunction, we conclude immediately
that
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Hom (M, N) 25 Homz(S(M), S(N))
is mono. a
By proposition [2:3.7] and proposition 2:3.8] we have equivalently:
2.3.11 Proposition. The adjunction unit

n(N): N —T(S(N))

is mono in M, for all N € M. O

We record stronger results in the case £ = C = k Mod:

2.3.12 Proposition. In the case £ = C = kMod, the category of modules
over a ring k, the adjunction unit n(M) : M — T'(S(M)) is an isomorphism
as long as M is a projective X, -module or the ground ring is an infinite field.

Proof. The case of an infinite ground field, recalled in the introduction of
this section, is stated explicitly in [I4, Proposition 1.2.5]. In the other case,
one can check directly that the adjunction unit n(M) : M — T'(S(M)) forms
an isomorphism for the generating projective X,-modules M = F,., r € N.
This implies that n(M) : M — T'(S(M)) forms an isomorphism if M is a
projective X.-module. a

2.4 Colimits

In we observe that the functor S : M — S(M) preserves colimits. Since
colimits in functor categories are obtained pointwise, we obtain equivalently
that the bifunctor (M, X) +— S(M, X) preserves colimits in M, for any fixed
object X € &.

In contrast, one can observe that the functor S(M) : £ — £ associated to
a fixed X,-object does not preserve all colimits. Equivalently, the bifunctor
(M, X) — S(M,X) does not preserve colimits in X in general.

Nevertheless:

2.4.1 Proposition (cf. [b4, Lemma 2.3.3]). The functor S(M) : € — &
associated to a Xy-object M € M preserves filtered colimits and reflexive
coequalizers.

Proof. In proposition we observe that the tensor power functors Id®" :
X — X" preserves filtered colimits and reflexive coequalizers. By assump-
tion, the external tensor products Y +— M (r)®Y preserves these colimits. By
interchange of colimits, we deduce readily from these assertions that the func-
tor S(M, X) = @2 o(M(r)@ X®") 5, preserves filtered colimits and reflexive

coequalizers as well. m]
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As regards reflexive coequalizers, a first occurrence of proposition
appears in [51l §B.3] in the particular case of the symmetric algebra V —
S(V) on dg-modules.






Chapter 3

Operads and algebras
in symmetric monoidal categories

Introduction

Operads are used to define categories of algebras, usually within a fixed un-
derlying symmetric monoidal category C. But in the sequel, we form algebras
in extensions of the category in which the operad is defined. Formally, we
define algebras in symmetric monoidal categories £ over the base category C.

In principle, we can use the functor n : C — £ associated to the structure
of a symmetric monoidal category over C to transport all objects in £. This
functor maps an operad in C to an operad in £. Thus we could just change
the underlying category to retrieve standard definitions.

But this point of view is not natural in applications and supposes to forget
the natural category in which the operad is defined. Besides, universal struc-
tures, like operads, are better determined by a collection rather than by a
single category of algebras. For this reason, we fix the underlying category of
operads, but we allow the underlying category of algebras to vary. The pur-
pose of this section is to review basic constructions of the theory of operads
in this setting.

In we recall the definition of an operad and the usual examples of
the commutative, associative and Lie operads, which are used throughout
the book to illustrate our constructions. Though we study algebras over op-
erads rather than operad themselves, we can not avoid this survey of basic
definitions, at least to fix conventions.

In §3:2] we review the definition of an algebra over an operad in the context
of symmetric monoidal categories over a base and we study the structure of
algebras in functors and in X,-objects. In §3.3] we review the construction
of categorical operations (colimits, extension and restriction functors) in cat-
egories of algebras associated to operads. In we address the definition
of endomorphism operads in the context of enriched symmetric monoidal
categories.

55
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3.1 Recollections: operads

The purpose of this section is to recall the definition of an operad, at least
to fix conventions. Though we have to extend the setting in which algebras
over operads are defined, we still use the standard notion of an operad in a
symmetric monoidal category.

For the sake of completeness, we also recall the definition of usual op-
erad constructions, like free operads, and the classical examples of operads
mentioned in the introduction of this chapter.

3.1.1 The category of operads. By definition, an operad in a symmetric
monoidal category C consists of a X,-object P € M equipped with a com-
position product g : PoP — P and a unit morphism 7 : I — P that make
commute the diagrams

noP Pon JoP
IoP PoP Pol, PoPoP——=PoP,

NNz

PoP———P

equivalent to usual unit and associativity relations of monoids. In short, an
operad can be defined abstractly as a monoid object with respect to the
composition structure of the category of X.-objects (see [I7] or [46] §1.8]
for this definition). An operad morphism consists obviously of a morphism
of X,-objects ¢ : P — Q that preserves operad structures. In principle, we use
the notation O¢ for the category of operads in C.

Most often, we consider operads within a base symmetric monoidal cate-
gory C, which is supposed to be fixed. In this context, we can omit to refer to
the category in the definition of an operad and we adopt the short notation
O = Oc¢ for the category of operads in C.

The initial object of the category of operads is obviously given by the
composition unit I of the category of X,-objects. For the category of operads,
we use the pointed-set notation V to denote the coproduct.

3.1.2 The composition morphisms of an operad. The composition mor-
phism of an operad p : PoP — P is equivalent to a collection of morphisms

that satisfy natural equivariance properties. This assertion follows from the
explicit definition of the composition product of X,-objects. The unit mor-
phism 7 : I — P is equivalent to a morphism 7 : 1 — P(1) in C. The unit and
associativity relations of operads have natural expressions in terms of these
componentwise composition and unit morphisms (May’s axioms, see [47]).
In the point-set context, we use the notation p(q1, ..., q.) € P(ni+---+n,;.)
to refer to the composite of the elements p € P(r) and ¢1 € P(n1),...,¢- €
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P(n,) in the operad. The unit morphism is determined by a unit element
1eP(1).

3.1.3 Partial composites. We also use partial composites
P(r) @ P(s) = P(r+s — 1),

defined by composites

P(r)@P(s) »P(r)@ (1® - QP(s) ®---®1)
—P(r)@(P1) @ - @P(s)® - ®P(1)) = P(r+s— 1),

where operad units 7 : I — P(1) are applied at positions k # e of the tensor
product. In the point-set context, we have po. ¢ = p(1,...,q,...,1), where
q € P(s) is set at the eth entry of p € P(r).

The unit and associativity relations imply that the composition morphism
of an operad is determined by its partial composition products. The unit
and associativity relations of the composition morphism have an equivalent
formulation in terms of partial composition products (see [46]).

3.1.4 The intuitive interpretation of operads. The elements of an op-
erad p € P(n) have to be interpreted as operations of n-variables
p=p(@1,...,Tn).
The composition morphism of an operad models composites of such opera-
tions. The partial composites represent composites of the form
POeq= p(-’1317 ey Te—1, q(xea ... axe+n—l>7xi+n7 ce >wm+n—1)a
for p € P(m), q € P(n). The action of permutations w € X, on P(n) models
permutations of variables:
WP = P(Tew(1)s - -+ > Tw(n))-
The unit element 1 € P(1) has to be interpreted as an identity operation
1(1‘1) =T.

3.1.5 Free operads. The obvious forgetful functor U : O — M from operads
to Y,.-objects has a left adjoint F : M — O which maps any X,-object M to
an associated free operad F(M).

In the point-set context, the free operad F(M) on a X,-object M consists
roughly of all formal composites

(' o ((51 Oey 52) Oeg "~ ) Ce,. gr
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of generating elements & € M(my),...,& € M(m,). The definition of the
partial composition product of the free operad o, : F(M) ® F(M) — F(M) is
deduced from associativity relations of partial composites.

The proper explicit construction of the free operad, for which we refer
to [18], [14} §1.1.9], [46], uses the language of trees. This construction comes
from Boardman-Vogt’ original monograph [6] where free objects are intro-
duced in the category of algebraic theories, the structures, more general than
operads, which model operations of the form p : X*™ — X*",

3.1.6 Limits and colimits of operads. The forgetful functor U : O — M
which maps an operad to its underlying Y ,-object creates all limits, creates
reflexive coequalizers and filtered colimits as well, but does not preserve all
colimits.

In fact, for a limit of operads, we can use the canonical morphism (lim; P;)o
(lim; P;) — lim;(P, oP;) to define a composition product p : (lim;P;) o
(lim; P;) — (lim; P;). For colimits, the natural morphism colim;(P; oP;) —
(colim; P;) o (colim; P;) goes in the wrong direction to define a composition
product on colim; P;. But proposition and proposition [I.2] imply that
this natural morphism colim;(P; oP;) — (colim; P;) o (colim; P;) is iso in the
case of a reflexive coequalizer and in the case of a filtered colimit. Therefore,
for these particular colimits, we can form a composition product

(colim P;) o (colim P;) <= colim(P; o P;) — colim P;
3 3 3 (2

to provide colim; P; with an operad structure. The conclusion follows readily.

The existence of reflexive coequalizers and filtered colimits in the category
of operads together with the existence of free objects suffices to prove the
existence of all colimits in the category of operads. But we insist that the
forgetful functor U : O — M does not preserves all colimits.

3.1.7 Operads defined by generators and relations. The classical ba-
sic examples of operads, the commutative operad C, the associative operad
A, and the Lie operad L, are associated to the classical structure of an as-
sociative and commutative algebra, of an associative algebras, and of a Lie
algebra respectively. These operads can be defined naturally by generators
and relations. This definition reflects the usual definition of a commutative
algebra, of an associative algebra, of a Lie algebra, as an object equipped
with generating operations that satisfy a set of relations.

In this paragraph we recall briefly the general construction of operads by
generators and relations. For more details on this construction we refer to [I§]
and [I4], §1.1.9]. The examples of the commutative operad C, the associative
operad A, and the Lie operad L are addressed in the next paragraph.

In the usual context of k-modules, a presentation of an operad P by gen-
erators and relations consists of a X,-object M, whose elements represent
the generating operations of P, together with a collection R C F(M) whose
elements represent generating relations between composites of the generat-
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ing operations £ € M. The operad is defined as the quotient P = F(M)/(R),
where (R) refers to the ideal generated by (R) in the operadic sense. This
ideal (R) is spanned by composites which include a factor of the form p = wp,
where w € X, and p € R(n). The definition of an operad ideal implies essen-
tially that a morphism on the free operad V : F(M) — Q induces a morphism
on the quotient operad V : F(M)/(R) — Q if and only if V cancels the
generating relations p € R.

In the general setting of symmetric monoidal categories, a presentation of
an operad P by generators and relations is defined by a coequalizer of the
form

d

F(R) — 2= F(M) —>P.

dy
The generating relations are represented by identities p° = p' in the free
operad F(M), for pairs p = d°(p), p! = d*(p), where p € R. The quotient of
an operad by an ideal P = F(M)/(R) is equivalent to a presentation of this
form where di = 0. By definition of free operads, a morphism V; : F(M) — Q
induces a morphism on the coequalizer Wf : P — Q if and only if the identity
Vd® =V d" holds on R C F(R).

3.1.8 Basic examples in k-modules. The classical examples of operads,
the commutative operad C, the associative operad A, and the Lie operad L,
are all defined by a presentation P = F(M)/(R), such that the X.-object M
is spanned by operations of 2-variables £ = (1, z2). In all examples, we use
the notation 7 to refer to the transposition 7 = (1 2) € Xs.

(a) The commutative operad C is defined by a presentation of the form
C = F(k )/ (associativity),

where the generating Y.-object M = ku is spanned by a single operation
= p(xy,x2) so that Tu = p. Equivalently, the operation p = u(zq,z2)
satisfies the symmetry relation

(e, x2) = p(ws, T1).

The ideal (associativity) is generated by the element poy u—poop € F(k p)(3)
which represents the associativity relation

p(p(@e, 22), x3) = p(wy, plae, v3)).

Thus the operation p(x1,x3) represents a commutative and associative prod-
uct p(xy, x2) = 1 - Ta.
Any element p € C(n) has a unique representative of the form

b= M(' "M(/’L('rlvx?)vxfi)v e )7xn)
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Equivalently, the commutative operad is spanned in arity n by the single
multilinear monomial of n commutative variables:

Cn)=kxy-... xp.

The symmetric group acts trivially on C(n).
This construction gives an operad without unitary operations, an operad
such that ¢(0) = 0.

(b) The associative operad A is defined by a presentation of the same form
as the commutative operad

A =F(kp @ kru)/(associativity),

but where the generating Y.-object M = ku & k7u is spanned by an
operation p = p(x1,x2) and its transposite Tu = p(ze,z1). The ideal
(associativity) is generated again by the element poq pu— pos p € Fku @
k 714)(3) which gives an associativity relation in the quotient. Thus the op-
eration p(ry,x2) represents an associative but non-commutative product
w(xy, xe) = x1 - 2.

The elements of the associative operad can be represented by multilinear
monomials of n non-commutative variables. Thus we have an identity

A(n) = @ ka;, -...-x;,

(7;1)~<-7in)

where the indices (i1, . .., i,) range over permutations of (1,...,n). The sym-
metric group acts by translation on A(n). Thus we can also identify A(n) with
the regular representation A(n) = k[X,] for n > 0. This construction gives
an operad without unitary operations, an operad such that A(0) = 0.

(c) The Lie operad L is defined by a presentation of the form
L =F(k~)/(Jacobi),

where the generating operation v = u(x1, z2) satisfies 7y = —v. Equivalently,
the operation v = y(z1,z2) satisfies the antisymmetry relation vy(z1,z2) =
—v(z2,71). The ideal (Jacobi) is generated by the element (1+c+c?)-yo;v €
F(k~)(3), where c represents the 3-cycle ¢ = (1 2 3) € X3. This element gives
the Jacobi relation

Y(v(z1,22), 23) + Y(V(T1, 72), 23) + Y(Y(71, 72), 3) =0

of a Lie bracket y(x1,x2) = [z1, 23]
The elements of the Lie operad can be represented by multilinear Lie
monomials of n variables. According to [53, §5.6], we have an identity
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L(n) = @ K[ [[wiy, i), - - ] @i,

(214eeeyin)

where the indices (i1, ...,4,) range over the permutations of (1,...,n) such
that 4, = 1, but the action of the symmetric group on this monomial basis is
non-trivial.

3.1.9 The commutative and associative operads in sets. In fact, the
commutative and the associative operads can be defined within the category
of sets. The commutative and associative operads in k-modules consist of free
k-modules on the set versions of these operads. This assertion can be deduced
from the explicit description of the previous paragraph.

For the set commutative operad, we have C(n) = #, the base point equipped
with a trivial X, -action. For the set associative operad, we have A(n) = X,
the set of permutations equipped with the action of the symmetric group by
left translations. In both cases, we assume C(0) = A(0) = ) to have operads
without unitary operations.

In the case of the commutative operad, the partial composition products
oc : C(m) x C(n) — C(m + n — 1) are trivially given by identity maps.
In the case of the commutative operad, the partial composition products
oc : A(m) x A(n) — A(m + n — 1) have a natural combinatorial expres-
sion in terms of permutations: identify any permutation w € X,, with the
sequence of its values w = (w(l),...,w(r)); to form the composite s o, t
of s = (i1,...,4m) with ¢ = (j1,...,Jn), we replace the term i; = e in the
sequence s = (i1,...,4m,) by the sequence t = (j1,...,Jn) and we perform
standard shifts i, +— i, +n on i, = e+ 1,...,m, respectively j, — j. + e on
Jjx =1,...,n. As an example, we have (1,3,2,4) 02 (2,1,3) = (1,5,3,2,4,6).
In the sequel, we also refer to this structure as the permutation operad.

The definition of the commutative and associative operads in sets can
also be deduced from the general construction of operads by generators and
relations in symmetric monoidal categories.

One can use the natural functor 1[—] : Set — C, associated to any sym-
metric monoidal category C, to transport the commutative and associative
operads to any such category C. In the context of k-modules, we get the
commutative and associative operads defined in since we have identi-
fications C(n) =k and A(n) = k[X},] for all n > 0.

3.1.10 Non-unitary operads and the unitary commutative and as-
sociative operads. In the sequel, we say that an operad P in a symmetric
monoidal category C is non-unitary if we have P(0) = 0, the initial object
of C. In the literature, non-unitary operads are also called connected [14], or
reduced [4]. The term wunitary is used to replace the term wunital used [47]
to refer to an operad P such that P(0) = 1, the monoidal unit of C. The
term unital is now used to refer to an operad equipped with a unit element
1 € P(1) (see [46]). Therefore we prefer to introduce another terminology to
avoid confusions.
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The operads C and A, defined in §§3.1.8}[3.1.9] are non-unitary versions of
the commutative and associative operads.

The commutative and associative operads have unitary versions, Cy and A,
such that C4(n) =k, for all n € N, respectively A, (n) = k[X,], for all n € N.
In the context of sets, we have similarly C(n) = #, for all n € N, respectively
Ay(n)=2%,, foralln € N.

The partial composition products of C,, respectively A, are defined by
the formula of which has a natural and obvious extension for unitary
operations.

3.1.11 Initial unitary operads. In contrast to non-unitary operads, we
have operads *¢, associated to objects C € C, so that ¢ (0) = C, x¢(1) = 1,
and *¢(n) = 0 for n > 1. The composition morphisms of such operads are
reduced to a component p : *¢(1) ® *¢(0) — *¢(1) given, according to the
unit relation of an operad, by the natural isomorphism 1 ®C ~ C.

We call this operad *¢ the initial unitary operad associated to the object
C € C. We shorten the notation to * = *; for the unit object of the monoidal
category.

3.2 Basic definitions: algebras over operads

In the classical theory of operads, one uses that the functor S(P) associated
to an operad P forms a monad to define the category of algebras associated to
P. The first purpose of this section is to review this definition in the relative
context of a symmetric monoidal category over the base. To extend the usual
definition, we use simply that a functor S(P) : £ — & is defined on every
symmetric monoidal category £ over the base category C. By definition, a
P-algebra in € is an algebra over the monad S(P): & — €£.

In the previous chapter, we recall that the category of X.-objects M, as
well as categories of functors F': A — &, are instances of symmetric monoidal
categories over C. We examine the structure of a P-algebra in the category
of Y.-objects M and of a P-algebra in a category of functors F' : A — £.
We obtain that the former are equivalent to left P-modules, the latter are
equivalent to functors F': A — p€ to the category of P-algebras in £.

3.2.1 Algebras over operads. Let P be any operad in the base symmetric
monoidal category C. Let £ be any symmetric monoidal category over C. The
structure of a P-algebra in £ consists explicitly of an object A € £ equipped
with an evaluation morphism A : S(P,A) — A that makes commute the
diagrams
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S(1,4) 2% g(p, 4) | S(PoP, A) —==S(P,S(P, A) TXs §(p, A) |
\ i* S(u-A)J{ iA
A S(P, A) A A

equivalent to usual unit and associativity relations of monoid actions.

The category of P-algebras in &£ is denoted by p&, a morphism of P-algebras
f A — B consists obviously of a morphism in £ which commutes with
evaluation morphisms.

The definition of S(P, A) implies immediately that the evaluation mor-
phism A : S(P, A) — A is also equivalent to a collection of morphisms

A:P(n) ® A®™ — A,

which are equivariant with respect to the action of symmetric groups, and
for which we have natural unit and associativity relations equivalent to the
unit and associativity relations of operad actions. In the standard setting,
the tensor product P(n) ® A®" is formed within the base category C. In
our context, we use the internal and external tensor products of £ to form
this tensor product. In a point-set context, the evaluation of the operation
p € P(n) on elements ay,...,a, € A is usually denoted by p(ai,...,a,) € A.
The unit relation reads 1(a) = a, Va € A, and the associativity relation can
be written in terms of partial composites:

poeq(ala ey am+n—1) == p(ala ceeyQe—1, Q(aea cey ae+n—1)7 Qetmyeeey am+n—1)7

for p € P(m), ¢ € P(n), a1,...,Gmin_1 € A.

3.2.2 Non-unitary operads and algebras in reduced symmetric
monoidal categories. Recall that an operad P is non-unitary if we have
P(0) = 0. One checks readily that the image of P(0) € C under the canonical
functor 1 : C — & defines the initial object of the category of P-algebras in £.
Accordingly, an operad P is non-unitary if and only if the initial object of
the category of P-algebras in £ is defined by the initial object of &, for every
symmetric monoidal category over C.

For a non-unitary operad P, we can generalize the definition of a P-algebra
to every reduced symmetric monoidal category over C. Use simply the functor
SO(P) : E9 — £ defined on any such category £° by the formula of

S°(p, X) = é(P(n) QX% 5 |

n=1

to form the evaluation morphism of P-algebras in £°.
The next constructions of this chapter (free objects, colimits, extension
and restriction functors, endomorphism operads) have a straightforward gen-
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eralization in the context of non-unitary operads and reduced symmetric
monoidal categories.

3.2.3 Algebras over free operads and over operads defined by gen-
erators and relation. If P = F(M) is a free operad, then the structure
of a P-algebra on an object A € & is equivalent to a collection of mor-
phisms X : M(n) ® A®" — A, n € N, with no relation required outside
X ,-equivariance relations. Informally, the associativity of operad actions im-
plies that the action of formal composites (- -« ((£1 0¢y £2) Oy * - * ) O, &, Which
span the free operad F(M), is determined by the action of the generating
operations §; € M(n;) on A. To prove the assertion properly, one has to
use the endomorphism operad End,, whose definition is recalled later on
(in §3.4) and the equivalence of proposition between operad actions
A:S(P,A) — A and operad morphisms V : P — End 4. In the case of a free
operad, an operad morphism V : F(M) — End 4 is equivalent to a morphism
of X,-objects V : M — End 4 and this equivalence imply our assertion.

If P = F(M)/(R) is an operad given by generators and relations in k-
modules, then the structure of a P-algebra on an object A € £ is determined
by a collection of morphisms A : M(n) ® A®™ — A such that the generating
relations p € R are canceled by the induced action of the free operad F(M)
on A. This assertion is also an immediate consequence of the equivalence of
proposition applied to a quotient operad P = F(M)/(R).

3.2.4 Examples: algebras over classical operads in k-modules. The
usual structures of commutative algebras, respectively associative algebras,
have natural generalizations in the setting of a symmetric monoidal cat-
egory. The generalized commutative algebra structures, respectively asso-
ciative algebras, are also called commutative monoids, respectively associa-
tive monoids, because these structures are equivalent to usual commutative
monoids, respectively associative monoids, in the context of sets. The struc-
ture of a Lie algebra has as well a natural generalization in the setting of a
symmetric monoidal category over Z-modules.

The equivalence of §3.2.3] implies that the structures of algebras over the
usual operads P = C,L, A, agree with such generalizations in the context of
symmetric monoidal categories over k-modules. Indeed, for these operads
P = C,L, A, the assertions of return:

(a) The structure of a C-algebra in & is determined by a product p: AQ A —
A formed in the category £, which satisfies the symmetry relation u-7* = p,
where 7% : X ® Y — Y ® X refers to the symmetry isomorphism of £, and
the associativity relation p(u,id) = u(id, ).

(b) The structure of an A-algebra in £ is determined by a product u :
A ® A — A which satisfies the associativity relation u(u,id) = p(id, p), but
without any commutativity requirement.

(c) The structure of an L-algebra in &£ is determined by a morphism 7 :

A ® A — A which satisfies the antisymmetry relation v - 7* + v = 0 and a
Jacobi relation
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Y(7,1d) +(7,1d) - " +v(7,id) - ¢* - " =0,

where ¢* : AQA® A — A® AR® A refers to the cyclic permutation of 3-tensors
in £.

To summarize, say that C-algebras (respectively, A-algebras) in £ are equiv-
alent to commutative (respectively, associative) algebras (without unit) in &,
and L-algebras in £ are equivalent to Lie algebras in £. Note that L-algebras
in k-modules do not necessarily satisfy the relation vy(a,a) = 0, where the
element a is repeated. In our sense, a Lie algebra is only assumed to satisfy
an antisymmetry relation ~y(a, b) + v(b,a) = 0.

If we take the set versions of the commutative (respectively associative
operads), then the identity between C-algebras (respectively, A-algebras) and
usual commutative (respectively, associative) algebras (without unit) holds
in any symmetric monoidal category, and not only in symmetric monoidal
categories over k-modules. This result can still be deduced from the presen-
tation of these operads in sets, by an obvious generalization of the equivalence
of In the next paragraph, we reprove this equivalence by another ap-
proach to illustrate the abstract definition of an algebra over an operad.

3.2.5 More on commutative and associative algebras. In this para-
graph, we consider the set-theoretic version of the commutative operad C
(respectively, of the associative operad A) and we adopt the set-monoid lan-
guage to refer to commutative (respectively, associative) algebras in symmet-
ric monoidal categories.

Since the operads P = C,A have a simple underlying X,-object, we can
easily make explicit the monad S(P) : £ — & associated to these operads
and the evaluation morphism S(P, A) — A for algebras over these operads.
Indeed, the identity C(n) = * gives immediately

o0

S(c, X) = EPX)s,.

n=1

The identity A(n) = X, gives the relation

é 5 © XE) 5, :éxm
n=1 n=1

The components A : (A®")sx,  — A of the evaluation morphism of a C-
algebra are equivalent to the n-fold products of a commutative and associative
monoid. The product is yielded by the 2-ary component of the operad action:
A (A®?)5, — A. The identity between the n-ary component of the operad
action X : (A®")y, — A and a composite of the product A : (A%9%)y5, — A
comes from the associativity relation for operad actions. In this manner we
still obtain that C-algebras in £ are equivalent to commutative and associative
monoids (without unit) in £.
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Similarly, the components \ : A¥™ — A of the evaluation morphism of an
A-algebra are equivalent to the n-fold products of an associative monoid, and
we can still obtain that A-algebras in £ are equivalent to associative monoids
(without unit) in &.

For the unitary versions of the commutative and associative operads,
the evaluation morphisms have an additional component A\ : x — A since
C+(0) = A1 (0) = *. This morphism provides Cy-algebras (respectively, A -
algebras) with a unit. Hence we obtain that algebras over the unitary com-
mutative operad Cy (respectively over the unitary associative operad C; ) are
equivalent to commutative and associative monoids with unit in £ (respec-
tively, to associative monoids with unit).

3.2.6 Algebras over initial unitary operads. We can also easily de-
termine the category of algebras associated to the initial unitary operads
such that ¢ (0) = C, for an object C' € C. Since we have *c(n) = 0 for
n>0,and A : *x¢(1) ® A = 1®A — A is necessarily the natural isomor-
phism 1 ®A ~ A, we obtain that the structure of a xc-algebra is completely
determined by a morphism A : C — A in the category £. Hence the cate-
gory of xc-algebras in £ is isomorphic to the comma category of morphisms
A:C — X, where X € &.

3.2.7 Algebras in functor categories and functors to algebras over
operads. In we observe that a category of functors F = F(A,¢E),
where £ is a symmetric monoidal category over C, forms naturally a symmet-
ric monoidal category over C. Hence, we can use our formalism to define the
notion of a P-algebra in F, for P an operad in C.

By definition, the action of an operad P on a functor F : A — &£ is
determined by collections of morphisms A\(X) : P(r) ® F(X)®" — F(X) that
define a natural transformation in X € A. Accordingly, we obtain readily that
a functor F': A — & forms a P-algebra in F if and only if all objects F'(X),
X € A, are equipped with a P-algebra structure so that the map X — F(X)
defines a functor from A to the category of P-algebras in £.

Thus, we obtain:

3.2.8 Observation. The category of P-algebras in F(A,E) is isomorphic
to F(A,pE), the category of functors F' : A — p& from A to the category
P-algebras in .

Equivalently, we have a category identity p F(A,&) = F(A,pE).

For a fixed symmetric monoidal category over C, we use the short notation
F to refer to the category of functors F = F(&,€&). According to observa-
tion [3:2.8 the notation p F is coherent with our conventions to refer to the
category of functors p F = F(€,p€) and we shall use this short notation in
the sequel.

3.2.9 Algebras in Y.-objects and left modules over operads. In par-
allel with P-algebras in functors, we study P-algebras in the category of X,-
objects M for P an operad in C. In §2.2.2] we observe that the generalized
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symmetric power functor S(M) : £ — £ for & = M represents the composi-
tion product N — M o N in the category of X.-objects. As a consequence,
the structure of a P-algebra in X, -objects is determined by a morphism

S(P,N) =PoN 5 N

which provides the object N € M with a left action of the monoid object
defined by the operad P in the monoidal category (M,o, ). In [14] §2.1.6],
we call this structure a left P-module.

To summarize, we have obtained:

3.2.10 Observation. The structure of a P-algebra in the category of X,-
objects M is identified with the structure of a left P-module.

We adopt the notation p M for the category of left P-modules. This no-
tation p M is coherent with our conventions for categories of algebras over
operads.

To make explicit the structure of a left module over the usual commutative
C, associative A, and Lie operads L, we use the next fact, which extends the
assertion of fact and, like this statement, is an immediate consequence
of the explicit definition of the tensor product of Y,-objects in §§2.1.712.1.8}

3.2.11 Fact. For any X, -object M, a morphism ¢ : M®" — M is equivalent
to a collection of morphisms

o Mn)®@ - M(n,)— Mmny+---+n,), ny,...,n. €N,

which commute with the action of the subgroup Xy, x---x X, C Xy 1..yn,.
The composite of ¢ : M®" — M with a tensor permutation w* : M®" —
M®T | where w € X,., is determined by composites of the form:

M(n1) @+ @ M(n,) = M(ny() @ @ M (1)
2 Mnwy +  + Nury) 2 My 4+,
where we perform a permutation of tensors on the source together with an

action of the bloc permutation w(ni,...,ny) € Xy, 4..qn,. on the target
M(ny+---+n,).

From this fact and the assertions of we obtain:

3.2.12 Proposition. Suppose &€ =C = kMod, or £ is any category with a
pointwise representation of tensor products (see .

(a) The structure of a C-algebra in X.-objects consists of a Xy-object N
equipped with a collection of X, x Xg-equivariant morphisms

p:Np)®@N(g) — Np+aq), pqgeN,
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that satisfy the twisted symmetry relation

,u(av b) = T(p, Q) “p(b,a), Vace N(p),Vb € N(q),

and the associativity relation

w(u(a,b),c) = pla, u(b,¢)), Vae N(p),Vbe N(q),Vece N(r).

(b) The structure of an A-algebra in X.-objects consists of a X.-object N
equipped with a collection of X, x Xy-equivariant morphisms

p:N(p)®N(q) — N(p+q), pgeN,
that satisfy the associativity relation

n(p(a,b), c) = p(a, p(b,c)), Va € N(p),vb e N(q),Vc € N(r).

(c) The structure of an L-algebra in X.-objects consists of a X.-object N
equipped with a collection of X, x Xg-equivariant morphisms

7:N@p)®@N(g) = Np+aq), pgeN,
that satisfy the twisted antisymmetry relation
v(a,b) +7(p,q) - 7(b,a) =0, Vae N(p),vbe N(q),

and the twisted Jacobi relation

v(v(a,b),¢) + c(p, g, ) -7 (v(b,¢),a) + & (p, ¢, 7) - ¥(7(¢,a),b) = 0,
Ya € N(p),¥b € N(q),Vec € N(r),

where ¢ denotes the 3-cycle c = (1 2 3) € Xs.

This proposition illustrates the principle (formalized in of generalized
point-tensors: to obtain the definition of a commutative (respectively, asso-
ciative, Lie) algebra in X,-objects from the usual pointwise definition in the
context of k-modules, we take simply point-tensors in X,-objects and we add
a permutation, determined by the symmetry isomorphisms of the category
of X.-objects, to every tensor commutation.

3.2.13 Free objects. Since the category of P-algebras in £ is defined by a
monad, we obtain that this category has a free object functor P(—) : £ — p€&,
left adjoint to the forgetful functor U : p&€ — £. Explicitly, the free P-algebra
in & generated by X € & is defined by the object P(X) = S(P, X) € & together
with the evaluation product A : S(P,P(X)) — P(X) defined by the morphism

S(P,P(X)) = S(Pop, x) 2%, g(p, x)
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induced by the composition product of the operad.
In this book, we use the notation P(X) to refer to the free P-algebra gen-
erated by X and the notation S(P, X) to refer to the underlying object in £.
In the context of a category of functors F = F(A, ), we obtain readily

for all X € A, where on the right-hand side we consider the free P-algebra
in & generated by the object F(X) € £ associated to X € A by the functor
F:&—-€&.

In the context of X,-modules, we have an identity

P(M)=PoM.

In the formalism of left P-modules, the operad P acts on the composite P oM
by the natural morphism

M
PoPoML>PoZ\17

where 1 : PoP — P refers to the composition product of P.

The next assertion is an easy consequence of definitions:
3.2.14 Observation (compare with [54, Corollary 2.4.5]). Let P be an operad
in C. Any functor of symmetric monoidal categories over C

p:D—E

restricts to a functor on P-algebras so that we have a commutative diagram

p—Lse

11
oD - Fom pE

where U : A — U(A) denotes the forgetful functors on the category of P-
algebras in D (respectively, in & ).
If p preserves colimits, then the diagram

p—" ¢

J{P(—) iP(—)

pD 4p> pg
where P(—) : X — P(X) denotes the free P-algebra functor, commutes as well.

As a corollary, in the case of the functor S : M — F, where F = F(£,E),
we obtain:
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3.2.15 Observation. Let P be an operad in C. Set F = F(E,E) and p F =
F(&,pE).
The functor S : M — F restricts to a functor

S : pM — p]:
so that for the free P-algebra N = P(M) generated by M € M we have
S(P(M), X) =P(S(M, X)),

for all X € &£, where on the right-hand side we consider the free P-algebra
in & generated by the object S(M,X) € £ associated to X € £ by the functor
S(M): &= €.

This construction is functorial in £. Explicitly, for any functor p: D — &
of symmetric monoidal categories over C, the diagram

p—L ¢

S(N)l iS(N)

pD T> pg
commutes up to natural functor isomorphisms, for all N € p M.

3.2.16 Restriction of functors. Let o : A — B be a functor. For any
target category X, we have a functor a* : F(B, X) — F(A, X) induced by «,
defined by a*G(A) = G(a(A)), for al G: B — X

In the case X = &, the map G — «*(G) defines clearly a functor of
symmetric monoidal categories over C

o (F(B,E),®,1) — (F(AE),®,1).

By observations of §43.2.7] the induced functor on P-algebras, obtained
by the construction of observation [3.2.14] is identified with the natural functor

o (F(B,pE),®,1) — (F(A,E),®,1),

which is induced by « for the target category X = p€.

3.3 Universal constructions for algebras over operads

The forgetful functor U : p€ — &, from a category of algebras over an operad
P to the underlying category &, creates all limits. This assertion is proved
by a straightforward inspection. On the other hand, the example of com-
mutative algebras shows that the forgetful functor U : p€ — & does not
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preserves colimits in general. This difference relies on the direction of natural
morphisms

i€l iel

respectively CQliIIn S(P, X;) — S(P, chiIm Xi),
i€ 1€

when the functor S(P) : £ — £ is applied to a limit, respectively to a colimit.
For a limit, this direction is the good one to form an evaluation product on
lim;e; A; from evaluation products on each A;. For a colimit, this direction
is the wrong one.

But we prove in that the functor S(M) : &€ — & associated to any
XY .-object M preserves filtered colimits and reflexive coequalizers. If we apply
this assertion, then we obtain as an easy corollary:

3.3.1 Proposition (c¢f. [I2, Lemma 1.1.9], [54, Proposition 2.3.5]). Let P be
an operad in C. The forgetful functor U : o€ — &, from the category of P-
algebras in € to the underlying category &, creates filtered colimits and the
coequalizers which are reflexive in &. O

Proposition [3.3.1] can be applied to prove the existence of other universal
constructions in categories of algebras other operads: colimits over every small
category and extension functors ¢ : p€ — €. The purpose of this section is
to review these constructions.

In the context of symmetric monoidal categories over a base, the univer-
sality of the constructions is used to prove the functoriality of colimits and
extensions with respect to functors p : D — £ of symmetric monoidal cate-
gories over C.

The existence of colimits arises from the following assertion:

3.3.2 Proposition (cf. [54, Proposition 2.3.5]). Let I be a small category.
Assume that colimits of I-diagram ezists in €, as well as reflexive coequalizers.
Use the notation colim;g X; to refer to the colimit formed in the category &,
for any I-diagram of objects X;.

Let i — A; be an I-diagram of P-algebras in £. The colimit of i — A;
in the category of P-algebras in & is realized by a reflexive coequalizer of the

form:
S0

/;\

0
P(colimf P(A;)) /=< P(colimf A;) — colim; A; ,
dq
where dy,dy are morphisms of free P-algebras in € and the reflection sq is a
morphism of €. O

This construction occurs in [I2] Lemma 1.1.10] in the particular case of
coproducts. We refer to the proof of proposition 2.3.5 in [54] for the general
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case. We recall simply the definition of the morphisms dy, d1, sg for the sake
of completeness. The canonical morphisms «; : A; — colimf A; induce

P(auy)
ey

P(colim § P(4;)) P(P(colim § A;))

The morphism dj is defined by the composite of P(a,) with the morphism

u,colim & i
P(P(colim¥ 4;)) = S(PoP, colim¥ 4;) S(uycolimy Ai)

S(P, colim § 4;)
induced by the operad composition product p : PoP — P. The P-actions
Ai : P(A;) — A, induce

P(Ax)

P(colim ¢ P(4;)) == P(colim ¢ A;)

and this morphism defines d;. The operad unit n : I — P induces

P(n(A.))
—

P(colim € A;) P(colim ¢ P(4;))

and this morphism defines sg.
By universality of this construction, we obtain:

3.3.3 Proposition (compare with [54, Corollary 2.4.5]). Let P be an operad
i C. Let p: D — & be a functor of symmetric monoidal categories over C. If
p: D — & preserves colimits, then so does the induced functor p : pD — p€
on categories of P-algebras.

Proof. Since p preserves colimits by assumption and free P-algebras by obser-
vation we obtain that the functor p preserves the coequalizers of the
form of proposition the coequalizers that realize colimits in categories
of P-algebras. The conclusion follows. O

In the case of the functor S : M — F(E,&), we obtain as a corollary:

3.3.4 Proposition. Let P be an operad in C. Let i — N; be a diagram
of P-algebras in M. We have a natural isomorphism

S(colim N;, X) = colim S(IV;, X),
7 K]

for all X € &, where on the right-hand side we consider the colimit of the
P-algebras S(N;, X), i € I, associated to X € £ by the functors S(N;) : £ —
pE. a

This assertion is also a corollary of the adjunction relation of §2.3.3]

3.3.5 Extension and restriction of structures for algebras over op-
erads. Recall that a morphism of operads ¢ : P — Q yields adjoint functors
of extension and restriction of structures
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D1 pE =€ 1 9",

This classical assertion for algebras in the base category C can be general-
ized to algebras in a symmetric monoidal category over C. For the sake of
completeness we recall the construction of these functors.

The operad P operates on any Q-algebra B through the morphism ¢ :
P — Q and this operation defines the P-algebra ¢*B associated to B € o€ by
restriction of structures. The map B — ¢*B defines the restriction functor
¢* : Q(‘: — pg.

In the converse direction, the Q-algebra ¢ A associated to a P-algebra A €
p& is defined by a reflexive coequalizer of the form:

S0

2 a N
S(QoP, A) —=S(Q, A) —> ¢ A .

dy

The composite

S(p,A)

) 20204 gq0q, 4) 21 g(q, A),

S(QoP, A
where 1 : Qo Q — Q is the composition product of Q, defines dy : S(QoP, A) —
S(Q, A). The morphism

S(Q,))
—_—

S(@oP, 4) = 5(Q,5(P, 4)) S(Q, 4)

induced by the P-action on A defines dy : S(QoP, A) — S(Q, A). The morphism

S(Qon,A) S(QOP,A)

S(Q,A) =S(Qol, A)
induced by the operad unit of P gives the reflection sg : S(Q, A) — S(QoP, A).
Observe that dy, d; define morphisms of free Q-algebras dy, d; : Q(S(P, 4)) =
Q(A). Since the forgetful functor U : & — & creates the coequalizers which
are reflexive in £, we obtain that the coequalizer of dy,d; in £ is equipped
with a natural Q-algebra structure and represents the coequalizer of dy, d; in
the category of Q-algebras. The map A — ¢ A defines the extension functor
¢1 . pg — Qg.
One checks readily that the extension functor ¢ : p€ — &, defined by our
coequalizer construction, is left adjoint to the restriction functor ¢* : &€ — p&€
as required. The adjunction unit nA : A — ¢*¢ A is the morphism

. nd

S(n,A)l
EN
S(Q, A) —=¢"hA
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determined by the operad unit  : I — Q. The adjunction augmentation
eB : ¢1¢*B — B is the morphism

S(a, B) —= ¢1¢"B
e eB
2
B

induced by the Q-action on B.

In we observe that these functors are instances of functors associated
to right modules over operads.

For the unit morphism 7 : I — P, we have ;€ = £, the restriction functor
A — n*Ais identified with the forgetful functor U : p€ — £ and the extension
functor M — mM represents the free object functor P(—) : £ — p€. Thus
in this case we obtain the adjunction between the forgetful and free object
functors.

3.3.6 Extension and restriction of left modules over operads. In the
case £ = M and p€ = p M, the category of left P-modules, we obtain that
the extension of structures of a left P-module N € p€ is defined by a reflexive
coequalizer of the form:

S0

PR
QoPoN —ZQoN ——= ¢ N .

dy

In §9.3] we identify this coequalizer construction with a relative composi-
tion product QopN, where the operad P acts on Q on the right through the
morphism ¢ : P — Q and the operad composition product p: QoQ — Q.

3.3.7 Extension and restriction of functors. In the case of functor cat-
egories F = F(A,E) and p F = F(A, ), the extension and restriction func-
tors

gf)! : f(A,pg) = f(.A,qg) : d)*

defined by the construction of are given by the composition of functors
with the extension and restriction functors on target categories.

This assertion is straightforward for the restriction functor ¢*. To check
the assertion for the extension functor ¢, use simply that colimits are created
pointwise in functor categories or check directly that the functor F' +— ¢y o F
is left adjoint to F'+— ¢* o F'.

The next assertion is an immediate consequence of the universality of the

construction of

3.3.8 Proposition. Let ¢ : P — Q be an operad morphism. Let p: D — & be
a functor of symmetric monoidal categories over C. If p preserves colimits,
then the diagram of functors
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pD4p>pg

A

QDHQE

3

where we consider the functor on algebras induced by p, commutes. ad

3.4 Endomorphism operads
in enriched symmetric monoidal categories

In we observe that any symmetric monoidal category &€ over C is
equipped with an external hom-bifunctor Homg : £°? x £ — C such that

Morg(C ® X,Y) = More(C, Homeg(X,Y)),

for all C € C, X,Y € £. In this section, we use the existence of these hom-
objects to prove the existence of a universal operad acting on X, the endo-
morphism operad of X.

This assertion is standard in the classical setting of operads in a closed
symmetric monoidal categories. We extend simply the usual construction to

our relative context of a symmetric monoidal category £ enriched over the
base C.

3.4.1 The general construction in enriched symmetric monoidal cat-
egories. The endomorphism operad in C of an object X € £ is formed by
the hom-objects

Endx (’I“) = ]{O’N’Lg()((g)r7 X)

As usual, the symmetric group operates on Endx(r) by permutations of
tensors on the source. The operad composition products o; : Endx(r) ®
Endx(s) — Endx(r+ s —1) are deduced from the enriched monoidal struc-
ture.

The canonical morphisms

€: Homg(X@”',X) ®RX® - X

give an action of the endomorphism operad Endx on X so that X forms an
algebra over Endyx in £.

The next assertion is a formal generalization of the classical universal
definition of internal endomorphism operads:

3.4.2 Proposition. The endomorphism operad Endx is the universal operad
in C acting on X : any action on X of an operad P in C is the restriction, by
a uniquely determined operad morphism V : P — Endx, of the action of the
endomorphism operad Endx . a
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Accordingly:

3.4.3 Proposition. We have a one-to-one correspondence between operad
morphisms V : P — Endx and P-algebra structures on X. O

3.4.4 Endomorphism operads of functors. We apply the construction
of §3.4.1 to a category of functors F = F(A,E). We have then:

Endp(r) = Home(F(X)®", F(X)),
XeA
where we consider the end of the bifunctor (X,Y) — Home(F(X)®", F(Y)).
Recall that a functor F': A — & forms a P-algebra in F if and only if the
objects F(X), X € A, are equipped with a P-algebra structure, functorially
in X, so that the map X — F(X) defines a functor from A to the category
of P-algebras. Thus propositions [3.4.2) imply:

3.4.5 Proposition. We have a one-to-one correspondence between operad
morphisms V : P — Endp and functorial P-actions on the objects F(X),
X € A, such that X — F(X) defines a functor from A to the category
of P-algebras. O

3.4.6 Remark. The functorial action of Endr on the objects F(X), for
X € A, is represented by operad morphisms

ex : Endp — Endpx),

where Endp(x) denotes the endomorphism operad of the object FI(X) € £.
This collection of operad morphisms is identified with the universal collections
of morphisms associated to the end

Endp(r) = s Home (F(X)®", F(X)).

In the remainder of this section, we examine the functoriality of endomor-
phism operads with respect to morphisms of symmetric monoidal categories.
In the general case of a functor of symmetric monoidal categories p: D — &,
we have:

3.4.7 Proposition. Let p : D — & be a functor of symmetric monoidal
categories over C. For every object X € D, we have an operad morphism

Px : EndX — E'ndp(X)

determined by p.

Proof. In proposition [1.1.15] we observe that the map f +— p(f), defined for
morphisms in D, extends to a morphism
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Homp(X,Y) £ Home(p(X), p(Y)).
In the case of an endomorphism operad, we obtain a morphism
Homp(X®", X) £ Home (p(X®7), p(X)) = Home (p(X)®", p(X)),

for any object X € D. One checks readily that this morphism defines an
operad morphism p, : Endx — End,x. a

In light of propositions the existence of an operad morphism
px Endx — Endp(X)

is equivalent to the construction of §3.2.14] a P-algebra structure on X, where
P is an operad in C, gives rise to a P-algebra structure on pX, for all X € £.

In the particular case of the functor S : M — F, proposition [3.4.7|returns:

3.4.8 Proposition. Consider the functor S: M — F(E,E), where £ is any
symmetric monoidal category over C. For any M € M, we have an operad
morphism

Endy s Endg(u),
natural in £. O

By proposition[2.3.10} the morphism S : Hom (M, N) — Homz(S(M),S(N))
is mono for every M, N € M if the category &£ is equipped with a faithful
functor n : C — £. Hence, the operad morphism © is mono as long as £ is
equipped with a faithful functor n: C — €&.

In the case where the underlying categories £,C are both the category of
modules over a ring k, we obtain further:

3.4.9 Proposition. Assume & = C = kMod, the category of modules over
a ring k.
The operad morphism

Endy 2> Endg(ar)

is an isomorphism if M is a projective Xn-module or if the ground ring is an
infinite field.

Proof. This proposition is an immediate corollary of proposition [2.3.7] and
proposition [2.3.12 O

In observation [3.2.15] we prove that the structure of a P-algebra on a Y-
object M gives rise to a P-algebra structure at the functor level. The existence
of an operad isomorphism

Endy 2> Endsan
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implies further:

3.4.10 Proposition. Assume &€ =C = kMod, the category of modules over
a ring k.

If M is a projective X,-module or if the ground ring is an infinite field,
then all functorial P-algebra structures on the objects S(M,A), A € &, are
uniquely determined by a P-algebra structure on the Xy-module M. ad

3.4.11 Functoriality in the case of functors. We examine applications
of proposition in the context of functor categories. Consider the functor
o* : F(B,E) — F(A,E) induced by a functor « : A — B on source categories.
Recall that G — «o*(G) forms a functor of symmetric monoidal categories
over C. Accordingly, for any G : B — £, we have a morphism of endomorphism
operads
o : Endg — Endy-g

induced by o* : F(B,E) — F(A,E). This morphism can immediately be
identified with the natural morphisms
Home (G(Y)®",G(Y)) — Home (G(a(X))®", G(a(X)))
YenB XeA

defined by the restriction of ends.



Chapter 4

Miscellaneous structures
associated to algebras over operads

Introduction

In this chapter, we recall the definition of miscellaneous structures associated
to algebras over operads: enveloping operads, which model comma categories
of algebras over operads; enveloping algebras, which are associative algebras
formed from the structure of enveloping operads; representations, which are
nothing but modules over enveloping algebras; and modules of Kdhler differ-
entials, which occur in the definition of the homology of algebras over operads.
In 410} we address enveloping objects and modules of Kahler differentials as
examples of functors associated to right modules over operads. For the mo-
ment, we only give the definition of these structures — enveloping operads
in representations in enveloping algebras in Kahler differen-
tials in §4.4] - and we study applications of these operadic constructions for
the usual commutative, associative and Lie operads.

To simplify, we address our examples within the category of k-modules,
for which we can use the point-set formalism (see §0.4]). In the sequel, we
use the principle of generalized point-tensors (see o apply our results
to commutative (respectively, associative, Lie) algebras in categories of dg-
modules, in categories of Y ,-objects, and in categories of right modules over
operads (defined next).

4.1 Enveloping operads

Let P be any operad. The enveloping operad of a P-algebra A is introduced
in [I7] to represent the category of P-algebras under A. The article [13] gives
another definition according to which the enveloping operad Up(A) is the
universal operad under P such that Up(A)(0) = A.

79
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The purpose of this section is to review these definitions in the context
where the P-algebra A belongs to a symmetric monoidal category £ over the
base category C. Though we still assume that the operad P belongs to the
base category C, we have to use the category of operads in £ because the
enveloping operad of a P-algebra in £ belongs to that category.

4.1.1 The enveloping operad. To begin with, we recall the adjoint defini-
tion of the enveloping operad.

Recall that we use the notation Og¢ to refer to any category of operads in
a symmetric monoidal category £ other than the base category C. Form the
comma category P/ Og of operad morphisms ¢ : P — S, where we use the
functor of symmetric monoidal categories 1 : C — & associated to £ to map
P to an operad in €.

The enveloping operad of a P-algebra A is the operad Up(A) € P/O¢
defined by the adjunction relation

Morp ; 0, (Up(A),S) = Mor,e(A, 5(0)).

To justify this definition, recall that B = S(0) defines the initial object in
the category of S-algebras. If S is an operad under P, then B = S(0) forms a
P-algebra by restriction of structures.

The functor S +— S(0) preserves limits because limits of operads and al-
gebras over operads are created in the underlying category. The existence of
the enveloping operad follows immediately from this observation.

The main purpose of this section is to give a more effective construction
of the enveloping operad. Before, we check simply that the enveloping op-
erad defined by the adjunction relation of this paragraph fulfils the objective
of [17]:

4.1.2 Proposition (see [I3|[17]). Let A any P-algebra. The comma category
of algebras under A, denoted by A/pE, is isomorphic to the category of Up(A)-
algebras. The forgetful functor U : A/p€ — p& is represented by the restriction
functor n* : )€ — »€, where n : P — Up(A) is the underlying morphism
of the enveloping operad, viewed as an object of the category of operads under
P.

Proof. The Up(A)-algebras form a P-algebra by restriction of structures
through n : P — Up(A). For the endomorphism operad of a P-algebra B,
the adjunction relation reads

Morp /o, (Up(A), Endp) = Mor,e(A, B)

since we have Endp(0) = B. The proposition follows readily from the bijec-
tion given by this adjunction relation. ad

4.1.3 Toward explicit constructions. In the point-set context, the en-
veloping operad Up(A) can be defined informally as the object spanned by
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formal elements
W1y oy Tm) = P(T1y e oy Ty Gy e vy Q)

where z1,...,x,, are variables, p € P(m + ), and a1,...,a, € A, together
with relations of the form

p(wlv sy I, A1, - - '7a€717q(a87 .. -7a/e+871)aa6+85 .. -7ar+sfl>

= POomte @(T1y ey Ty A1y e vy Qo1 Gy v e vy Qegs—1y Gegsy -+ oy Qpgs—1)-

The goal of the next paragraphs is to give an effective construction of the
enveloping operad in the context of symmetric monoidal categories. In this
setting, the pointwise relations are replaced by identities of morphisms and we
use colimits to perform the quotient process. To make the construction more
conceptual, we replace the relations of this paragraph by equivalent relations
which involve all composition products of the operad at once. Roughly, we
put relations together to perform the quotient process by a single reflexive
coequalizer.

Technically, we define the enveloping operad on the subcategory of free P-
algebras first and we use that any P-algebra A is a coequalizer of morphisms
of free P-algebras to extend the construction to all P-algebras.

4.1.4 Shifted Y,-objects. The enveloping operad of a free P-algebra P(X)
is yielded by a partial evaluation of the functor S(P) : £ — £ associated to
the operad P. To define this partial evaluation, we use a shift of entries in the
underlying Y,-object of P.

For any X,.-object M, we form a collection of shifted objects M[m], m € N,
such that M[m](n) = M(m + n), for n € N. The action of ¥, on {m +
1,...,m+n} C{l,...,m+n} determines a morphism j : X, — ¥, 1, and
an action of X,, on M (m +n) which provides the collection M[m](n), n € N,
with the structure of a X.-object.

The action of X, on {1,...,m} C {1,...,m+n} determines a morphism
i: Xm — Xmyn and an action of X, on M[m](n) = M(m + n). This
Y m-action commutes clearly with the internal X,,-action on M[m](n), for all
n € N, so that the collection M[m], m € N, forms a X,-object in the category
of X,-objects.

For any X € &, the object S(M[m], X) comes equipped with a natural X,,-
action induced by the action of X, on the X,-object M[m]. Consequently, the
collection S[M, X](m) = S(M[m], X), m € N, defines a ¥,-object in £. For
short, we also use the notation M|[X] = S[M, X] for the X.-object associated
to X by this partial evaluation process.

By construction, we have the relation S[M,X](0) = S(M,X) so that
S(M, X) represents the constant part of S[M, X].

4.1.5 Shifted operads. For an operad P, the collection P[-] = {P[m]}men
forms naturally an operad in the category of X,-objects and the collection
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P[X] = {S(P[m], X) }men, associated to any object X € &, comes equipped
with an induced operad structure. The easiest is to define the composition
morphisms of these operads in May’s form.

For the shifted collection P[m], m € N, the composition morphisms

p:P[r]®@Pmy] ® - @P[m,] — Plmy + -+ m,]

are yielded by composites

P(r+s)®P(mi+n1) ®--- @P(m, +n,)
~P(r+s)@P(mi+n1)® - Q@P(my +n,) ®1@---®1
—P(r+s)®@P(mi+n1)®---@P(m, +n,) ®P(1) ®--- ®P(1)
—P(my+ny+ - +mp+n,+9)
~P(mi+--+mp+s+n+---+n,.),
with operad units n : 1 — P(1) at positions {r + 1,...,r + s} of the com-
position, and where the latter isomorphism involves the action of a block
permutation w(msq,...,my,n1,...,n.,s) equivalent to the natural bijection
{1,...,m I {1,...ong } IO~ I0{1,...,m, } T {1,... ,n,. } IT{1,..., s}
>~
{1,c..omy I - TO{1, ... ym, FIO{L,...,s} II{1,...,ng }IT-- - TI {1,... ,m0p- }.

Recall that

(P[r] ® P[my] ® - - - @ P[m,.])(n)
=@ 2. @515, {PIr](s) @ P[] (1) ® - - @ P[m] (n,)}

ER O™

=@ L @515, {P(r+s)@P(my +n1) @ @P(my + ny)},

S,Mx

where Yy x X, = Xy x X, x --- x X, . Our composition morphisms

P(r+s)@P(my +n1) ®--- @P(my +n;)
EPmy 4 4 me 540y + - +ny),
commute with Xg x X,,, x -+ x X, -actions and determine morphisms of X,-

objects
p:Pr]®@Pmi] ® - ®@P[m,] — Plmy + -+ m,]
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as required. One checks readily that these composition morphisms satisfy
May’s axioms and hence provide the collection P[m], m € N, with the struc-
ture of an operad in X,-objects.

Since we observe that S : M — &£ defines a functor of symmetric monoidal
categories, we obtain that any collection P[X](m) = S(P[m],X), m € N,
associated to an object X € &£, comes equipped with composition morphisms

S(P[r], X) ® S(P[m1], X) ® - - - ® S(P[m,], X)
~ S(P[r] ® P[m1] ® - -- @ P[m,], X) — S(P[mq + - - - + m,], X),
induced by the composition morphisms of the shifted operad P[-], and hence

inherits an operad structure.
Note that P[X] forms an operad in £.

For our needs, we note further:

4.1.6 Observation. The identity P(n) = P[n|(0), n € N, gives a morphism
of operads in X, -objects

n:P(-) = P[],
where we identify the components of the operad P with constant X, -objects.

For an object X € &, the identity of P(n) = P[n](0) with the constant term
of S(P[n], X) gives a morphism of operads in €

n:P — P[X].

Hence P[X] forms an operad under P.

4.1.7 Observation. We have P[X](0) = P(X), the free P-algebra generated
by X.

Suppose ¢ : R — S is any morphism of operads under P. Then ¢ : R(0) —
S(0) defines a morphism of P-algebras. Hence we have a natural map

Morp / o, (R,S) — Mor,¢(R(0),5(0)).
For the operad R = P[X], we obtain further:
4.1.8 Lemma. The natural map
Morp /o, (P[X], 8) — Mor,¢ (P(X),8(0))
is an iso and P[X] satisfies the adjunction relation of the enveloping operad.

Proof. To check this lemma, we use the operad morphism 7 : P — P[X]
defined in observation and the natural morphism n[X] : X — P[X](0)
defined by the composite

(n,X)
e

X =5(I,x) % S(P, X) = P[X](0),
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where 7 : I — P refers to the unit of the operad P.
Since P(X) is a free P-algebras, we have an isomorphism

Mor,¢(P(X),S(0)) ~ Morg(X, S(0))
and we can use the natural map
p : Morp s 0, (P[X],8) — More (X, 8(0))
which associates to any ¢ : P[X] — S the composite

X, pix)(0) 2 5(0).

X
Observe that the canonical morphism

P(m+n)® X®" — (P(m+n) ® X®")x, — S(P[m], X) = P[X](m)

is identified with the composite of the operadic composition product
P[X](m + n) ® P[X](1)®™ @ P[X](0)®" — P[X](m)

with the morphism

P(m+n) ® 19" @X®" — P[X](m +n) ® P[X](1)®™ @ P[X](0)®"
induced by the operad morphism 7 : P — P[X], the operad unit n : 1 —

P[X](1) and n[X] : X — P[X](0). Consequently, any morphism ¢ : P[X] — S
of operads under P fits a commutative diagram of the form

P(m+n)® X&" P[X](m) ,
P(m+n)® 19" X" ¢
®m®f®nl
\
S(m+n) ®8(1)®" @ 8(0)®" —————S(m)

where f = p(¢) and v refers to the composition product of S. Thus we obtain
that ¢ : P[X] — S is determined by the associated morphism f = p(¢).

If we are given a morphism f : X — S(0), then straightforward verifi-
cations show that the morphisms ¢ : P[X]|(m) — S(m) determined by the
diagram define a morphism of operads under P.

Hence we conclude that the map ¢ — p(¢) is one-to-one. a

In the case S = P[Y], we obtain that any morphism of P-algebras f :
P(X) — P(Y) determines a morphism ¢ : P[X] — P[Y] in the category of
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operads under P. The definition of the correspondence
Mors ; 0, (R, S) — Mor,¢(R(0),S(0))

implies that the map f — ¢ preserves composites. Hence the map X +— P[X]
determines a functor on the full subcategory of € formed by free P-algebras.
In addition, we obtain:

4.1.9 Lemma. The operad morphism ¢ : P[X] — P[Y] associated to a
morphism of free P-algebras f : P(X) — P(Y) fits a commutative diagram

MOI‘p/O;(P[X],S) —=> Mor,¢(P(X),S(0)) . O

o if*
Y

Mors o, (P[Y],8) ——= Mor,¢(P(Y),S(0))

To extend the functor Up(P(X)) = P[X] to the whole category of P-
algebras, we use the following assertion:

4.1.10 Fact. Any P-algebra A has a natural presentation by a reflexive co-
equalizer

P(S(P,4)) —=P(4) — 4,

where do,dy : P(S(P,A)) — P(A) and so : P(A) — P(S(P, A)) are morphisms
of free P-algebras.

This statement is proved in [44] Chapter 6] in the context of algebras over
a monad. For the sake of completeness, we recall simply the definition of the
morphisms in this reflexive coequalizer, and we refer to loc. cit. for the proof
that A is the coequalizer of dg, d;.

To define dy, we use the morphism

S(P,S(P, A)) = S(PoP, A) 2, g(p. 4),

induced by the composition product of the operad p : PoP — P, which forms
obviously a morphism of free P-algebras. To define d;, we use the morphism
of free P-algebras

P(S(P, 4)) *2 P(P, 4)
induced by the evaluation morphism of the P-algebra A : S(P, A) — A. To
define sy, we use the morphism of free P-algebras

P(S(n,4))
—_—

P(A) =P(S(1, 4)) P(S(P, 4))
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induced by the operad unit 7 : I — P. To define €, we use simply the evalua-
tion morphism of A:

P(A) =S(P,A) 2 A.

4.1.11 Proposition. The enveloping operad of a P-algebra A is constructed
by a reflexive coequalizer of the form:

$eo

PATRRN
P[S(P, A)] —Z P[A] > Us(A),
bdy

where dy, dy, so refer to the morphisms of free P-algebras of fact|{.1.10.

Proof. By lemma 4.1.8] we have an isomorphism
330
ker{ Mors | o, (P[A],S) —= Morg o (P[S(P, A)],S) }
dy

o~ ker{ Mor, ¢ (P(A), $(0)) Z:;(: Mor, s (P(S(P, A)),S(0)) },

from which we deduce the relation:

dg
Morp ; o, (coker{ P[S(P, A)] ——=P[4] },8)

dy

~ Mor,¢ (coker{ P(S(P, A)) % P(A) },8(0)) ~ Mor,g(4,8(0)).

1

Hence we obtain that

¢a
Us(A) = coker{ P[S(P, A)] ¢3 p[A] }
dy
satisfies the adjunction relation of an enveloping operad. a

4.2 Representations of algebras over operads

In this section we define the category of representations associated to an
algebra over an operad. In the classical examples of algebras over the com-
mutative, associative, and Lie operads, we obtain respectively: the category
of left modules over an algebra, the category of bimodules, and the usual
category of representations of a Lie algebra.
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To handle definitions in the setting of symmetric monoidal categories over a
base, we borrow a conceptual definition of [20]. In the next section, we prove
that representations are left modules over enveloping algebras, associative
algebras formed from the structure of enveloping operads.

4.2.1 Functors on pairs. For the moment, we assume A is any object in a
symmetric monoidal category £ over the base category C. For any F € £, we
set

LB =PA®  0Es- 04
e=1

where the sum ranges over tensor products AQ - QE®---® A withn —1
copies of A € £ and one copy of F € £.

To define the notion of a representation, we use functors S(M, A; —) : £ —
£, associated to X.-objects M € M, defined by a formula of the form:

S(M,A; FE) = é(M(n) ® (4; E)®”)

n=0

PN

For the unit X,-object I, we have an obvious isomorphism
S(I,A;E)=1QFE ~ F

since I(1) = 1 and I(n) = 0 for n # 1. For X,-objects M, N € M, we have

a natural isomorphism
S(M,S(N,A);S(N,A;E)) ~S(M o N, A; E)

whose definition extends the usual composition isomorphisms of functors as-
sociated to X,-objects. These isomorphisms satisfy coherence identities like
the usual composition isomorphisms of functors associated to X -objects.

4.2.2 Representations of algebras over operads. By definition, a repre-
sentation of an algebra A over an operad P is an object E € £ equipped with
a morphism u : S(P, A; E) — E so that the following diagrams commute

S(1, 4 B) — 28 g(p A )
\iu
E

S(PoP, A; E) —=—> S(P,S(P, A); S(P, A: E)) " g(p, 4 E) |

S(,u,A)l lﬂ
A

S(P, A; E) K
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where A : S(P, A) — A refers to the evaluation morphism of the P-algebra A.
The morphism p : S(P, A; E) — E determines an action of the P-algebra A
on F.

We use the notation Rp(A) to refer to the category of representations of a
P-algebra A, where a morphism of representations f : E — F' consists obvi-
ously of a morphism in £ which commutes with actions on representations.

By definition of the functor S(P, A; E), the structure of a representation
of A is equivalent to a collection of morphisms

L:Pn)@A® - @E®---®A) > E,

similar to the evaluation morphisms of a P-algebra, but where a module
FE occurs once in the tensor product of the left-hand side. The unit and
associativity relations of the action p : S(P, A; F) — E, defined in terms of
commutative diagrams, can be written explicitly in terms of these generalized
evaluation morphisms.

In the point-set context, the image of a tensor p® (a1 ®- - - R ®---®ay,) €
P(n)®(A®- - -@E®---®A) under the evaluation morphism of a representation
is denoted by p(ai,...,z,...,a,) € E. The unit relation of the action is
equivalent to the identity 1(z) = z, for the unit operation 1 € P(1), and
any element z € E. In terms of partial composites, the associativity relation
reads:

plar, . .y Ge—1,q(Aey- -y Qetn—1)sGetny--sTyeveyBmin_1)
=P0eq(a1y. oy Qe1,Gey -y Qepn—1sGegmy-vsLyeneyOmpn—1),

plar,...,ap—1,q(af, ..., ..., 0f4n—1),Qftns---sGmin—1)
=posq(a,...,ap_1,af, ..., &, .. Qf4n—1,0ffn;s---sGmin—1),

forpeP(m),q€P(n),and a1 ® - QL@ - Qtmin-1 € AQ - QER-- Q@ A.

4.2.3 Representations of algebras over operads defined by gener-
ators and relations. If P = F(M) is a free operad, then a representation
of a P-algebra A is equivalent to an object E equipped with a collection of
morphisms

pw:M(n)® (4, E)®" — E, n €N,

with no relation required outside X, -equivariance relations. Roughly, the
associativity of actions implies (as in the case of algebras) that the action of
formal composites (- - ((£1 0e, €2) Oy - - ) Oc,. &, Which spans the free operad
F(M), is determined by the action of the generating operations & € M (n;).

If P is an operad in k-modules defined by generators and relations P =
F(M)/(R), then the structure of a representation on an object E is deter-
mined by a collection of morphisms

pw:M(n)®@ (A, E)®" — E, n €N,
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such that we have the relations
p(al,...,x,...,an) =0,Va1 R xR - Qa, EAR---QF®---® A,

for every generating relation p € R.

4.2.4 Examples: the case of classical operads in k-modules. In the
usual examples of operads in k-modules, P = C, L, A, the equivalence of
returns the following assertions:

(a) Let A be any commutative algebra in k-modules. The structure of a
representation of A is determined by morphisms p : F® A — E and p :
A® E — FE so that we have the symmetry relation p(a,z) = u(zx, a), for all
a € A, x € E, and the associativity relations

w(p(a,b), ) = pla, pu(b,x)), p(pla, z),b) = p(a, p(z,b)),
n(p(z,a),b) = p(z,a-b),

forall a,b € A, x € E, where we also use the notation p(a,b) = a-b to denote
the product of A. As a consequence, the category of representations Re(A),
where A is any commutative algebra, is isomorphic to the usual category of
left A-modules.

(b) Let A be any associative algebra in k-modules. The structure of a repre-
sentation of A is determined by morphisms y: FQ A — Fand p: AQFE — F
so that we have the associativity relations

n(p(a,b),z) = pla, p(d,z)), p(p(a,z),b) = pla, p(z,b)),
n(p(z,a),b) = p(z, p(a, b)),

for all a,b € A, z € E, where we also use the notation p(a,b) = a-b to denote
the product of A. Hence the category of representations R, (A), where A is
any associative algebra, is isomorphic to the usual category of A-bimodules.

(c) Let G be any Lie algebra in k-modules. The structure of a representation
of G is determined by morphisms v: FE® G — FE and v : GRE — E so that
we have the antisymmetry relation y(g,z) = v(z,g), for all g € G, x € E,
and the Jacobi relations

Y(v(g,h),2) +v(v(h, 2), 9) +v(v(z,9),h) =0

forall g,h € G, x € E, where we also use the notation v(g, h) = [g, h] to denote
the Lie bracket of G. Hence the category of representations Ry.(G), where G is
any Lie algebra, is isomorphic to the usual category of representations of the
Lie algebra G.
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4.3 Enveloping algebras

The enveloping algebra of a P-algebra A is the term Up(A)(1) of the en-
veloping operad Up(A). The first purpose of this section is to prove that
the category of representations of A is isomorphic to the category of left
Up(A)(1)-modules. Then we determine the enveloping algebra of algebras
over the usual commutative, associative, and Lie operads. In all cases, we
retrieve usual constructions of classical algebra.

4.3.1 Enveloping algebras. By definition, the enveloping algebra of a P-
algebra A is the term Up(A)(1) of the enveloping operad Up(A). The compo-
sition product

1 Us(A)(1) @ Up(A)(1) — Us(A)(1)

defines a unital associative product on Up(A)(1) so that Up(A)(1) forms a
unitary associative algebra in the category £. Since we use no more enveloping
operads in this section, we can drop the reference to the arity in the notation
of enveloping algebras and, for simplicity, we set Up(A) = Up(A)(1).

In the point-set context, the enveloping algebra Up(A) can be defined in-
formally as the object spanned by formal elements

u=p(x,a,...,a,),

where x is a variable, ai,...,a, € A and p € P(1 + n), divided out by the
relation of §4.1.3]

p(xa A1,..., aeflvq(aev ceey ae+n71)7ae+sa ceey aernfl)

=po14e (T, a1, Qe1,0ey -y Qetn—1; Tetny - -« ) Gmtn—1)-

The product of Up(A) is defined by the formula:

p(x7a17"'7am)'q(x7b17"‘7bn) =po1 q(x7bla"'7bn7a17"'7a’m)'

The enveloping algebra of an algebra over an operad is defined in these terms
in [I8] in the context of k-modules.

The first objective of this section is to prove:

4.3.2 Proposition. Let A be a P-algebra in any symmetric monoidal cat-
egory over C. The category of representations Rp(A) is isomorphic to the
category of left Up(A)-modules, where Up(A) = Up(A)(1) refers to the en-
veloping algebra of A. O

In the point-set context, the proposition is an immediate consequence of
this explicit construction of the enveloping algebra and of the explicit defini-
tion of the structure of representations in terms of operations p® (a1 ® + -+ ®
T® - ®ay) — plal,...,x,...,a,). Note that any operation of the form
plat,...,aq;—1,x, a4 ...,a,) is, by equivariance, equivalent to an operation of
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the form wp(x, ay,...,a;—1,a;,...,ay,), where z is moved to the first position
of the tensor product.

The proposition holds in any symmetric monoidal category. To check the
generalized statement, we use the explicit construction of the enveloping op-
erad, which generalizes the point-set construction of

Proof. The construction of proposition [{.1.11] implies that the enveloping
algebra of A is defined by a reflexive coequalizer of the form:

Psq
£ bay N
P[S(P, A)](1) ¢:>> PIA](1) > Up(A)(1),

For any object F, we have an obvious isomorphism S(P, 4; E) ~ P[A](1)®FE
and we obtain

S(P,S(P, A); S(P, A; E)) ~ P[S(P, A)](1) @ P[A](1) ® E.

Thus the evaluation morphism of a representation p : S(P,A;F) — E
is equivalent to a morphism p : P[A](1) ® E — E. One checks further, by
a straightforward inspection, that p : S(P, A; F) — F satisfies the unit and
associativity relation of representations if and only if the equivalent morphism
p:P[4](1) ® E — E equalizes the morphisms dy, d; : P[S(P, A)](1) — P[4](1)
and induces a unitary and associative action of Up(A)(1) on E. The conclusion
follows. O

As a corollary, we obtain:

4.3.3 Proposition. The forgetful functor U : Rp(A) — & has a left adjoint
F : & — Rp(A) which associates to any object X € & the free left Up(A)-
module F(X) = Up(A) ® X. O

In other words, the object F(X) = Up(A) ® X represents the free object
generated by X in the category of representations Rp(A).

In the remainder of the section, we determine the operadic enveloping al-
gebras of commutative, associative and Lie algebras. To simplify, we assume
& = C = kMod and we use the pointwise representation of tensors in proofs.
As explained in the introduction of this chapter, we can use the principle of
generalized point-tensors (see to extend our results to commutative (re-
spectively, associative, Lie) algebras in categories of dg-modules, in categories
of X,-objects, and in categories of right modules over operads.

4.3.4 Proposition. Let P = F(M)/(R) be an operad in k-modules defined
by generators and relations. The enveloping algebra of any P-algebra A is
generated by formal elements £(x1,a1,...,a,), where § € M(1 4+ n) ranges
over generating relations of P, together with the relations wp(z1,as,...,a,) =
0, where p € R(n) and w € Xy 4. O
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The next propositions are easy consequences of this statement.

4.3.5 Proposition. For a commutative algebra without unit A, the operadic
enveloping algebra Ug(A) is isomorphic to AL, the unitary algebra such that
AL =16A. O

The object Ay = 1@A represents the image of A under the extension
functor (—)4 : ¢€ — ¢, & from commutative algebras without unit to com-
mutative algebras with unit. The product of A, extends the product of A on
A® A C Ay ® Ay and is given by the canonical isomorphisms 1 ® 1 ~ 1 and
A®1~A~1®A on the other components 1®1,A®1,10A C A} ® A;.
This construction can also be applied to associative algebras. The result gives
an associative algebra with unit A naturally associated to any A € ,€ so that
A, represents the image of A under the extension functor (—)4 : 2 — 4, &.

4.3.6 Proposition. For an associative algebra without unit A, the operadic
enveloping algebra Uy(A) is isomorphic to the classical enveloping algebra
of A, defined as the tensor product A, @ AY, where A, is obtained by the
addition of a unit to A, as in proposition §4.2.4), and A% refers to the opposite
algebra of A . O

Recall that the Lie operad L forms a suboperad of the associative operad
A: the operad embedding ¢ : L — A, maps the generating operation of the
Lie operad v = y(x1,22) to the commutator ¢(y) = pu — 7 = p(x1, z2) —
wu(xa, x1). The classical enveloping algebra of a Lie algebra G, usually defined
as the algebra generated by elements Xg4, g € G, together with the relations
Xy Xn — Xpn - Xy = X[g,n), represents the image of G under the extension
functor ¢ : L& — 4 &.

4.3.7 Proposition. For a Lie algebra G, the operadic enveloping algebra
UL(G) is isomorphic to the classical enveloping algebra of G, defined as the
image of G under the extension functor v : L& — 4, E. O

4.4 Derivations and Kahler differentials

The modules of Kdhler differentials 2L(A) are representations of algebras
over P which appear naturally in the deformation theory of P-algebras and in
the definition of a generalized Quillen homology for P-algebras.

To simplify, we take £ = C = kMod as underlying symmetric monoidal
categories and we use the pointwise representation of tensors in k-modules.
Again, we can use the principle of generalized point-tensors to extend the
results of this section to the category of dg-modules, to the category of Y-
objects, and to categories of right modules over operads.

4.4.1 Derivations and Kéahler differentials. A map 6 : A — E, where A
is a P-algebra and E a representation of A, is a derivation if it satisfies the
relation
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n

O(p(a, ... an)) =Y _plar,...,00a:), ..., an),
i=1
for all p € P(n), ay,...,a, € A. The module of Kdihler differentials §2t(A) is
a representation of A such that

Morg,(4)(£25(A), E) = Derp(A, E),

for all E, where Derp(A, E) denotes the k-module of derivations 6 : A — E.
Note simply that the functor Derp(A, —) : E — Derp(A, F) preserves limits
to justify the existence of 2L(A).

In the case of a free P-algebra, we obtain:

4.4.2 Observation. If A = P(X) is a free P-algebra, then any derivation
0 : P(X) — F is uniquely determined by its restriction to generators. Accord-
ingly, we have an isomorphism

Derp(P(X), E) ~ Morg (X, E),

for any representation E € Rp(P(X)), and the module of Kdhler differen-
tials 2L (P(X)) is isomorphic to the free representation Up(P(X)) ® X, where
Up(P(X)) = Up(P(X))(1) refers to the enveloping algebra of P(X) (recall that
representations of A are equivalent to left Up(P(X))-modules).

4.4.3 Explicit constructions of Kahler differentials. An explicit con-
struction of the module of Kihler differentials §2}(A) can be deduced from
observation [.4.2} as in we observe that Up(P(X)) ® X forms a functor
on the full subcategory of free P-algebras in p€ and we use that any P-algebra
A has a presentation by a reflexive coequalizer naturally associated to A.

On the other hand, in the context of k-modules, the module of Kéhler
differentials 2} (A) can be defined easily as the k-module spanned by formal
expressions p(ay,...,da;,...,an,), where p € P(m), a1,...,a, € A, together
with relations of the form:

plar, ..., q(@i, ..., Gign—1)s-..,daj, ..., Qmin_1)
=po;qlar,...,qi, .., Gitn—1,---,d0j, ..., Qmyn_1), fori+#j,
plat,...,dq(ai, ..., QGitn—1)y- - Gmin—1)
= Z;':Z'_lpo,- glar, ..., ai, ... dag, ..., Gign—1, .. Gmin—1)-

The representation structure is given by the formula

p(ala cee 7a'i—17Q(a'i7 cee 7daja ey ai+7t—1)7a'i+7u ey a'7rL+’rL—1)

:poi Q(ah ey Qg—1, Q4 .. '7da/j7 L] 7ai+n717ai+’n) . -7am+n71>7
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for every formal element g(aj, ..., daj,...,a;+n—1) € £25(A), and where p €
P(m),q € P(n),and ay ..., @myn—1 € A. The adjunction relation is immediate
from this construction.

In the case of a free P-algebra A = P(X), the natural isomorphism 6 :
Up(P(X)) @ X = 0L(P(X)) identifies a generating element z € X to a
formal differential dr = 1(dz) € 2L(P(X)).

4.4.4 Classical examples. If the operad P is defined by generators and
relations P = F(M)/(R), then a map 0 : A — E forms a derivation if and
only if it satisfies the relation

0(&(ar, ... an)) =Y _&lar,....0(a:),. .. an)
i=1

with respect to generating operations & € M (n). To prove this assertion,
use again that P is spanned by formal composites of generating operations
& € M(n) and check the coherence of the derivation relation with respect to
operadic composites.

In the context of associative and commutative algebras, we obtain that a
map 0 : A — FE forms a derivation if and only if it satisfies the usual identity

0(a-b) =0(a)-b+a-0(b)

with respect to the product. In the context of Lie algebras, we obtain that a
map 0 : A — F forms a derivation if and only if it satisfies the identity

0([a, b)) = [0(a), ] + [a, 0(b)]
with respect to the Lie bracket. Thus, in all cases, we obtain the standard
notions of derivations.

Since derivations of commutative algebras are derivations in the usual
sense, we obtain:

4.4.5 Proposition. For a commutative algebra A, the module of Kdhler
differentials 2L (A) which arises from the theory of operads is isomorphic to
the usual module of Kdhler differentials of commutative algebra. O

In the case of associative algebras, we obtain:

4.4.6 Proposition. For an associative algebra (without unit) A, the module
of Kihler differentials 2 (A) is isomorphic to the tensor product A, @ A
together with the bimodule structure such that

a'(a®ﬁ):aa®ﬂa
and (a®pP)-b=a® b+ afRb,

fora,be A, a@ e AL ® A.
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The definition of the module A} ® A as a non-commutative analogue of
Kéhler differential appears in non-commutative geometry (see [8, [34] 40]).
The proposition asserts that the definition of the theory of operads agrees
with the definition of non-commutative geometry. Since the relationship be-
tween A4 ® A and derivations does not seem to occur in the literature, we
give a proof of the proposition.

Proof. We make explicit inverse isomorphisms

O : Morg, ) (A1 ® A, E) — Der(A, E)
and @ : Der(A, E) — Morg,4)(4+ ® A, E).

In one direction, for a map ¢ : AL ® A — E, we set O(¢)(a) = ¢(1 ® a), for
a € A. Tt is straightforward to check that ©(¢) forms a derivation if ¢ is a
morphism of A-bimodules. In the converse direction, for a map 6 : A — F,
we set @(0)(a®b) = a-0(b), for a®b € AL ® A. Tt is straightforward to check
that @(0) forms a morphism of A-bimodules if 6 is a derivation. In addition
we have clearly ©(®(0)) = 0, for all maps 6 : A — E. Conversely, for any
morphism of A-bimodules ¢ : A, ® A — E, we have

P(O(9))(a®b) =a-d(1@b) =¢(a- (1®D)) =¢(a®Db).
Hence we obtain ©® = Id and ¢6 = Id. O

Recall that the operadic enveloping algebra Up(G) is identified with the
classical enveloping algebra of G, the associative algebra generated by ele-
ments Xy, where g € G, together with the relations X, X, — X, Xy, = Xy ),

for g,h € G. Let U.(G) be the augmentation ideal of U (G), the submodule
of Up(G) spanned by products X, --- X, of length n > 0.

4.4.7 Proposition. For a Lie algebra G, the module of Kdhler differentials
2L (G) is isomorphic to the augmentation ideal UL(G) together with its natural
left UL(G)-module structure.

Proof. We make explicit inverse isomorphisms

O : Morg, () (UL(G), E) — Der(G, E)
and @ : Der(G, E) — MorRL(G)(ﬁL(G), E).

In one direction, for a map ¢ : UL(G) — E, we set O(¢)(g) = o(X,), for
g € G. The derivation relation ©(¢)([g, h]) = [O(¢)(g), h]+[g, ©(¢)(h)] follows
from the relation X, = X, - X — Xp - Xy in UL(G) and the assumption
that ¢ is a morphism of left Up(G)-module. In the converse direction, for
amap 0 : G — E, we set $(0)( Xy, ---Xg,) = Xg, - Xg,_, - 0(gn), for
Xg, - Xg, € ﬁL(G). One checks readily that @(6) cancels the ideal generated
by the relations X, X;, — Xp, Xy — Xg4) if 6 forms a derivation. Hence the
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map D(6) : UL(G) — E is well defined. It is also immediate from the definition
that ¢(0) is a morphism of left Ur.(G)-modules. We have clearly ©(2(0)) = 0,
for all maps 6 : G — E. Conversely, for any morphism of left Uy (G)-modules
¢ : Up(G) — E, we have

¢(8(¢))(Xg1 o 'Xgn) = X91 o 'Xgnﬂ ) ¢(Xgn) = ¢(Xgl B 'Xgna ’ Xgn,)-

Hence we obtain ©¢® = Id and ¢6 = Id. O



Bibliographical comments on part [I]

We refer to [46] for a comprehensive overview of the history of operads. We
only give brief indications on matters related to our approach on algebras
over operads.

In most applications, authors deal with algebras and operads within a
fixed usual category, like the category of topological spaces, the category
of dg-modules, the category of simplicial sets, or the category of simplicial
modules. Nevertheless, homology theories, and other usual functors which
change the underlying category, are often used in the study of operads.

In the original reference [47], the structure of an operad is defined within
the category of topological spaces as a device to model the structure of it-
erated loop spaces. The definition of operads in the framework of symmetric
monoidal categories occurs explicitly in [I7]. But, as far as we know, the
thesis [54] is the first reference which formalizes the naturality of operad
structures with respect to functors of symmetric monoidal categories.

In almost all references, the algebras over an operad are defined within
the same category as the operad. But, in problems of stable homotopy, au-
thors consider naturally spectra acted on by operads in simplicial sets (see
for instance [21]). However, the general axiomatic background of symmetric
monoidal categories over a base, which axiomatizes this relationship, has not
been formalized in the operadic literature yet.

The composition product o is defined in [32] for X,-objects in sets. The
introduction of this operation in the operad literature goes back to [56]. Left
modules over operads appear explicitly in [57] in a realization of the cotriple
construction of [3, [47] at the operad level. The notion of a left module over
operads is studied more thoroughly in [564] and in [14]. The point of view
of [54] is to identify algebras over operads with constant left modules. This
approach is the usual one of the literature.

The converse point of view adopted in this book, according to which left
modules are algebras over operads in a category over the base category, has
not been fully exploited yet. However, the equivalence between left modules
over operads and algebras in X.-objects is made explicit in [38]. Note further
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that the generalization of Morita’s theorem to modules over operads in [33]
uses such an equivalence implicitly.

In the literature, the first examples of left module structures have appeared
as generalized algebras: Lie algebras in X,-objects are introduced in [2] (under
the name twisted Lie algebras) to study total Hopf invariants. The study
of these generalized Lie algebras structures is carried on in [19, [61], and
in [I1 12} 13] and [39] in the language of operads.

Representations and enveloping algebras of algebras over an operads are
defined in [I8]. The idea of the enveloping operad goes back to [I7]. The
definition adopted in is borrowed from [I3]. The notion of a K&hler
differential for algebras over an operad is introduced in [26] in a definition of
the cohomology of algebras over operads.



Part 11

The category of right modules
over operads and functors






Chapter 5
Definitions and basic constructions

Introduction

In this chapter, we define the functor Sg(M) : € — &£ associated to a right R-
module M. Besides, we study the commutation of the functor Sg(M) : g€ — &
with colimits.

For our purpose, we assume that right modules, like >,-objects and oper-
ads, belong to the fixed base category C. But, as usual, we consider algebras
in symmetric monoidal categories £ over C.

The construction Sg(M) : A — Sg(M, A) appears explicitly in [54] §2.3.10]
as a particular case of a relative composition product M og N, an opera-
tion between right and left modules over an operad R. In we observe
conversely that the relative composition product M oz N is given by a con-
struction of the form Sg(M, N) where N is identified with an R-algebra in
XY .-objects.

The category of left R-modules is denoted by g M. We adopt the symmet-
rical notation My for the category of right R-modules.

In we introduce the notation F = F(€,&) for the category of
functors F' : £ — &£ and the short notation g F = F(&,r€) for the category of
functors F' : & — €. If the category £ is clear from the context, then we may
use the symmetric short notation Fy = F(r€, £) for the category of functors
F :z€ — £. The map Sy : M — Sg(M) defines a functor Sg : Mz — Fp.

Because of our conventions on categories of functors, we should check that
Sr(M) : g€ — & preserves filtered colimits. The (straightforward) verification
of this assertion is addressed in section [£.2] devoted to colimits.
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102 5 Definitions and basic constructions

5.1 The functor associated to a right module
over an operad

We recall the definition of a right module over an operad and we define the
functor Sg(M) : A — Sg(M, A) associated to a right module next.

5.1.1 Right modules over operads. In we recall that a left R-
module consists of a X,-object N € M equipped with a morphism A : RoN —
N that provides N with a left action of the monoid object in (M, o, I') defined
by the operad R (see [14] §2.1.5]). Symmetrically, a right R-module consists
of a Y,-object M € M equipped with a morphism p: M oR — M that fits
commutative diagrams

Mon pPOR
MoR<—Mol, MoRoR——> MoR,
S
M MoR—— M

where as usual  : I — R (respectively, u : RoR — R) refers to the unit
(respectively, product) of the operad R. In short, the morphism p : M oR — M
provides M with a right action of the monoid object in (M, o, I) defined by
the operad R (see [14] §2.1.5]).

Note that the composition product of X,-objects is not symmetric. There-
fore, in general, we can not recover properties of left R-modules by symmetry
with right R-modules.

The category of right R-modules is denoted by M g, a morphism of right
R-modules consists obviously of a morphism of Y,-objects f : M — N that
preserves operad actions.

Like an operad structure, the action of an operad R on a right R-module
M is equivalent to composition products

M(@r)®R(n)®- - ®R(n,) = M(ny +---+n,)

that satisfy natural equivariance properties. The unit and associativity rela-
tions of operad actions can be expressed in terms of these composition prod-
ucts by an obvious generalization of May’s axioms. The partial compositions
product of an operad (see have an obvious generalization in the context
of right-modules so that a right R-module structure is fully determined by
collections of morphisms

o : M(m)®R(n) - M(m+n—-1), i=1,...,m,

that satisfy natural equivariance properties, as well as unit and associativity
relations (see [40]).

In the point-set context, the composite of an element £ € M(r) with
operations ¢ € R(n1),...,q, € R(n,) is denoted by &(q1,...,¢.) € M(n1 +
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-+ -4n,), like a composite of operad operations. Similarly, we use the notation
£ o, g for the partial composite of £ € M (m) with ¢ € R(n). The definition of
partial composites reads explicitly £ o, ¢ = £(1,...,q,...,1), where operad
units occur at positions ¢ # e in the composite of the right-hand side.

5.1.2 Colimits and limits. Since left R-modules form a category of R-
algebras in a symmetric monoidal category over C, proposition implies
that the forgetful functor U : g M — M creates filtered colimits and reflexive
coequalizers in g M.

In the case of right R-modules, we obtain that the forgetful functor U :
Mg — M creates all colimits in My, because the composition product
of X,-objects preserves colimits on the left: since we have an isomorphism
(colim;er M;) oR = colim;er(M; oR), we can form a composite

(colim M;) o R <= colim(M; o R) — colim M;
el iel i€l
to provide every colimit of right R-modules M; with a natural right R-module
structure and the conclusion follows.

The forgetful functor U : Mg — M creates all limits, as in the case
of left R-modules, because we have a natural morphism (lim;e; M;) oR —
lim;cr(M; o R) in the good direction to provide lim;e; M; with a right R-
module structure.

5.1.3 The functor associated to a right module over an operad. The
purpose of this paragraph is to define the functor Sg(M) : € — &£ associated
to a right R-module M, where £ is any symmetric monoidal category over C.
The image of an R-algebra A € g€ under this functor Sg(M) : A — Sg(M, A)
is defined by a reflexive coequalizer of the form

50

/d()\
S(M oR, A) === S(M, A) — Sg(M, A) .
dy

On one hand, the functor S(M) : £ — & associated to a right R-module
M is equipped with a natural transformation
S(M oRr, A) 224, 5(ar, A)
induced by the morphism p : M oR — M that defines the right R-action
on M. On the other hand, the structure of an R-algebra is determined by
a morphism A : S(R,A) — A in £. Therefore, for an R-algebra A, we have
another natural morphism

S(M,\)
_

S(M oR, A) = S(M,S(R, A)) S(M, A)
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induced by the morphism A : S(R, A) — A. In the converse direction, we have
a natural morphism

S(M, A) = S(M o I, A) 22D,

S(MoR,A)
induced by the operad unit 7 : I — R. The object Sg(M, A) € £ associated
to A € g€ is defined by the coequalizer of dy = S(p, A) and d; = S(M, \) in
€ together with the reflection so = S(M o1, A).

In the point-set context, the object Sg(M, A) can be defined intuitively as
the object spanned by tensors x(a1,...,a,), where x € M(r), a1,...,a, € A,
divided out by the coinvariant relations of S(M, A)

O‘l’(al, PN ,a,«) = :C(ag(l), ce ,ag(r))

and relations

zoip(ar, ... arrs—1) Ex(ar, ., p(@is s Qigs—1);- - Arps—1)

yielded by the coequalizer construction.

Clearly, the map Sg(M) : A — Sg(M, A) defines a functor Sg(M) : g€ — &,
from the category of R-algebras in £ to the category £, and the map S : M —
Sr(M) defines a functor Sg : Mz — F(RE,E), from the category of right R-
modules to the category of functors F' : g€ — . For short, we can adopt the
notation Fy for this functor category Fg = F(g€, ).

The construction Sg : M +— Sg(M) is also functorial in £. Explicitly, for
any functor p : D — &£ of symmetric monoidal categories over C, the diagram

of functors

RDL>35

SR(M)\L iSR(M)

D—=¢&
commutes up to natural isomorphisms.

5.1.4 Constant modules and constant functors. Recall that the base
category C is isomorphic to the full subcategory of M formed by constant X,-
objects. By proposition we also have a splitting M = C x M°, where
MV is the category of connected X,-objects in C.

Any constant X,-object has an obvious right R-module structure: all par-
tial composites o; : M (r) @ R(s) — M (r + s — 1) are necessarily trivial if we
assume M (r) = 0 for r > 0. Hence the base category C is also isomorphic
to the full subcategory of My formed by constant right R-modules. Observe
that the map Sg : M — Sg(M) associates constant functors F(A) = C to
constant right R-modules C' € C.

In the case of right R-modules, we have a splitting
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My =Cx M},

where Mg denotes the full subcategory of My formed by connected right
R-modules, only if R is a non-unitary operad.

5.1.5 Relative composition products. For a right R-module M and a left
R-module N, we have a relative composition product M oy N defined by a
reflexive coequalizer

S0

Ay N

MoRoN _—_—ZMoN—>MogN,
di

where the morphism dy = p o N is induced by the right R-action on M, the
morphism d; = Mo\ is induced by the left R-action on IV, and sg = MonoN
is induced by the operad unit. This general construction makes sense in any
monoidal category in which reflexive coequalizers exist.

Recall that Mo N is identified with the image of N € M under the functor
S(M) : &€ — &£ defined by M € M for the category £ = M. As a byproduct,
in the case £ = M, we have a formal identification of the construction of
with the relative composition product:

Se(M,N) = M oz N.

In §9.1 we observe that the operad R forms a left module over itself. In
this case, we obtain Sg(M,R) = M og R~ M. In we note further that
Sr(M,R) = MogR forms naturally a right R-module so that M is isomorphic to
Sr(M, R) as a right R-module. In the sequel, we use this observation to recover
the right R-module M from the associated collection of functors Sg(M) : g€ —
&, where £ ranges over symmetric monoidal categories over C.

5.1.6 The example of right modules over the commutative operad.
In this paragraph, we examine the structure of right modules over the operad
C, associated to the category of unitary commutative algebras. Recall that
this operad is given by the trivial representations C1 (n) = *, for every n € N
(see §3.1.10).

We check that a right C;-module is equivalent to a contravariant functor
F : Fin°®? — C, where Fin refers to the category formed by finite sets and all
maps between them (this observation comes from [33]).

For a Y,-object M and a finite set with n elements I, we set

M(I)=Bij({l,...,n},I)®s, M(n),

where Bij({1,...,n},I) refers to the set of bijections i, : {1,...,n} — I.
The coinvariants make the internal X, -action on M (n) agree with the action
of X, by right translations on Bij({1,...,n},I). In this manner we obtain a
functor I — M (I) on the category of finite sets and bijections between them.
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For a composite M o C,, we have an identity of the form:

Moc ()= P Mr)ec () a0 (I)/ =,
L a---1r,.=1

where the sum ranges over all partitions I; IT---I1 I, = I and is divided out
by a natural action of the symmetric groups X,.. Since C4(I) = k, we also

have
Moci()= @@ M@/ =,
LTI, =1
and we can use the natural correspondence between partitions I1I1- - -I11,. = T
and functions f: I — {1,...,r}, to obtain an expansion of the form:
fiI—J

According to this expansion, we obtain readily that a right Ci-action p :
M oCy — M determines morphisms f* : M (J) — M(I) for every f € Fin,
so that a right C-module determines a contravariant functor on the category
Fin. For details, we refer to [33].

On the other hand, one checks that the map n — A®" where A is any
commutative algebra in a symmetric monoidal category £ extends to a co-
variant functor A®~ : Fin — &. In the point-set context, the morphism
fu 1 A®™ — A®™ aggociated to a map f : {1,...,m} — {1,...,n} is defined

by the formula:
f*(®ai) = ®{ H ai}~
i=1

J=1 4ef=1(j)
The functor Sc, (M) : ¢, £ — & associated to a right C-module M is also
determined by the coend

Fin

Sc, (M, A) = M(I)® A®T,

This observation follows from a straightforward inspection of definitions.

5.1.7 The example of right modules over initial unitary operads.
Recall that the initial unitary operad ¢ associated to an object C € C is the
operad such that ¢ (0) = C, *¢(1) = 1, and *¢(n) =0 for n > 0.

In we mention that the structure of a right module over an operad
R is fully determined by partial composites

o, : M(m)®R(n) = M(m+n—-1), i=1,...,m,

together with natural relations, for which we refer to [46]. In the case of an
initial unitary operad R = *¢, we obtain that a right *o-module structure is
determined by morphisms
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O :Mm)@C - M(m-1),i=1,...,m,

which represent the partial composites o; : M(m) ® %¢(0) — M(m — 1),
because the term #¢(n) of the operad is reduced to the unit for n = 1 and
vanishes for n > 1. Finally, the relations of partial composites imply that
he structure of a right *c-module is equivalent to a collection of morphisms
0 M(m)®C — M(m —1),i=1,...,m, that satisfy the equivariance
relation

Oi - w = wo; %+ Dyy—1(5),

for every w € X, where w o; ¥ € X, _; refers to a partial composite with a
unitary operation * in the permutation operad (see §3.1.9)), and so that we
have commutative diagrams

M(m)®CoC Y Mm)o o0 2> Mm-1)eC,

ajl la

M(m-1)®C M(m —2)

0;

for i < j, where 7 : C ® C — C ® C refers to the commutation of tensors.

5.1.8 The example of A,-objects and generalized James’s construc-
tion. In the case of the operad * = %; associated to the unit object C' = 1,
a right #-module is equipped with morphisms 9; : M(n) — M(n — 1),
i=1,...,n,since M(n)®1 ~ M(n). Thus we obtain that a right *-module is
equivalent to a X,-object M equipped with operations 9; : M(n) — M(n—1),
i=1,...,n,s0that 0;-w = wo;*-0y ), for every w € X, and 9;0; = 9;_10;,
for i < j. According to [7], this structure is equivalent to a covariant functor
M : AP — C, where A, refers to the category formed by sets {1,...,n}, n €
N, and injective maps between them. The operation 9; : M(n) — M(n — 1)
is associated to the injection d' : {1,...,n — 1} — {1,...,n} that avoids
i € {1,...,n}. The action of a permutation w : M(n) — M (n) is associated
to the bijection w=! : {1,...,n} — {1,...,n} defined by the inverse of this
permutation.

In the topological context, an algebra over the initial unitary operad x
is equivalent to a pointed space X € Top, since a morphism * : pt — X
defines a base point x € X. By definition, the functor S, (M) associated to a
A,-space M is given by the quotient

o

S.(M,X) = [[(M(n) x X*™)5, / =

n=0

of the coinvariant modules (M (n) x X*™)yx under the relation

E(m1, . ¥y, ) =E0; #(my, o %, Ty
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Equivalently, the map n — X" determines a covariant functor on the cate-
gory A, and S.(M, X) is given by the coend

S.(M, X) = /A* M(n) x X*".

Examples of this construction are the classical James’s model of 2XX (see
[31]) and its generalizations to iterated loop spaces 2"X"X (see [7, [47]).
Actually, in the original definition of [47, Construction 2.4], motivated by
recognition problems for iterated loop spaces, the monad associated to a
topological operad is defined by a functor of the form S.(P).

5.2 Colimits

In this section we examine the commutation of our construction with colimits.
On one hand, we obtain readily:

5.2.1 Proposition. The functor Sy : My — F g preserves all colimits.

Proof. The proposition follows from an immediate interchange of colimits.
O

Recall that the forgetful functor U : My — M creates all colimits. Recall
also that colimits in functor categories are obtained pointwise. Thus propo-
sition [5.2.1] asserts that, for any R-algebra A, we have the identity:

SR(COhm Mi7 A) = COliIn SR(Mia A)

In contrast, one can observe that the functor Sg(M) : A — Sg(M, A)
does not preserve colimits in general just because: the functor S(M) : X
S(M, X) does not preserve all colimits, the forgetful functor U : € — &
does not preserve all colimits. On the other hand: in we observe that
the functor S(M) : X — S(M,X) preserves filtered colimits and reflexive
coequalizers; in §3.3] we observe that the forgetful functor U : g€ — & creates
filtered colimits and the coequalizers which are reflexive in the underlying
category £. Therefore, we obtain:

5.2.2 Proposition. The functor Sg(M) : g€ — & associated to a right R-
module M € My preserves filtered colimits and the coequalizers of R-algebras
which are reflexive in the underlying category &.

Proof. Immediate consequence of the results recalled above the proposition.
|



Chapter 6
Tensor products

Introduction

The goal of this chapter is to generalize the assertions of proposition to
right modules over an operad:

Theorem 6.A. Let R be an operad in C. The category of right R-modules
My is equipped with the structure of a symmetric monoidal category over C
so that the map Sg : M — Sg(M) defines a functor of symmetric monoidal
categories over C

SR N (M]h@, 1) — (-7:(R876)7®7 1)7

functorially in &€, for every symmetric monoidal category £ over C.
We have further:

Theorem 6.B. Let R be a non-unitary operad in C.

The category ./\/lg of connected right R-modules forms a reduced symmetric
monoidal category over C. The category splitting Mg = C X ./\/lg is compatible
with symmetric monoidal structures and identifies My with the symmetric
monoidal category over C associated to the reduced category /\/lg.

Moreover, the functor Sg : M +— Sg(M) fits a diagram of symmetric
monoidal categories over C:

MR i f(Rgvg)
Cx M P Cx FRE,E)°

We prove in [I3] §3] that the category of right R-modules inherits a symmet-
ric monoidal structure from X,-objects. We survey this construction in
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We prove that this symmetric monoidal structure fits the claims of theo-
rems [6.A}6.B] in §6.2] We record the definition of internal hom-objects for
right modules over an operad in

6.1 The symmetric monoidal category
of right modules over an operad

We survey the definition of the symmetric monoidal structure of [I3] §3]
for right modules over operad. We use observations of to make this
construction more conceptual.

6.1.1 The tensor product of right modules over an operad. To de-
fine the tensor product of right R-modules M, N, we observe that the tensor
product of M, N in the category of X.-objects is equipped with a natural
R-module structure. The right R-action on M ® N is given explicitly by the
composite of the distribution isomorphism of

(M® N)oR~ (MoR)® (N oR)
with the morphism
(MoR)® (NoR) 225 M e N

induced by right R-actions on M and N. The external tensor product of a
right R-module N with an object C' € C in the category of X,-objects comes
equipped with a similar natural R-module structure.

Thus we have an internal tensor product ® : My X Mg — My and
an external tensor product ® : C x Mg — My on the category of right R-
modules. The external tensor product can also be identified with the tensor
product of a right R-module with a constant right R-module.

The associativity and symmetry isomorphisms of the tensor product of X,-
modules define morphisms of right R-modules. This assertion follows from a
straightforward inspection. The unit object 1 is equipped with a trivial right
R-module structure, like any constant X,-module, and defines a unit with
respect to the tensor product of right R-modules as well. Hence we conclude
that the category of right R-modules inherits a symmetric monoidal structure,
as asserted in theorem [6.Al

In [I3] we prove that the category of right R-modules comes also equipped
with an internal hom HOMg (M, N) such that

Mor a, (L ® M, N) = Mor ap, (L, HOMg(M, N)),

but we do not use this structure in this book.
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6.1.2 The tensor product of connected right modules over an op-
erad. The tensor product of connected right R-modules forms obviously a
connected right R-module, and similarly as regards the tensor product of a
connected right R-module with a constant right R-module. Thus the category
of connected right R-modules /\/lg is preserved by the symmetric monoidal
structure of M and forms a reduced symmetric monoidal category over C.

Suppose R is a connected operad. The isomorphism o : C X Mg = My
maps a pair (C, M) € C x ./\/lg to the direct sum C® M € M y. The canonical
functor 1 : C — My defines tautologically a functor of symmetric monoidal
categories

n:(C,®,1) = (Mg, ®,1)

since we provide My with the structure of a symmetric monoidal category
over C. As the tensor product is assumed to preserve colimits, we conclude
that o defines an equivalence of symmetric monoidal categories over C so
that My is equivalent to the canonical symmetric monoidal category over C
associated to the reduced category ./\/lg. Thus we obtain the first assertion of
theorem

6.1.3 The pointwise representation of tensors in right R-modules.
The tensor product of R-modules inherits an obvious pointwise representation
from X,-objects. By construction, the underlying Y.-object of M ® N is given
by the tensor product of M, N in the category of X.-objects. Naturally, we
take the tensors of

r®y € M(p)® N(q)

to span the tensor product of M, N in right R-modules. The pointwise ex-
pression of the right R-action on a generating tensor © ® y € M(p) ® N(q) is
given by the formula:

(x@y)(p1,--por) =(p1y- - Pp) @Y(Pps1s-- -5 Pr)s

for every p; € R(n1),...,pr € R(n,), where r = p+gq.
Recall that (M ® N)(r) is spanned as a C-object by tensors w-x ®y, where
w € X,.. By equivariance, the action of R on w - x ® y reads:

(w-z®y)(p1,.--,pr)
= w1, 1) T(Pw(1)s - -+ Pup) @ Y(Pwpr1)s - - s Pulr))-

In [13], the right R-action on M ® N is defined by this pointwise formula.

By fact a morphism of X,-objects f : M ® N — T is equivalent
to a collection of X, x X,-equivariant morphisms f : M(p) ® N(q) — T(r).
Clearly, a morphism of right R-modules f : M ® N — T is equivalent to a
collection of X, x ¥y -equivariant morphisms f : M(p) ® N(q) — T'(r) such
that:

fl@ey) (ot pr) = f@(pr,-- o, 0p) @Y(Ppt1,---50r))
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for every generating tensors x®y € M (p)®N(q), and every p; € R(n1),...,pr €
R(n..).

6.2 Tensor products of modules and functors

We achieve the proof of theorems in this chapter. We have essentially
to check:

6.2.1 Lemma. For right R-modules M, N, we have a natural functor iso-
morphism Sg(M ® N) ~ Sg(M) ® Sg(N) which commutes with the unit,
associativity and symmetry isomorphisms of tensor products.

Proof. In the construction of §5.1] we observe that

do
S(M o R, A) ~z S(M, A) — Sx(M, A)

1

forms a reflexive coequalizer. Accordingly, by proposition the tensor
product Sg(M, A) @ Sg(N, A) can be identified with the coequalizer of the
tensor product

do®do
S(MoR,A)®S(NoR, A) ?S(M,A) ®S(N,A) .
1®dy

The statements of §§2.2.4 imply the existence of a natural isomorphism
of coequalizer diagrams

S(M®N)oR, A) ————=S(M ®N, A) SR(M®N,A)

| |

S(M oR, A) ® S(N oR, A) =% S(M, A) ® S(N, A) — Sp(M, A) ® Sp(N, A)

from which we deduce the required isomorphism Sg(M @ N, A) ~ Sp(M, A)®
Sr(N, A).

This isomorphism inherits the commutation with the unit, associativity
and symmetry isomorphism of tensor products from the isomorphism S(M ®
N,X) ~ S(M,X) ® S(N, X) of the symmetric monoidal functor S : M
S(M).

Note that the isomorphism Sp(M ® N) =~ Sp(M) ® Sp(NN) is natural with
respect to the underlying category &. a

Then we obtain:

6.2.2 Proposition. The map Sg : M +— Sg(M) defines a symmetric
monoidal functor
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Sk (MRa®71) - (‘7:R7®’ 1)7

functorially in £, where F g = FRE,E), and we have a commutative triangle
of symmetric monoidal categories

J

(MR7®71 ]:R7®71)

(C,®,1
n
) 5

Proof. Lemma [6.2.1] gives the first assertion of the proposition. The commu-
tativity of the triangle is checked by an immediate inspection. a

The claims of theorems [6.A}theorem are immediate consequences of
this proposition. a

6.3 On enriched category structures

If C is a closed symmetric monoidal category, then we obtain further that the
category of right modules over an operad R inherits a hom-bifunctor

Hompg(—,—) : (MR)? x (M3g) —C

from the category of X,-objects.
Formally, the hom-object Hom g, (M, N), for M, N € My, is defined by
a reflexive equalizer of the form

S()

/d—o\
Hompag,(M,N) —— Homm(M,N) —Z Homap(M oR,N) .
dl

The morphism

Homam(p,N)
—

Homp (M, N) Hompap (M oR,N)

induced by the R-action on M defines d°. Since we observe in §2.2.3|that the
map M — M oR defines a functor of symmetric monoidal categories over C

—oR: M —> M,
we have a natural morphism on hom-objects

Homa (M, N) =% Hom (M oR, N oR).
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The composite of this morphism with the morphism

Hom aq (MoR,p)
—_ 5

Homp (M oR,N oR) Hompap (M oR,N)

induced by the R-action on N defines d'. The reflection s° is defined by the
morphism

Hom aq (Mon,N)
B S AN

Hompa (M oR,N) Hompa (M oI, N) = Hompa (M, N)

induced by the operad unit n: I — R.
The morphism set Mor g, (M, N) can be defined by the same equalizer

/’;\
Mor pq, (M, N) —— Morp (M, N) —_—Z Morpm (M oR,N) ,
dl

because for a morphism ¢ : M — N the commutation with operad actions is
formally equivalent to the equation d°(¢) = d'(¢). The adjunction relation

Mor g, (C @ M, N) = Morc(C, Hom (M, N)),

is an immediate consequence of this observation and of the adjunction relation
at the Y,-object level.



Chapter 7

Universal constructions
on right modules over operads

Introduction

The usual constructions of module categories (namely free objects, extension
and restriction of structures) make sense in the context of right modules
over operads. In this chapter we check that these constructions correspond
to natural operations on functors.

In we determine the functor associated to free objects in right modules
over operads. Besides, we observe that the category of right modules over an
operad R is equipped with small projective generators defined by the free
objects associated to the generating X,-objects F, = I®", r € N, and we
determine the associated functors on R-algebras.

In we define the extension and restriction functors for right modules
over operads and we make explicit the corresponding operations on functors.

7.1 Free objects and generators

In we recall that the free left R-module generated by L € M is
represented by the composite Y,-object N = RolL equipped with the left
R-action defined by the morphism oL : RoRoL — RoL, where t: RoR — R
denotes the composition product of R. Symmetrically, the free right R-module
generated by L € M is defined by the composite Y,-object M = LoR
equipped with the right R-action defined by the morphism Loy : LoRoR —
LoR.

At the functor level, the free object functor — oR : M — My and the
forgetful functor U : My — M have the following interpretation:

7.1.1 Theorem.
(a) For a free right R-module M = L oR, the diagram

115
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L T
S(A ALOR)
&

in which U : g€ — £ denotes the forgetful functor, commutes up to a natural
isomorphism of functors.

(b) For any right R-module M € My, the diagram

R(—
< (=) £

S(J;N A(M)

&

in which R(—) : £ — g€ denotes the free R-algebra functor, commutes up to a
natural isomorphism of functors.

In other words, we have functor isomorphisms Sg(L o R) ~ S(L) o U, for
all free right R-modules M = L oR, and S(M) =~ Sg(M) o R(—), for all
right R-modules M € M g. The isomorphisms that give the functor relations
of theorem are also natural with respect to the symmetric monoidal
category £ on which functors are defined.

This theorem occurs as the particular case of an operad unit n7: I — R in
theorem [7.2.2] proved next. Note that we prove directly the general case of
theorem and our arguments do not rely on theorem Therefore we
can refer to theorem for the proof of this proposition.

7.1.2 Generating objects in right modules over operads. Consider the
free right R-modules F,. oR, r € N, associated to the generators F,., r € N of
the category of X,-objects.

As F, = I®" we have I} oR = I oR ~ R, the operad R considered as a right
module over itself, and, for all 7 € N, we obtain F,.oR = (I®")oR ~ R®", the
rth tensor power of R in the category of right R-modules.

Since S(F,) ~ Id®", the rth tensor power of the identity functor Id : £ —
&, theorem [7.1.1] returns:

7.1.3 Proposition. We have Sg(F; oR) = Sg(R) = U, the forgetful functor
U: g€ — &, and Sg(F, oR) = Sx(R)®" = U®", the rth tensor power of the
forgetful functor U : g€ — &. a

The next proposition is an immediate consequence of proposition [2.1.13
and of the adjunction relation Homaq,(L oR, M) ~ Hom (L, M).

7.1.4 Proposition. We have a natural isomorphism
wr (M) : M(r) = Hompq,(F, oR, M)

for every M € M. O



7.2 Extension and restriction of structures 117

This proposition and the discussion of §7.1.2] imply further:

7.1.5 Proposition. The objects F.oR, v € N define small projective gener-
ators of My in the sense of enriched categories. Explicitly, the functors

M — Homp,(F, oR, M)

preserve filtered colimits and coequalizers and the canonical morphism

€D Homm, (F, oR, M) ® F, oR — M
r=0

s a reqular epi, for every M € My. ad

This proposition is stated for the sake of completeness. Therefore we do
not give more details on these assertions.

7.2 Extension and restriction of structures

Let ¥ : R — 8 be an operad morphism. In §3.3.5] we recall the definition of
extension and restriction functors ¢y : g€ = s€ : ¥*. In the case &€ = M,
we obtain extension and restriction functors on left modules over operads
’t/)! ZRMstZ”L/J*.

Symmetrically, we have extension and restriction functors on right module
categories

1/)!2MR<:)M52¢*.

In this section, we recall the definition of these operations and we prove that
they reflect natural operations on functors.

7.2.1 Extension and restriction of right-modules over operads. The
operad R operates on any right S-module IV through the morphism ¢ : R — S.
This R-action defines the right R-module * N associated to N by restriction
of structures. In the converse direction, the right S-module ¥ M obtained by
extension of structures from a right R-module M is defined by the relative
composition product Yy M = M oy S.

To justify the definition of ¢y M, recall that the relative composition prod-
uct Yy M = M og S is defined by a reflexive coequalizer of the form:

S0

PR
MoRoS__ZMoS——= M.
dy

(This reflexive coequalizer is symmetric to the reflexive coequalizer of §3.3.6)
One observes that dy,d; are morphisms of free right S-modules, so that
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M inherits a natural S-module structure, and an immediate inspection
of definitions proves that M — M is left adjoint to the restriction functor
N — ¥*N. The adjunction unit nM : M — *¢ M is identified with the
morphism nM : M — M og S induced by

M=MoI X" pos

where 77 : I — S denotes the unit of the operad S. The adjunction augmen-
tation €N : Yp* N — N is identified with the morphism eN : N og S — N
induced by the right S-action on N:

NosZ N.

For the unit morphism 7 : I — R of an operad R, we have M = M, the
restriction functor M — n* M represents the forgetful functor U : Mg — M
and the extension functor L — mL is isomorphic to the free object functor
L +— LoR. Thus in this case we obtain the adjunction between the forgetful
and free object functors.

7.2.2 Theorem. Let 1) : R — S be any operad morphism.

(a) For any right R-module M, the diagram of functors

*

<—S£
sR(A>)\ / (1)

commutes up to a natural functor isomorphism.

(b) For any right S-module N, the diagram of functors

% Sg
Se(y™ Jx AN)

commutes up to a natural functor isomorphism.

The isomorphisms that give these functor relations are also natural with
respect to the symmetric monoidal category £ on which functors are defined.

Proof. In the case of a right R-module M and an S-algebra B, we obtain that
the morphism

S(Mon,A)
—_—

S(M,B) =S(M o1, A) S(M o, A)

induced by the operad unit 7 : I — S and the morphism
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S(M,X) S

S(M os, B) = S(M,S(S, B)) (M, B)

induced by the operad action on B induce inverse natural isomorphisms be-
tween Sg(M,¢*B) and Sg(y1 M, B).
In the case of a right S-module N and an R-algebra A, we obtain that the

morphism

S(Non,A)
_—

S(N, 4) S(N 08, A)

induced by the operad unit 1 : I — S and the morphism

S(p,A)
—_—

S(N,S(A)) = S(N o, A) S(N, A)

induced by the right operad action on /N induce inverse natural isomorphisms
between Sg(N, ¢y A) and Sg(¢¥*N, A). O

7.2.3 Extension and restriction of functors on the right. The composi-
tion on the right with a functor « : A — B induces a functor a* : F(B, X) —
F(A, X). In this section, we study compositions with adjoint functors

a: AZ2B:a,

for instance the extension and restriction functors vy : g€ = € : ™ associ-
ated to an operad morphism % : R — S. In this situation, we define extension
and restriction functors (on the right) on functor categories

ar: FAX) 2 F(B,X): o

by anF(B) = F(a*B), for B € B, respectively a*G(A) = G(aA), for A € A.

7.2.4 Proposition. The extension and restriction functors
ay: FAX) =2 F(B,X): o
define adjoint functors, for any target category X .

Proof. Observe simply that the natural transformations F(nA) : F(A) —
F(a*aA) and G(eB) : G(wma*B) — G(B) induced by the adjunction unit
and the adjunction augmentation of o : A 2 B : o* define an adjunction
unit and an adjunction augmentation at the functor level. a

Theorem asserts that we have natural functor isomorphisms Sg(¢1 M) ~
1 Sp(M), for every M € My, and Sg(p*N) ~ ¢* Sg(N), for every N € M.
By a direct and straightforward inspection, we obtain further:

7.2.5 Observation. The isomorphisms Ss(¢1 M) ~ )y Sg(M) and Sg(¢*N) ~
¥* Sg(N) commute with adjunction units and adjunction augmentations. 0O

And, as a byproduct, we obtain:
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7.2.6 Proposition. The diagram

Hom g (WM, N) — Hom g, (M,¢*N)
Ss SR
Hom z,(Ss(¢n M

N

Homg (¢ Sg(M),Ss(N))

/

Homg (Sg(M), Sg(1p*N))

commutes, for every M € My and N € M. a

This proposition asserts roughly that the functor Sg : M — Sg(M) pre-
serves the adjunction relation of the extension and restriction of structures
up to functor isomorphisms.

To complete the results of this section, we inspect the commutation of
extension and restriction functors with tensor structures. At the module level,
we obtain:

7.2.7 Proposition. Let iy : R — S be an operad morphism. The extension
functor ¢y : Myp — Mg and the restriction functor ¢* : Mg — My are
functors of symmetric monoidal categories over C and define an adjunction
relation in the 2-category of symmetric monoidal categories over C.

Proof. For the restriction functor, we have obviously an identity Y*(MQN) =
Y* (M) ® Y*(N) and ¥* : Mg — My forms clearly a functor of symmetric
monoidal categories.

Concerning the extension functor, since we have identifications yn(M) =
M og S = Sg(M,S), lemma gives a natural isomorphism of X,-objects
V(MN) ~ 1h(M)®1(N). One checks easily that this isomorphism defines
a morphism in the category of right R-modules. Hence we conclude that 1 :
My — Mg forms a functor of symmetric monoidal categories as well.

One checks further that the adjunction unit nM : M — ¢*¢y M and the
adjunction augmentation eN : ¥Y*N — N, made explicit in §7.2.1] are
natural transformations of symmetric monoidal categories. Hence we obtain
finally that ¢ : Mg — Mg and ¥* : Mg 2 Mg define an adjunction of
symmetric monoidal categories over C. a

At the functor level, we obtain:

7.2.8 Proposition. Let oy : A — B : o* be adjoint functors. The associated
extension and restriction functors

FAE) = FBE) : a

,Ss(N)) Hom g (Sp(M), " Ss(N
(

)
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where € is a symmetric monoidal category over C, are functors of symmetric
monoidal categories over C and define an adjunction relation in the 2-category
of symmetric monoidal categories over C.

Proof. In we already observe that functors of the form F — oy F and
G — o*G are functors of symmetric monoidal categories over C. One checks
by an immediate inspection that the adjunction unit nF' : F' — a*oF' and
the adjunction augmentation G : aya*G — G are natural transformations
of symmetric monoidal categories over C. ad

By a direct and straightforward inspection, we obtain:

7.2.9 Observation. The isomorphisms Sg(¢1M) =~ 1 Sg(M) and Sg(¢*N) ~
¥* Ss(N) are natural equivalences of symmetric monoidal categories over C.
O

To summarize:

7.2.10 Proposition. Let ) : R — S be an operad morphism. The diagram

P
MR%MS

P
ski lss
P

~7:R<7.7:s
o

commutes up to natural equivalences of symmetric monoidal categories overC.
O






Chapter 8
Adjunction and embedding properties

Introduction

Let R be an operad in C. In this chapter, we generalize results of to the
functor Sy : My — Fy from the category of right R-modules to the category
of functors F : g€ — &, where € is a fixed symmetric monoidal category over
C.

Again, since we observe in that the functor Sy : Mg — F g preserves
colimits, we obtain that this functor has a right adjoint I'y : Fg — Mj.
In §8.1] we generalize the construction of §2.3.4]to give an explicit definition
of this functor T’y : G +— T'x(G).

In we prove that the functor Sy : My +— Fy is faithful in an enriched
sense (like S : M — F) if the category & is equipped with a faithful functor
n : C — &. Equivalently, we obtain that the adjunction unit n(M) : M —
I'(Sg(M)) forms a monomorphism.

In the case £ = C = kMod, we observe that the unit n(M) : M — I'(S(M))
of the adjunction S: M = F : T forms an isomorphism if M is a projective
X .-module or if the ground ring is an infinite field. In we extend these
results to the context of right R-modules:

Theorem 8.A. In the case £ = C = kMod, the adjunction unit ng(M) :
M — TR(Sg(M)) defines an isomorphism if M is a projective X-module or
if the ground ring is an infinite field.

As a corollary, we obtain that the functor Sy : Mg — Fp is full and
faithful in the case £ = C = kMod, where k is an infinite field.

To prove this theorem, we observe that the underlying X,-object of I's(G),
for a functor G : g€ — €&, is identified with the X.-object T'(G o R(—))
associated to the composite of G : g€ — £ with the free R-algebra functor
R(—) : £ — g€. Then we use the relation Sg(M)oR(—) = S(M), for a functor
of the form G = Sg(M), to deduce theorem from the corresponding
assertions about the unit of the adjunction S: M = F : T

123
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The results of this chapter are not used elsewhere in this book and we give
an account of these results essentially for the sake of completeness.

8.1 The explicit construction of the adjoint functor
I'g: Fp— My

The explicit construction of the adjoint functor I'y : Fr — My is parallel
to the construction of for the functor I' : F — M to the category of
X .-objects M. First, we prove the existence of a pointwise adjunction relation

MOI‘g(SR(M, A)v X) = MOI‘M R(M7 EndA,X)a

for fixed objects A € g€, X € &, where End 4 x is the endomorphism module
defined in §2.37] For this aim, we observe that the endomorphism module
End 4 x is equipped with a right R-module structure if A is an R-algebra and
we have essentially to check that the adjunction relation of

1\/101‘5(8(]\47 A),X) ~ 1\/101‘/\/1(]\47 EndAvx),

makes correspond morphisms of right R-modules g : M — End4 x to mor-
phisms f: Sg(M,A) — X.

Then, we apply this pointwise adjunction relation to a category of functors
& = Fg to define the right adjoint I'g : Fg — Mg of Sg : Mg — Fx.

8.1.1 On endomorphism modules and endomorphism operads. Re-
call that the endomorphism module of a pair objects X,Y € £ is defined by
the collection

Endxy(r) = Homg(X®")Y)

on which symmetric groups act by tensor permutations on the source. In the
case X =Y, we obtain Endxy = Endx, the endomorphism operad of X,

defined in §3.4]

We have natural composition products
0; : Homeg(X®"Y) ® Home(X®*, X) — Homg(X® 571 Y)

which generalize the composition products of the endomorphism operad
Endx and which provide Endx,y with the structure of a right module over
this endomorphism operad Endx.

Recall that the structure of an R-algebra A is equivalent to an operad
morphism V : R — End 4. Hence, in the case where X = A is an R-algebra,
we obtain that End,y forms naturally a right R-module by restriction of
structures.

Our first goal is to check:

8.1.2 Proposition. We have a natural adjunction relation
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Morg (Sp(M, A),Y) =~ Mora, (M, End a.y)
for every M € My, A€y andY €€&.

Proof. By definition, the object Sg(M, A) is defined by a reflexive coequalizer

S0

/:;\
S(M o R, A) ——= S(M, A) —> Sa(M, A) ,
dy

where dj is induced by the right R-action on M and d; is induced by the
left R-action on A. As a consequence, we obtain that the morphism set
Morg (Sg(M, A),Y) is determined by an equalizer of the form

Morg(Sg(M, A),Y) —— Morg(S(M, A),Y) —_—Z Morg(S(M oR, A4),Y) .
dl

By proposition [2.3.2] we have adjunction relations

Morg(S(M, A),Y) ~ Morap (M, End 4.y)
and Morg(S(M oR,A),Y) >~ Mory (M oR, Enday)

that transport this equalizer to an isomorphic equalizer of the form:

dO
ker(d®, d') > Morp (M, Enday) " ZMorp(MoR,Enday) .
dl

By functoriality, we obtain that the map d° in this equalizer is induced
by the morphism p : M o R — M that determines the right R-action on M.
Thus we have d°(f) = f-p, for all f : M — Enday, where p denotes the
right R-action on M. On the other hand, by going through the construction of
proposition we check readily that d*(f) = p- f oR, where in this formula
p denotes the right R-action on End 4y . Hence we have f € ker(d®,d") if and
only if f: M — Enday forms a morphism of right R-modules.

To conclude, we obtain that the adjunction relation of proposition [2.3.2
restricts to an isomorphism

Morg(Sp(M, A),Y) ~ Morp, (M, End ay)

and this achieves the proof of proposition (8.1.2 a

8.1.3 Remark. In §2.3.3] we mention that the endomorphism module
Endx y forms also a left module over Endy, the endomorphism operad of
Y. Explicitly, we have natural composition products
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Homg(Y®",Y)® Homeg(X®™" YY) ® --- @ Homg(X®"",Y)

— Homg(X®mt4nr y)

which generalize the composition products of the endomorphism operad
Endy and which provide Endx y with the structure of a left module over
this endomorphism operad Endy .

Obviously, the left Endy-action commutes with the right End x-action
on Endx y so that Endx y forms a Endy-End x-bimodule (see for this
notion). As a corollary, if X = A is an algebra over an operad R and Y = B
is an algebra over an operad P, then we obtain that End4 g forms a P-R-
bimodule by restriction of structures on the left and on the right (see .

Next (see we observe that the map Sg(N) : A — Sg(N, A) defines
a functor Sg(N) : g€ — p€ when N is equipped with the structure of a
P-R-bimodule. In this context, we have an adjunction relation

Mor,g(Sg(N, A), B) ~ Mor, pm, (N, Enda g)

for all N € p My, A € g€ and B € p&, where p My refers to the category of
P-R-bimodules.

8.1.4 Definition of the adjoint functor I'y : 7y — M. To define the
functor I'y : Fr — My, we apply the pointwise adjunction relation of propo-
sition to the category of functors Fy.

Observe that the forgetful functor U : g€ — &£ can be equipped with
the structure an R-algebra in the category of functors Fg = F(RE,E). This
assertion is tautological since we observe in §3.2.§that R-algebras in categories
of functors Fy = F(X,E) are equivalent to functors F' : X — €. The
forgetful functor U : € — & together with its R-algebra structure corresponds
to the identity functor Id : g€ — g€&.

Equivalently, the evaluation products R(r)®@ A®™ — A, where A ranges over
the category of R-algebras, are equivalent to functor morphisms R(r)@U®" —
U that provide the forgetful functor U : g€ — &£ with the structure of an R-
algebra in Fy.

We have a tautological identity Sg(M,U(A)) = Sz(M, A) from which we
deduce the functor relation Sg(M,U) = Sg(M). As a consequence, if we set
I's(G) = Endy ¢ for G € Fg, then proposition returns:

8.1.5 Proposition. The functor I'y : Fr — My defined by the map G —
Endy g is right adjoint to Sg : Mg — Fr. a

By proposition [I.1.16] we have as well:

8.1.6 Proposition. The functors Sg : Mg = Fy : 'y satisfies an enriched
adjunction relation

Hom g, (Se(M),G) ~ Hom g, (M,T(G)),

where we replace morphism sets by hom-objects over C. a
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8.2 On adjunction units
and enriched embedding properties

The unit of the adjunction Sy : My — Fg : 'y is denoted by ng(N) : N —
Tr(Se(IV)).

By proposition the map Sg : M ~— Sg(M) defines a functor Sy :
My — Fy in the sense of C-enriched categories. In this section, we extend
the observations of §§2.3.7H2.3.11] to the morphism on hom-objects

Sk : Homaq, (M, N) — Homz(Sg(M), Sg(N))

induced by the functor Sg : Mg — Fg and to the adjunction unit ng(N) :
By proposition [I.1.16, we have:

8.2.1 Observation. We have a commutative diagram:

HOmMR(M7N) IJO?’TL]—'R SR ) SR<N)) .

M /

HOT)’LM (M FR SR

In addition:

8.2.2 Proposition. The component ng(N) : N(r) — Homzx, (U®",Sg(N))
of the adjunction unit ng(N) : N — T'r(Sg(N)) coincides with the morphism

N(r) = Hom,(F, oR,N) = Homr, (Sr(F, oR),Sa(N))
=5 Homz (U®",Sg(N))

formed by the composite of the isomorphism w,(N) : N(r) = Homaq,(F, o
R, N) of proposition the morphism induced by the functor Sg : My —
F & on hom-objects, and the isomorphism induced by the relation Sg(F, oR) ~
uer,

Proof. Similar to proposition [2:3.8] O
The next assertion is a generalization of proposition [2.3.10

8.2.3 Proposition. The functor Sg : Mg — F(RE,E) is faithful for every
symmetric monoidal category over C equipped with a faithful functorn:C —
E.

If € is also enriched over C, then the functor Sy : My — FRE,E) is
faithful in an enriched sense. Explicitly, the morphism induced by Sg on hom-
objects

Homa, (M, N) = Homz(Sa(M), Sa(N))



128 8 Adjunction and embedding properties

is mono in C, for every M, N € M.

Proof. To prove this result, we use the diagram of functors

MRLf(Rgag)

Ui l_m»

M2 F(E,€)

where U : My — M denotes the forgetful functor and G — G o R(—) maps
a functor G : g€ — &£ to the composite of G with the free R-algebra functor
R(—): & —&€.

In theorem [7.1.1]} we observe that this diagram commutes up to a natural
isomorphism. Accordingly, for M, N € M, we have a commutative diagram

Mor (M, N) S Morz(,e.6)(Sr(M), Sr(N)) .

d v

1\/[0@\4(]\4'7 N) S*> 1\/101‘_7:(575)(S(]\4>7 S(N))

By proposition the functor S : M — F is faithful and induces
an injective map on morphism sets. Since the map U : Morpy, (M, N) —
Mor (M, N) is tautologically injective, we can conclude that S induces an
injective map on morphism sets as well and hence defines a faithful functor.

These arguments extend immediately to the enriched category setting. 0O

By propositions [8.2.18.2.2] we have equivalently:

8.2.4 Proposition. The adjunction unit ng(N) : N — T'g(Sg(N)) is mono
in My, for every N € My. O

8.3 Comparison of adjunctions and application

In general, we do not have more than the results of propositions |8.2.3}{8.2.4]
but, in the introduction of this chapter, we announce that, in the case £ = C =
k Mod, the adjunction unit ng(N) : N — I'z(Sg(V)) forms an isomorphism
if N a projective X,-module or if the ground ring k is an infinite field. The
purpose of this section is to prove this claim.

For this aim, we compare the adjunction units of Sy : My &= Fy : 'y and
S: M2 F : T. Our comparison result holds for every symmetric monoidal
category over a base category C and not necessarily for the category of k-
modules. Observe first:
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8.3.1 Lemma. For any functor G : g€ — &, the underlying Y. -object of
T:(G) is isomorphic to T(GoR(—)), the X, -object associated to the composite
of G : x€ — & with the free R-algebra functor R(—) : £ — g€.

Proof. The adjunction relation of proposition [7.2.4] gives isomorphisms
Homz (U®",G) ~ Homz(Id®", G o R(—)),
for all 7 € N. The lemma follows. a

In the case G = Sg(M), we have an isomorphism Sg(M) o R(—) ~ S(M)
by theorem Hence, in this case, we obtain:

8.3.2 Observation. For any right R-module M, we have a natural isomor-
phism Tr(Sg(M)) ~ T'(S(M)) in M.

We check further:

8.3.3 Lemma. The units of the adjunctions
S Mz F:T and SRIMR:]:RZFR
fit a commutative diagram

N )

Wn(y \x(m

[g(Se(N)) ——T(S(NV))

for every N € M.

Proof. We apply proposition to the unit morphism n : I — R of the
operad R. Recall that ;&€ = & and the extension and restriction functors
m 1€ = g€ : n* are identified with the free object and forgetful functors
R(—) : &€ & g€ : U. Similarly, we have M = M and the extension and
restriction functors 7 : M & My : n* are identified with the free object
and forgetful functors for right R-modules. Accordingly, by proposition
we have a commutative hexagon:

Homaq,(LoR,N) = Homp (L, N)
y :
Hom gz, (Sg(L oR),Sg(N)) Homx(S(L),S(N))

BN -

.S
Homg (S(L) o U,Sg(N)) ———=— Hom#(S(L), Sr(N) oR(—))

for every free object M = L oR and all right R-modules N.
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We apply this result to the generating objects M = F,.oR = R®". We form
a commutative diagram:

/\

Homp, (F. oR,N) Homp (F,N)
Sk
Hom g, (Sg(F oR),Sg(N)) s
Homg (S(F,) o U,Sg(N)) Homz(S(F:),S(N))
~ \ Homz(S(F,),Sz(N) oR(—)) / ~
Hom g, (U®,Sg(N)) ~ Hom #(1d®",S(N))

\ Hom z(1d®" Sg(N) o R(—)) /

By proposition B:2.2] the left-hand side composite represents the adjunc-
tion unit nr(N) : N(r) — I'z(Sg(NV)). By proposition the right-hand
side composite represents the adjunction unit n(N) : N(r) — I'(S(V)). The
bottom isomorphisms represent the isomorphisms I'g(Sp(N)) ~ T'(Sr(NV) o
R(—)) ~ T'(S(N)) of lemma[8.3.1] and observation Hence the commuta-
tivity of the diagram implies lemma [8:3:3] O

The conclusion of theorem is an immediate consequence of this lemma
and of proposition [2.3.12 O



Chapter 9

Algebras
in right modules over operads

Introduction

The purpose of this chapter is to survey applications of the general statements
of §3] to the category of right modules over an operad R.

In 42| we prove that the functor S : M +— S(M) defines a functor of
symmetric monoidal categories over C

S:(M,8,1) = (F,©,1)
and we use this statement in §3.2| in order to model functors F' : £ — €&,
where P is an operad in C, by P-algebras in the category of X,-objects. In a
similar way, we can use that the functor Sg : M +— Sg(M) defines a functor
of symmetric monoidal categories over C

Sk : (MRa®71) - (‘7:R’®’ 1)7

to model functors F' : € — p& by P-algebras in the category of right R-
modules.

In this chapter, we also check that the structure of a P-algebra in right R-
modules, for P an operad in C, is equivalent to the structure of a P-R-bimodule,
an object equipped with both a left P-action and a right R-action in the
monoidal category (M, o, T), and we give an analogue of our constructions in
the bimodule formalism. In the sequel, we aim to extend results of the theory
of algebras over operads. For that reason we use the language of algebras in
symmetric monoidal categories rather than the bimodule language.

131
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9.1 Algebras in right modules over operads
and bimodules

Formally, a bimodule over operads P and R (in the sense of [14], §2.1] and [54]
§2.1.19]) consists of a X.-object N equipped with both a left P-action A :
PoN — N and a right R-action A : N oR — R such that the diagram

Pop
PoNoR—>PoN

- |

NORP—>N

commutes. (This notion of a bimodule is also used in [25] for another purpose,
namely to model A.-morphisms.) The category of P-R-bimodules is denoted
by P M R-

In §43:2.913:2.10] we observe that the structure of a P-algebra in the cate-
gory of X, -objects, where P is any operad in C, is equivalent to the structure
of a left P-module. In this section, we extend this equivalence to obtain that a
P-algebra in right R-modules is equivalent to a P-R-bimodule. Because of this
observation, the notation p My for the category of P-R-bimodules is coherent
with our conventions for categories of algebras over operads.

In we observe that the functor N — S(M, N), where N ranges over
&€ = M, is identified with the composition product of X.-objects: S(M, N) =
M o N. In the case £ = My, we obtain readily:

9.1.1 Observation. Let M € M. The image of a right R-module N € Mg,
under the functor S(M) : £ — £ defined by a Xy-object M € M for £ = My
is identified with the composite X, -object S(M,N) = M o N equipped with
the right R-action M op: M o N oR — M o N induced by the right R-action
of N.

In the case £ = M, we observe that the structure of a P-algebra in X,-
object is determined by a morphism of X,-objects

S(P,N) =PoN 2 N.

In the case of right R-modules £ = My, we assume simply that A : PoN — N
defines a morphism in the category of right R-modules. Clearly, this assertion
holds if and only if the morphism A : PoN — N defines a left P-action on N
that commutes with the right R-action. As a consequence, we obtain:

9.1.2 Proposition. The structure of a P-algebra in right R-modules is equiv-
alent to the structure of a P-R-bimodule.

Thus we have a category identity p(Mg) = p M.
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Since an operad P forms a bimodule over itself in an obvious way, propo-
sition [9.1.2) returns immediately:

9.1.3 Observation. Any operad forms naturally an algebra over itself in the
category of right modules over itself.

9.1.4 Free objects. In the case £ = M, the free P-algebra generated by
a X,-object M is identified with the composite P(M) = S(P, M) = PolM
equipped with the left P-action defined by the morphism

PoPoMﬂPoM

induced by the operad composition product i : PoP — P. In the context of
right R-modules £ = Mg, the free P-algebra P(M) = S(P, M) = PoM comes
also equipped with the right R-action induced by the right R-action on M.

9.2 Algebras in right modules over operads and functors

In we use the notation F for the category of functors F : £ — £ and
the notation p F for the category of functors F' : £ — p&, which correspond to
left modules over operads. In parallel, we use the notation F g for the category
of functors F' : g€ — &, which correspond to right modules over operads, and
we may use the notation p F g for the category of functors F' : g€ — p€. Again,
recall that a P-algebra in the category of functors F' : g€ — & is equivalent
to a functor F' : g€ — p€. Therefore, this notation p F g is coherent with our
conventions for categories of algebras over operads.

Since we prove that the functor Sg : M — Sg(M) defines a functor of
symmetric monoidal categories over C

SR . (MR7®,1) - (‘7:R7®7 1)7

we obtain by constructions of §3.2.14]that the functor Sg : My — F y restricts
to a functor
Sp:pMp—pFhr.

This construction is functorial with respect to the symmetric monoidal cate-
gory &. Explicitly, if p : D — £ is a functor of symmetric monoidal categories
over C, then the diagram

RD*p>R(€

SR(N)\L iSa(N)

pD?pg
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commutes up to natural functor isomorphisms, for every N € p M . Moreover
we have:

9.2.1 Proposition.
(a) For a free P-algebra N = P(M), where M € My, we have

Sr(P(M), A) = P(Sg(M, A)),

for all A € g€, where on the right-hand side we consider the free P-algebra in
E generated by the object Sg(M, A) € & associated to A € x€ by the functor
SR(M) : Rg — £.

(b) For a diagram i — N; of P-algebras in My, we have
Sr(colim N;, A) = colim Sg(N;, A),

for all A € g€, where on the right-hand side we consider the colimit of the
diagram of P-algebras associated to A € g€ by the functors Sg(N;) : € —
pE. O

This proposition is also a corollary of the adjunction relation of §8.1.3]
For the P-algebra in right P-modules defined by the operad itself, we obtain:

9.2.2 Proposition. The functor Sp(P) : p€ — p& is the identity functor of
the category of P-algebras. O

9.2.3 Functors on algebras in Y.-objects and right modules over
operads. Let Q be an operad in C. Since £ = M and & = M o form symmetric
monoidal categories over C, we can apply the constructions Sg : My —
FRE,E) and Sy : p My — F(RE, pE) to these categories € = M and £ = M g:

— Inthe case M € My and N € 3 M g, we obtain an object Sg(M, N) € M.
— In the case M € p My and N € x M, we have Sg(M, N) € p M.
— In the case M € p My and N € x My, we have Sg(M,N) € p M.

In we observe that the functor N — Sg(M, N), for M € My and
N €y M isidentified with the relative composition product Sg(M, N) = Moy
N. In the examples £ = M and £ = Mg, the structure of Sg(M, N) = Mog N
can also be deduced from:

9.2.4 Observation. Let M € My and N € g M.

- If M € p My, then the morphism Ao N : PoM o N — M o N induces a
left P-action on M op N so that M og N forms a left P-module.

- If N € g My, then the morphism M op: Mo N oQ — Mo N induces a
right Q-action on M og N so that M og N forms a right Q-module

~ If M € p My and N € g My, then we obtain that M og N forms a P-Q-
bimodule.
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These observations are standard for a relative tensor product in a monoidal
category whose tensor product preserves reflexive coequalizers. For the sake
of completeness, we give an interpretation of the operation (M, N) — Moy N
at the functor level:

9.2.5 Proposition (cf. [54, Proposition 2.3.13]). Let M € p My and N €
r Myq. The diagram of functors

Sq(MogN)
Qg°—>Pg

Sm(;x AM)

rE
commutes up to a natural functor isomorphism.
Proof. For an R-Q-bimodule N, the reflexive coequalizer of

S0

g T
S(N 0Q, A) — = S(N, A) —= Sq(N, A) .

di

defines a coequalizer in the category of R-algebras, reflexive in the underlying
category £. By proposition [5.2.2] this coequalizer is preserved by the functor
Sr(M) : g€ — £. As a consequence, we obtain that the image of a Q-algebra A
under the composite functor Sg(M)oSq(N) is given by a reflexive coequalizer
of the form

S0

4 T~
SR(Mv S(N oQ, A)) E—— SR(Mv S(Na A)) - SR(Mv SQ(N’ A)) .
dy

On the other hand, the image of A under the functor Sq(M og N) associated
to the relative composite M og N is defined by a reflexive coequalizer of the
form

S0

4 N
S((MORN>OQ7A)) H} S(MORN,A)HSQ(MORN,A) .
dy

The relation Sq(M og N, A) ~ Sg(M, Sq(N, A)) is deduced from these iden-
tifications by an interchange of colimits in a multidiagram of the form
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S(MoRoNoQ,A) —_—ZS(MoRoN,A).

il !

S(MoNoQ,A) ——ZS(MoN,A)

If we perform horizontal colimits first, then we obtain coequalizer (1). If we
perform vertical colimits first, then we obtain coequalizer (2).

Use also that the forgetful functor U : p€ — & creates reflexive coequalizers
to prove that Sp(M,Sq(N, A)) and Sg(M og N, A) are naturally isomorphic
as P-algebras. O

9.2.6 How to recover a right module over an operad R from the
associated functors Sy(M) : € — &. In the case N = R, we have a
natural isomorphism Sg(M,R) = M og R ~ M. To prove this, one can apply
theorem and use that IV = R represents the free R-algebra on the unit
object I in g M. Then check directly that Sg(M,R) = M og R ~ M defines an
isomorphism of right R-modules (respectively, of P-R-bimodules if M is so). In
the sequel, we use this observation (rather than the results of to recover
the object M from the associated collection of functors Sg(M) : g€ — &
where £ ranges over symmetric monoidal categories over C.

In fact, for any collection of functors G : g€ — £ we can form a right
R-module by applying the functor G : g€ — £ for £ = My to the R-algebra
in My formed by the operad itself.

9.3 Extension and restriction functors

In §3.3.6] we recall that an operad morphism ¢ : P — Q yields extension and
restriction functors on left module categories

¢!SPM;>QMI¢*

and we have an identification /N = QopN, for every N € p M. In {7.2.]]
we recall symmetrically that an operad morphism 3 : R — S yields extension
and restriction functors on right module categories

Pt Mg 2 Mg "

and we have an identification YyyM = M oy S, for every M € M.

In the case of bimodules over operads, we obtain functors of extension and
restriction of structures on the left ¢ : p My & g My : ¢* and on the right
v pMp & p Mg : ¥*. In addition, extensions and restrictions on the left
commute with extensions and restrictions on the right up to coherent functor
isomorphisms. In the bimodule formalism, the structure of the relative com-
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position product ¢ N = QopN, respectively Yy M = M o S, can be deduced
from observation
To obtain an interpretation at the functor level of the extension and re-
striction of structures on the left, we apply proposition [3.3.8] Indeed, in the
case of the functor
SR : (MR,®, 1) — (fp”®, 1),

this proposition returns:

9.3.1 Proposition. Let ¢ : P — Q be an operad morphism. Let R be an
operad.

(a) For any P-algebra A in right R-modules, the diagram of functors
Rg ’
SR(A/ \S;;(@A)
p& — o€

where g1 A is obtained from A by extension of structures on the left, commutes
up to a natural functor isomorphism.

(b) For any Q-algebra B in right R-modules, the diagram of functors

sn(¢y QB

where ¢* B is obtained from B by extension of structures on the left, commutes
up to a natural functor isomorphism. a

)

Symmetrically, for extension and restriction of structures on the right we
obtain:

9.3.2 Proposition. Let P be an operad. Let ¢ : R — S be an operad mor-
phism.

(a) For any P-algebra A in right R-modules, the diagram of functors

*

<— &€
SR(‘A\ }/Ss(ll"A)

where Y1 A is obtained from A by extension of structures on the right, com-
mutes up to a natural functor isomorphism.

)

(b) For any P-algebra B in right S-modules, the diagram of functors
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R — > E,

where V* B is obtained from B by restriction of structures on the right, com-
mutes up to a natural functor isomorphism.

Proof. In theorem we prove the existence of an isomorphism ¢ Sg(A) ~
Ss(11A), respectively ¢* Sg(B) = Sg(¢*B), in the functor category Fs =
F(sE,E), respectively Fg = F(RE,E).

Check simply that these functor isomorphisms commute with the left P-
action and the proposition follows. This assertion is a formal consequence of
the commutation requirement between left and right operad actions. a

Recall that an operad Q forms an algebra over itself in the category of right
modules over itself. Propositions [0.1.9} [9.5.1] and [0.3.2] give as a corollary:

9.3.3 Proposition. Let ¢ : P — Q be an operad morphism.

(a) The functor of restriction of structures ¢* : & — p& is identified with the
functor Sq(Q) : o€ — p€ associated to A = Q, the P-algebra in right Q-modules
obtained from Q by restriction of structures on the left.

(b) The functor of extension of structures ¢ : p€ — € is identified with the

functor Sp(Q) : p€ — € associated to B = Q, the Q-algebra in right P-modules
obtained from Q by restriction of structures on the right. ad

9.4 Endomorphism operads

In we observe that the structure of a P-algebra on a right R-module M
gives rise to a natural P-algebra structure on the associated functor Sg(M) :
A Sg(M, A). In this section we use general constructions of to review
this correspondence of structures in light of endomorphism operads.

In §6| we prove that the map Sy : M — Sg(M) defines a functor of sym-
metric monoidal categories Sy : (Mg, ®,1) — (Fg,®,1). Accordingly, by
proposition we obtain:

9.4.1 Proposition. For a right R-module M € My and the associated func-
tor Sg(M) € F(RE,E), where £ is any symmetric monoidal category over C,
we have an operad morphism

EndM & EndSR(M),

natural in £. a
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By proposition[8.2.3] the morphism Sg : Homaq, (M, N) — Homg,(Se(M), Sp(N))
is mono for all M, N € My as long as the category £ is equipped with a faith-
ful functor n : C — £. As a corollary, we obtain that Gy is a monomorphism
as well under this assumption.
In the case where the underlying categories £ and C are both the category
of modules over a ring k, we obtain further:

9.4.2 Proposition. Assume & = C = kMod, the category of modules over
a ring k.
The operad morphism

EndM & EndSR(M)

18 an isomorphism if the right R-module M forms a projective X, -module or
if the ground ring is an infinite field. O

The existence of an operad morphism O : Endy — Endg,(ar) is equiv-
alent to the construction of §9.2} an R-algebra structure on M gives rise to
a functorial R-algebra structure on the objects Sg(M, A), for A € g€. The
existence of an operad isomorphism O : Endy — Endg,(pry implies that
this construction defines a one-to-one correspondence. Hence, the assertion
of proposition 0.4.2] implies further:

9.4.3 Theorem. Assume & = C = kMod, the category of modules over a
ring k.

If a right R-module M forms a projective X,-module or if the ground

ring is an infinite field, then all functorial P-algebra structures on the ob-

jects Sp(M, A), A € g€, are uniquely determined by a P-algebra structure
on M. a

To conclude this chapter, we check that the morphism Oy satisfies a functo-
riality statement with respect to operad changes. To be explicit, let ) : R — 8
be an operad morphism. In §7.2] we observe that the extension and restric-
tion of structures of right modules over operads define functors of symmetric
monoidal categories ¥, : My = Mg : ¥*. Accordingly, by proposition [3.4.
we obtain:

9.4.4 Proposition. Let 1) : R — S be an operad morphism.

(a) For any right R-module M, we have a natural operad morphism
1/}! : EndM — E'ﬂ,dd,,M

yielded by the extension functor ¥ : Mg — M.

(b) For any right S-module M, we have a natural operad morphism
TZJ* : EndN — ETLd¢*N

yielded by the restriction functor ¢* : Mg — May.
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At the functor level, we have extension and restriction functors v, : F g —
F s : ¢¥* defined by the composition with extension and restriction functors
on the source. By §3.4.11] these functors yield natural operad morphisms

Yt Endp — Endy,rp  and ¢* : Endp — Endy-p .
In §7.2.10] we record that

P
MR%MS

P
sxi lss
P

-7:R<;*-7:S

P

forms a diagram of functors of symmetric monoidal categories over C that
commutes up to a natural equivalence of symmetric monoidal categories over
C. As a consequence, by naturality of our constructions, we obtain:

9.4.5 Proposition. Let i) : R — S be an operad morphism.
(a) The diagram

Or

End Ends, (ar

| N

@s >~
EndWM e Endss(w!M) _— Endw, SR(M)

commutes, for every right R-module M.
(b) The diagram

Endy Endgy(n)

o o

(")R ~
End¢*N E—— Endsk(w*N) E— Endw* Ss(N)

commutes, for every right S-module N . a



Chapter 10
Miscellaneous examples

Introduction

Many usual functors are defined by right modules over operads. In this chap-
ter we study the universal constructions of enveloping operads (§10.1)),
enveloping algebras (§10.2), and Kéhler differentials (§10.3).

In §§10.2H10.3] we apply the principle of generalized point-tensors to ex-
tend constructions of §4] in order to obtain structure results on the modules
which represent the enveloping algebra and Kahler differential functors. The
examples of these sections are intended as illustrations of our constructions.

In 17, we study other constructions which occur in the homotopy the-
ory of algebras over operads: cofibrant replacements, simplicial resolutions,
and cotangent complexes. New instances of functors associated to right mod-
ules over operads can be derived from these examples by using categorical

operations of §6, §7] and §9

10.1 Enveloping operads and algebras

Recall that the enveloping operad of an algebra A over an operad R is the
object Ug(A) of the category of operads under R defined by the adjunction
relation

Mory ; 0(Ur(A),S) = Mor,e(A,5(0)).

The goal of this section is to prove that the functor A — Ug(A) is associ-
ated to an operad in right R-modules, the shifted operad R[-] introduced in
the construction of

In we only prove that R[-] forms an operad in X,-objects. First, we
review the definition of the shifted operad R -] to check that the components
R[m], m € N, come equipped with the structure of a right R-module so that
R[-] forms an operad in that category. Then we observe that the construction

141
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of identifies the enveloping operad Ug(A) with the functor Sg(R[-], A)
associated to the shifted operad R[-].

10.1.1 Shifted operads. Recall that the shifted operad R[] consists of the
collection of objects R[m](n) =R(m +n), m,n € N.

In we use the action of X, on {m+1,...,m+n} C{l,...,m+n}
to define an action of X, on R(m + n), for every n € N, and to give to the
collection R[m|(n), n € N, the structure of a X,-object. In the case of an
operad, the composites at last positions

R(r+s)®R(n1)®---®R(ns) = R(r+mng + -+ +ny)

(insert operad units n : 1 — R(1) at positions 1,...,r) provide each object
R[r], r € N, with the additional structure of a right R-module.

In §4.1.5) we also observe that the collection {R[r]},cn is equipped with
the structure of an operad: the action of X, on {1,...,m} C {1,...,m+n}
determines an action of X, on R[m|(n) = R(m + n), for every m,n € N, and
we use operadic composites at first positions

R(r+s)®R(mi+n1)® - @R(m, +n,.) > R(m1 +n1+ - +m, +n, +s)
together with the action of appropriate bloc permutations
R(mi+ni+-+mp+n,+5) =>Rmy+--+mp.+n, 4+ +n,. +5)
to define composition products:
R[r] @ R[my] ® - - @ R[m,.] — R[mq + -+ - + m,].

The axioms of operads (in May’s form) imply immediately that the action of
permutations w € X, preserves the internal right R-module structure of R[m]
and similarly regarding the composition products of R[-]. Finally, we obtain
that the collection {R[r]|},cy forms an operad in the symmetric monoidal
category of right R-modules.

The morphism of §4.1.0]
n:R— R[],

which identifies R(m) with the constant part of R[m], forms a morphism of
operads in right R-modules.

In the sequel, we use the notation Oy to refer to the category of operads
in right R-modules, and the notation R / Oy to refer to the comma category
of objects under R € O, where we identify the objects P(m) underlying an
operad P € O with constant right R-modules to form a functor O — Og. Our
definition makes the operad R[-] an object of this category R/ Ok.

10.1.2 Functors on operads. In §4.1.5] we use that S : M — S(M) defines
a functor of symmetric monoidal categories S : M — F to obtain that the
collection {S(R[r], X)}ren, associated to any object X € &, forms an operad
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in £. We obtain similarly that the collection {Sg(R[r], 4)}ren, associated to
any R-algebra A € g€, forms an operad in €.
Furthermore, the morphism 7 : R — R[] induces a morphism of operads

n:R— Sgp(R[-], A)

so that Sg(R[-], A) forms an operad under R. As a conclusion, we obtain that
the map Sg(R[-]) : A+ Sg(R[-], A) defines a functor Sg(R[-]) : g€ — R/ O¢.
Our goal, announced in the introduction, is to prove:

10.1.3 Theorem. For every R-algebra A € R€, the enveloping operad Uy (A)
is isomorphic to the operad Sg(R[-], A) € R/ O¢ associated to A by the functor
SR(R[]) : Rg — R/Og

Proof. By lemma the enveloping operad of an R-algebra A is realized
by a reflexive coequalizer of the form:

?so
PEETRRN
R[S(R, A)] —ZR[A] - > Ua(A),
bd,

where we use the notation R[X] = S(R[-],X). To define the morphisms
Gdos Pdy s Ps, We use that R[X] represents the enveloping operad of the free
R-algebra A = R(X) and we apply the adjunction relation of enveloping op-

erads (see §§4.1.84.1.11). But a straightforward inspection of constructions
shows that these morphisms are identified with the morphisms

S0

o a T~
S(R[-],S(R, 4)) d:>> SR[-],A)

which occur in the definition of the functor S(R[-], A) associated to the right
R-module R[-]. Therefore we have an identity Ug(A) = Sg(R[-], 4), for every
A €g€. a

10.1.4 Remark. In the point-set context, the relation Uz(A) = Sg(R[-], 4)
asserts that Up(A) is spanned by elements of the form

W(T1, ooy Tm) = P(T1y ey Ty, Gy e vy Q)
where 21, . .., ,, are variables and a4, . .., a, € A, together with the relations
p(xlv ey Ty ALy e ey aeflvq(aea ceey ae+sfl)7 Aetsy vy an+sfl)
= Pomae Q(T1, oy Ty A1, o vy Qo1 Gey v e vy Qots—1y Getsy - -y Apts—1)-

Thus we recover the pointwise construction of
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10.1.5 Functoriality of enveloping operads. To complete this section,
we study the functoriality of enveloping operads.

Let v : R — S be any operad morphism. For an S-algebra B, we have a
natural morphism of operads

Yy : Up(y" B) — Us(DB)

that corresponds to the morphism of R-algebras ¢*B — Us(B)(0) = B de-
fined by the identity of B. In the converse direction, for an R-algebra A, we
have a natural morphism of operads

Yy : Ur(A) — Us(A)

that corresponds to the morphism of R-algebras A — Ugs(¢1A)(0) = ¥* A
defined by the unit of the adjunction between extension and restriction func-
tors 1 : g€ = &€ : Y.

These natural transformations are realized by morphisms of operads of the
form ¢, : Y R[-] — S[-] and *4 : R[-] — ¢* §[-]. To explain this assertion,
recall that, by proposition the extension and restriction functors

P Myp2 Mg "

are functors of symmetric monoidal categories. As a consequence, if P is an
operad in right R-modules, then ¢, P forms an operad in right S-modules, if Q
is an operad in right S-modules, then ¥* Q forms an operad in right R-modules.
Furthermore, these extension and restriction functors on operads

P Op = Og )"

are adjoint to each other. The obvious morphism % : R[-] — $[-] induced by
1) defines a morphisms

Yy R[] — " S[]
in Og. Let

¥yt R[] — S[-]
be the associated adjoint morphism. By theorem we have Sg(¢1 R[], B) =
Se(R[-],¥"B) = Up(¢" B) and Sp(¢" 8[-], A) = Ss(R[-], 11 A) = Us(¥r A).

It is straightforward to check that v, : ¥y R[-] — S[-] is the morphism

that represents 1), : Ug(¢v*B) — Us(B) for the algebra in right S-modules B

formed by the operad itself B = S. As a byproduct, we obtain further that
¥y : Up(p*B) — Us(B) is identified with the morphism of functors

Ss(1y, B) : Ss(Y1 R[], B) — Ss(S[-], B),

for all B € €. We check similarly that ¢y : Up(A) — Us(¥1A) is identified
with the morphism of functors
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Sn(g, A) - Sr(R[-], A) — Sa(¥7 8[], A4),
for all A € g€.

10.2 Enveloping algebras

Recall that the enveloping algebra of an algebra A over an operad R is the
term Ur(A)(1) of its enveloping operad Ug(A). Theorem implies that
A — Ur(A)(1) is the functor associated to an associative algebra in right
R-modules formed by the shifted object R[1].

In this section, we study the right R-module R[1] associated to the classical
operads R = C,A,L, of commutative algebras, associative algebras, and Lie
algebras. Since we use no more enveloping operads in this section, we can
drop the reference to the term in the notation of enveloping algebras and, for
simplicity, we set Ur(A) = Up(A)(1).

To determine the structure of the right R-modules R[1], where R = C,A, L,
we use the identity R[1] = U(R), deduced from the principle of and the
results of about enveloping algebras over classical operads. The principle
of generalized pointwise tensors of is applied to extend these results to
the category of right R-modules.

Regarding commutative algebras, proposition gives an isomorphism
Uc(A) ~ Ay, where A, represents the unitary algebra A, = 1 @A. The next
lemma reflects this relation:

10.2.1 Lemma. For the commutative operad C, we have an isomorphism of
associative algebras in right C-modules C[1] ~ C..

Proof. Apply the isomorphism Ug(A) ~ Ay to the commutative algebra in
right C-modules formed by the commutative operad itself. a

This lemma implies immediately:

10.2.2 Proposition. In the case of the commutative operad C, the object
C[1] forms a free right C-module.

Proof. The direct sum C; = 16 C forms obviously a free right C-modules
since we have the relation C; = 10C®I o C = (1®I) o C. (Observe that
1oM =1, for every Y.-object M.) O

Regarding associative algebras, proposition [4.3.6| gives an isomorphism
Up(A) ~ AL ® AT, The next lemma reflects this relation:

10.2.3 Lemma. For the associative operad A, we have an isomorphism of
associative algebras in right A-modules A[1] ~ AL @ A%,
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Proof. Apply the isomorphism Uy (A) ~ A4 ® A% to the associative algebra
in right A-modules A formed by the associative operad itself A = A. O

As a byproduct, we obtain:

10.2.4 Proposition. In the case of the associative operad A, the object A[1]
forms a free right A-module.

Proof. The object A7 has the same underlying right A-module as the operad
A, . Hence we obtain isomorphisms of right A-modules:

A1~ AL QAP ~ AL QAL ~1DADAGARA~(1BI BT DI®I)oA

from which we conclude that A[1] forms a free object in the category of right
A-modules. O

Recall that the operadic enveloping algebra Uy (G) of a Lie algebra G can
be identified with the classical enveloping algebra of G, defined as the image
of G under the extension functor ¢, : & — 4, &, from Lie algebras to unitary
associative algebras. At the module level, the relation UL (G) ~ « G is reflected
by:

10.2.5 Lemma. For the Lie operad L, we have an isomorphism L[1] ~ (* A, ,
where t* Ay is the associative algebra in right L-modules obtained by restric-
tion of structures on the right from the unitary associative operad A .

Proof. Again, apply the isomorphism Uy (G) ~ 1/ G to the Lie algebra in right
L-modules G formed by the Lie operad itself G = L. In this case, we have a
canonical isomorphism ¢ L o~ A,. To check this assertion, observe first that
the operad morphism ¢ : L — A, defines a morphism ¢4 : L — ¢* Ay in the
category of Lie algebras in right L-modules, where +* A, refers to the two-
sided restriction of structures of As,. By adjunction, we have a morphism
L, L — ¢* Ay in the category of unitary associative algebras in right L-
modules, where ¢ L is the unitary associative algebra obtained by extension
of structures on the left from L and ¢* A, is the unitary associative algebras
in right L-modules obtained by restriction of structures on the right from A, .
If we forget module structures, then we obtain readily that ¢, : y L — ¢* A4
forms an isomorphism, because the Lie operad L defines a free Lie algebra in
the category of Y,-objects. The conclusion follows. O

The classical Poincaré-Birkhoff-Witt theorem asserts that Up(G) is nat-
urally isomorphic to the module of symmetric tensors S(G) as long as the
ground ring is a field of characteristic 0. We also have S(X) = S(C4,X),
where Cy is the Y,-object, underlying the operad of unitary commutative
algebras, defined by the trivial representations of the symmetric group. Ac-
cordingly, by theorem we have S(G) = S.(C+ oL, G) for all Lie algebras
G. At the module level, the relation UL (G) =~ S(G) is reflected by:
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10.2.6 Lemma. In characteristic 0, we have an isomorphism of right L-
modules Ay ~ C, oL.

Proof. Apply the Poincaré-Birkhoff-Witt theorem to the Lie algebra in right
L-modules defined by the operad itself. O

As a corollary, we obtain:

10.2.7 Proposition. In the case of the Lie operad L, the object L[1] forms
a free right L-module as long as the ground ring is a field of characteristic
0. O

In positive characteristic, the Poincaré-Birkhoff-Witt theorem gives only
isomorphisms gr,, UL(G) ~ S,,(G), for subquotients of a natural filtration on
the enveloping algebra Up(G). Thus, in positive characteristic, we have only
an isomorphism of the form grA; ~ C; oL.

10.3 Kahler differentials

In this section, we prove that the module of Kihler differentials 23 (A), de-
fined in §4.4 for any algebra A over an operad R, is a functor associated to a
certain right module {2} over the operad R.

For simplicity, we take £ = C = k Mod as underlying symmetric monoidal
categories. Again, we can apply the principle of generalized pointwise tensors
to extend the definition of (2} in the context of dg-modules and so. The
relation 25 (A) ~ Sp(£2:, A) holds for R-algebras in dg-modules, in X,-objects,
or in any category of right modules over an operad S.

Recall that the module of Kihler differentials (21(A) is the k-module

spanned by formal expressions p(ai,...,da;,...,a,), where p € R(m),
ai,y...,a, € A, together with relations of the form:
p(a‘17"'7q(a‘i7'"7ai+n71);'~'7daj7"'7am+n71)

=poiq(ai, .., Qi s Qign-1,---,daj,...,amin_1), fori#j,
p(a17~"adQ(aia"'aai-‘rn—l)v'--7am+n—1)

_ —itn—1

:Z;; poiq(al»u~aai»'~~adaj7~~-,ai+n71a~~~aam+n71)~

From this definition, we deduce immediately:

10.3.1 Proposition. We have $2:(A) = Sg(£2%, A) for the right R-module
2% spanned by formal expressions p(x1,...,dT, ..., Tm), p € R(m), where
(1,...,2m) are variables, together with the right R-action such that:
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p(xlw"vdxia"'ax’rn) Ok 4
P ok q(x17"'7xk7"'7'rk+n717' "7dxi+n717"'7xm+n71)7 fork < i?
_ k+n—1 .
- Zj:k poiQ(mlw"axkv"'7dxj7"'7$k>+n—la~--;xm+n—l)7 fOTk—Z,
D Ck Q(xla"'adxiw-- y Ly - - '7dx/€+n—l)- ..7$m+n_1), fork > 1,
for all g € R(n). O

According to this proposition, we have 2} (n) = ¥, ®x,_, R[1](n — 1) if
we forget the right R-action on (2}. The object 2} comes equipped with the
structure of a left R[1]-module that reflects the definition of 25(A) as a left
module over the enveloping algebra Ug(A4) = Sg(R[1], A).

In the next statements, we study the structure of the modules of Kéhler
differentials {2} associated to the classical operads R = A, L. The case of the
commutative operad R = C is more complicated and is addressed only in a
remark.

In the associative case, proposition m gives an isomorphism 2} (A) =
A4 ® A. The next lemma reflects this relation:

10.3.2 Lemma. For the associative operad A, we have an isomorphism of
right A-modules 2} ~ A, @ A.

Proof. Apply the isomorphism 2} (A4) = A, ® A to the associative algebra
in right A-modules A formed by the associative operad itself A = A. O

As a byproduct, we obtain:

10.3.3 Proposition. ForR = A, the operad of associative algebras, the object
2} forms a free right A-module.

Proof. We have isomorphisms of right A-modules
2~ A, A~ 1CACARA~ (1RO I®RI)o0A
from which the conclusion follows. O

In the next paragraphs, we study the module of Kéhler differentials §2;
associated to the Lie operad L. Recall that the operadic enveloping algebra
UL(G) is identified with the classical enveloping algebra of G, defined by the
image of G under the extension functor ¢ : & — 4, & from Lie algebras to
unitary associative algebras. By proposition we have a natural isomor-
phism UL (G) ~ 2(G), where U(G) denotes the augmentation ideal of UL (G).
At the module level, we obtain:

10.3.4 Lemma. For R =L, the operad of Lie algebras, we have an isomor-
phism of right L-modules A ~ (2}, where the Lie operad L acts on A through
the morphism ¢ : L — A.
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Proof. Apply the isomorphism 6 : Uy (G) ~ £2L(G) to the Lie algebra in right
L-modules defined by the operad itself. By lemma [10.2.5] we have Up(L) ~ A,
and hence Up(L) ~ A. The lemma follows. O

As a byproduct, we obtain:

10.3.5 Proposition. For R = L, the operad of Lie algebras, the object §2}
forms a free right L-module as long as the ground ring is a field of character-
1stic 0.

Proof. By lemma|10.2.6] we have an identity Ay = C; oL. If we remove units,
then we obtain 2! = A = CoL and the conclusion follows. O

In positive characteristic, we have only an isomorphism of the form gr 2! ~
ColL.

10.3.6 Remark. The module of Kéhler differentials 25(A) associated to
the commutative operad C does not form a projective right C-module. This
negative result follows from theorem according to which the functor
Sr(M) : A — Sg(M,A) associated to a projective right R-module M pre-
serves all weak-equivalences of differential graded R-algebras. The functor of
commutative Kihler differentials 24 (A) does not preserve weak-equivalences
between differential graded commutative algebras. For more details, we refer
o §17.3| where we address applications of the results of to the homology
of algebras over operads.






Bibliographical comments on part [[]

The notion of a right module over an operad is introduced in Smirnov’s
papers [56], 57] as a left coefficient for the operadic version of the cotriple
construction of Beck [3] and May [47]. But, as far as we know, the first
thorough studies of categories of modules over operads appear in [I1] and [54].
The connection between modules over operads and other classical structures,
like I'-objects, appears in [33].

The objective of the work [II], published in [12] [13], is to prove struc-
ture and classification results for formal groups over operads. The symmetric
monoidal category of right modules over operads is introduced as a back-
ground for the operadic generalization of the Hopf algebra of differential
operators of a formal group.

In [54], the operadic cotriple construction occurs as a tool to compute the
homotopy of moduli spaces of R-algebra structures, for a given operad R.

The relative composition product oy is also introduced in the papers [50,
57]. The functor Sg(M) associated to a right module over an operad R is de-
fined in [54] as a particular case of the relative composition product M og N.
The relative composition product M oy N is used in [33], together with endo-
morphism operads of right R-modules, in order to define generalized Morita
equivalences in the context of operads.

In {7 and §9] we essentially unify results of the literature. The only
original idea is to identify the relative composition product M oy N with a
particular case of a functor of the form Sg(M, N) rather than the contrary.
The statements of 8] and are new.
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Chapter 11

Symmetric monoidal model categories
for operads

Introduction

Our next purpose is to study the homotopy of functors associated to modules
over operads. To deal with homotopy problems in a general setting, we use
the language of model categories.

The aim of this part is to recall applications of model categories to operads
and algebras over operads. In this chapter, we review the definition of a model
category in the context of symmetric monoidal categories over a base and we
study the homotopy properties of functors S(M) : £ — &£ associated to X,-
objects.

To begin with, in we recall briefly basic definitions of model cate-
gories (we refer to [27, 28] for a modern and comprehensive account of the
theory). For our needs, we also recall the notion of a cofibrantly generated
model category, the structure used to define model categories by adjunctions
(the model categories defined in this book are obtained as such). In we
survey basic examples of model categories in dg-modules. In the sequel, we
illustrate our results by constructions taken in these model categories.

In I1.3] we review the axioms of monoidal model categories. We use these
axioms in the relative context of symmetric monoidal model categories over a
base. In §I1.4] we prove that the category of ¥,-objects inherits the structure
of a cofibrantly generated monoidal model category from the base category.

In §11.5] we use the model structure of X,.-objects to study the homo-
topy of functors S(M) : € — &£. Essentially, we observe that the bifunctor
(M, X) — S(M, X) satisfies a pushout-product axiom, like the tensor prod-
uct of a symmetric monoidal model category. Usual homotopy invariance
properties are consequences of this axiom. For instance, we check that the
functor S(M) : &€ — & preserves weak-equivalences between cofibrant objects
as long as M is cofibrant in the category of X,-object.

€ In many usual examples, the functor S(M) : &€ — & preserves weak-
equivalences for a larger class of Y,-objects. Therefore we introduce an ax-
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iomatic setting, the notion of a symmetric monoidal category with regular
tensor powers, to handle finer homotopy invariance properties. These refine-
ments are addressed in Usual model categories of spectra give examples
of categories in which the homotopy invariance of functors S(M) : £ — £ can
be refined.

The pushout-product property of the bifunctor (M, X) +— S(M, X) is the
base of many subsequent constructions. In the sequel, the possible improve-
ments which hold for categories with regular tensor powers and spectra are
deferred to remarks (marked by the symbol €).

11.1 Recollections: the language of model categories

In this section, we recall the definition of a model category and the notion
of a cofibrantly generated model category with the aim to address homotopy
problems in the context of operads.

11.1.1 Basic notions. Model categories help to handle categories of frac-
tions in which a class of morphisms, usually called weak-equivalences, is for-
mally inverted to yield actual isomorphisms. In the context of a model cat-
egory A, the category of fractions is realized by a homotopy category Ho A
and its morphisms are represented by homotopy classes of morphisms of A,
a natural notion of homotopy being associated to A. Since we do not use
explicitly homotopy categories in this book, we refer to the literature for this
motivating application of model categories. For our needs we recall only the
axioms of model categories.

The core idea of model categories is to characterize classes of morphisms
by lifting properties which occur naturally in homotopy. For the moment,
recall simply that a morphism ¢ : A — B has the left lifting property with
respect to p : X — Y, and p : X — Y has the right lifting property with
respect to i : A — B, if every solid diagram of the form

A—X

B——>Y
can be filled out by a dotted morphism, the lifting. Recall that a morphism
f is a retract of g if we have morphisms
A
|
B

A*Z>C

s l

B——D——
J S

T
_
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which make the whole diagram commutes and so that ri = id and sj = id.
The retract f inherits every left lifting property satisfied by g, and similarly
as regards right lifting properties.

11.1.2 The axioms of model categories. The structure of a model cate-
gory consists of a category A equipped with three classes of morphisms, called
weak-equivalences (denoted by —), cofibrations (denoted ~—) and fibrations
(denoted —), so that the following axioms M1-5 hold:

M1 (completeness aziom): Limits and colimits exist in A.

M2 (two-out-of-three aziom): Let f and g be composable morphisms. If any
two among f, g and fg are weak-equivalences, then so is the third.

M3 (retract axiom): Suppose f is a retract of g. If g is a weak-equivalence
(respectively a cofibration, a fibration), then so is f.

M4 (lifting axioms):

i. The cofibrations have the left lifting property with respect to acyclic
fibrations, where an acyclic fibration refers to a morphism which is both
a weak-equivalence and a fibration.

ii. The fibrations have the right lifting property with respect to acyclic
cofibrations, where an acyclic cofibration refers to a morphism which is
both a weak-equivalence and a cofibration.

M5 (factorization azioms):

i. Any morphism has a factorization f = pi such that ¢ is a cofibration
and p is an acyclic fibration.

ii. Any morphism has a factorization f = pj such that j is an acyclic
cofibration and ¢ is a fibration.

By convention, an object X in a model category A is cofibrant if the initial
morphism 0 — X is a cofibration, fibrant if the terminal morphism X — x* is
a fibration.

Axiom M5.i implies that, for every object X € A, we can pick a cofibrant
object 0 — A together with a weak-equivalence A =+ X. Any such object is
called a cofibrant replacement of X. Axiom M5.ii implies symmetrically that,
for every object X € A, we can pick a fibrant object A — * together with a
weak-equivalence X = A. Any such object is called a fibrant replacement of
X.

11.1.3 Pushouts, pullbacks, and proper model categories. The ax-
ioms imply that the class of fibrations (respectively, acyclic fibrations) in a
model category is completely characterized by the right lifting property with
respect to acyclic cofibrations (respectively, cofibrations). Similarly, the class
of cofibrations (respectively, acyclic cofibrations) is completely characterized
by the left lifting property with respect to acyclic fibrations (respectively,
fibrations).

These observations imply further that the class of fibrations (respectively,
acyclic fibrations) is stable under pullbacks, the class of cofibrations (respec-
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tively, acyclic cofibrations) is stable under pushouts. The model category A
is called left (respectively, right) proper if we have further:

P1 (left properness aziom): The class of weak-equivalences is stable under
pushouts along cofibrations.

P2 (right properness axziom): The class of weak-equivalences is stable under
pullbacks along fibrations.

The category A is proper if both axioms are satisfied. In this book, we only
use axiom P1 of left properness.
Not all categories are left (or right) proper. But:

11.1.4 Proposition (see [27, Proposition 13.1.2]). The following assertion
holds in every model category A:

P1’. The pushout of a weak-equivalence along a cofibration

|
B-->D

gives a weak-equivalence C = D provided that A and B are cofibrant in

A.
Proof. See [27), Proposition 13.1.2]. O

The dual weak right properness property holds in every model category
too.

Basic examples of model categories include the category of dg-modules
over a ring, the category of topological spaces, and the category of simplicial
sets. Before recalling the definition of these basic model categories, we still
review the notion of a cofibrantly generated model category which applies
to these examples. The categories of spectra in stable homotopy give other
important instances of cofibrantly generated model categories. This example
is studied briefly in §§T1.6.811.6.11] as an instance of a symmetric monoidal
model category with regular tensor powers.

For our purpose, the importance of cofibrantly generated model categories
comes from the definition of new model categories by adjunction from a
cofibrantly generated model structure. In this book, we apply the construction
of adjoint model structures to the category of X,-objects (see , the
categories of right modules over operads (see , the category of operads
itself (see , and categories of algebras over operads (see .

The core idea of a cofibrantly generated model category is to realize the
factorizations of axiom M5 by successive cell attachments of reference cofi-
brations (respectively, acyclic cofibrations) which are also used to determine
the class of acyclic fibrations (respectively, fibrations).
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11.1.5 Cofibrantly generated model categories. Formally, a cofibrantly
generated model category consists of a model category A equipped with a set
of generating cofibrations T and a set of generating acyclic cofibrations J,
for which the small object argument holds (see short recollections next and
[27, 28] for further details), and so that:

G1. The fibrations are characterized by the right lifting property with respect
to acyclic generating cofibrations j € J.

G2. The acyclic fibrations are characterized by the right lifting property with
respect to generating cofibrations i € 7.

Since the class of cofibrations (respectively, acyclic cofibrations) is also char-
acterized by the left lifting property with respect to acyclic fibrations (respec-
tively, fibrations), the structure of a cofibrantly generated model category is
completely determined by its class of weak-equivalences, the set of generating
cofibrations Z and the set of generating acyclic cofibrations .

11.1.6 Relative cell complexes. Let K be any set of morphisms in a
category A with colimits. We call K-cell attachment any morphism j : K — L
obtained by a pushout

@OLCO‘HK
o
Y

@aDa rrrrrrr > [,

in which the right hand side consists of a sum of morphisms of . We call
relative K-cell complex any morphism j : K — L obtained by a (possibly
transfinite) composite

K:L0—>~--—>LA_1J—*>L,\—>---—>c/c\)l<imLk:L,
14

over an ordinal u, of KC-cell attachments jy : Lx_1 — L). We refer to the
ordinal p as the length of the relative K-cell complex j : K — L. We call

KC-cell complex any object L so that the initial morphism 0 — L is equipped
with the structure of a relative /C-cell complex.

11.1.7 The small object argument and cellular approximations. The
small object argument (whenever it holds) associates to any morphism f a
natural factorization f = pi so that i is a relative K-complex and p has the
right lifting property with respect to morphisms of IC (we refer to [27), §10.5]
and [28], §2.1.2] for a detailed account of this construction). The small object
argument holds for a set of morphisms K if the domain A of every morphism
of IC is small with respect to relative KC-cell complexes of length p > w, for
some fixed ordinal w: any morphism f : A — L, where L = colimy., Ly is a
relative [C-cell complexes of length u > w, admits a factorization
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Ly

A —f> colimy«,, L,

for some A < p.

11.1.8 Relative cell complexes and (acyclic) cofibrations in cofi-
brantly generated model categories. In the context of a cofibrantly gen-
erated model category, the small object argument returns:

— a factorization f = pi such that ¢ is a relative Z-cell complex and p has
the right lifting property with respect to generating cofibrations,

— and a factorization f = ¢j such that j is a relative J-cell complex and ¢ has
the right lifting property with respect to generating acyclic cofibrations.

Every relative Z-cell (respectively, J-cell) complex forms a cofibration (re-
spectively, acyclic cofibration) because relative Z-cell (respectively, J-cell)
complexes inherits the left lifting properties of generating cofibrations (re-
spectively, acyclic cofibrations). Thus we obtain the factorizations required
by axiom M5 of model categories

If we assume that f is a cofibration, then we can deduce from the left lifting
property that f forms a retract of the relative Z-cell complex ¢ which occurs
in the factorization f = pi. Similarly, if f is an acyclic cofibration, then we
obtain that f forms a retract of the relative J-cell complex j which occurs in
the factorization f = ¢j. Hence the cofibrations (respectively, acyclic cofibra-
tions) in a cofibrantly generated model category are the retracts of relative
Z-cell (respectively, J-cell) complexes.

In usual examples of model categories, we call cofibrant cell objects the cell
complexes built from a natural set of generating cofibrations of the model
category, and we use a similar convention for relative cell complexes.

11.1.9 Example: dg-modules. The category of dg-modules dgk Mod is
equipped with a proper model structure so that a morphism f: A — B is a
weak-equivalence if it induces an isomorphism in homology, a fibration if it
is degreewise surjective, a cofibration if it has the left lifting property with
respect to acyclic fibrations (see [28)] for proofs).

Let E? be the dg-module freely spanned by an element e = ey in degree
d and an element b = by_1 in degree d — 1 so that d(eq) = bg—1. Let Bd-1
be the submodule of E¢ spanned by bg—1. The embeddings i : Bl Ed
define a set of generating cofibrations of the category of dg-modules, and the
null morphisms j : 0 — E? define a set of generating acyclic cofibrations, so
that dgk Mod forms a cofibrantly generated model category (we refer to [28§]
for details).

The structure of cofibrations in dg-modules is studied more thoroughly

in {7
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11.1.10 Example: topological spaces. The category of topological spaces
Top is equipped with a proper model structure so that (see [28]):

— Amap f: X — Y is a weak-equivalence if mo(f) : mo(X) — mo(Y) is
bijective and 7, (f) : 7, (X, %) — 7, (Y, %) is a group isomorphism for all
n > 0 and for every choice of base points;

— The fibrations are the Serre fibrations, the maps which have the homotopy
lifting property with respect to cell complexes;

— The cofibrations are the maps which have the left lifting property with
respect to acyclic fibrations.

Let A™ be the standard model of the n-simplex in the category of sim-
plicial sets, defined by the morphism sets A® = Mora(—,n) in the sim-
plicial category. Form the subobjects dA™ = [Ji_,d;(A") C A" and
AR = U#k d;(A™) € A™ 0 < k < n. The category of topological spaces
has a set of generating cofibrations defined by the geometric realization of
the embeddings i : 9A™ — A™, a set of generating acyclic cofibrations de-
fined by the geometric realization of the embeddings j : A} — A", so that
Top forms a cofibrantly generated category.

11.1.11 Example: simplicial sets. The category of simplicial sets S is
equipped with a proper model structure so that a map f: X — Y is a weak-
equivalence if its geometric realization |f| : |X| — |Y| is a weak-equivalence
of topological spaces, a fibration if f is a fibration in Kan’s sense, a cofibration
if f is dimensionwise injective (as usual, we refer to [2§]).

The category of simplicial sets S is also cofibrantly generated by the em-
beddings i : 0A™ — A™ as generating cofibrations and the embeddings
j A} — A™ as generating acyclic cofibrations. The definition of a Kan
fibration is actually equivalent to a map f : X — Y which has the right
lifting property with respect to the embeddings j : A} — A™.

11.1.12 Model structures and adjunctions. Our motivation to use cofi-
brantly generated model categories is to derive new model structures by ad-
junction from a well-defined model category.

Say that a functor U : A — X between model categories creates weak-
equivalence if the weak-equivalences of A are exactly the morphisms f such
that U(f) forms a weak-equivalence in X, and adopt similar conventions
with respect to other classes of morphisms. In many usual examples, we
have a natural adjunction relation F' : X = A : U, where X is a reference
model category, and a model structure on A is specified by assuming that
the functor U : A — X creates weak-equivalences and fibrations. The class
of cofibrations of A is determined by the left lifting property with respect to
acyclic fibrations. The difficulty is to check the axioms of model categories
to conclude that this definition returns an actual model structure on A.

In the context of cofibrantly generated model categories, the verifications
can be reduced to simple conditions:
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11.1.13 Theorem (see [27, Theorem 11.3.2]). Suppose we have an adjunc-
tion F': X = A : U, where A is any category with limits and colimits and
X is a cofibrantly generated model category. Let I, respectively J, be the set
of generating (acyclic) cofibrations of X and set FZ = {F(i), i € I}, respec-
tively F 7 ={F(j), j € J}. Under assumptions below, the category A
inherits a cofibrantly generated model structure with FI (respectively, F J)
as generating (acyclic) cofibrations and so that the functor U : A — X creates
weak-equivalences. The functor U : A — X creates the class of fibrations as
well.

(1) The small object argument holds for FZ and F J.
(2) Any relative F J-cell complex g : A — B forms a weak-equivalence in A.

In §12.1| we extend this theorem to semi-model structures. For this reason,
we review the proof of this classical statement, which can also be found in [27].

Proof. The statement supposes that the weak-equivalences of A are the mor-
phisms f such that U(f) is a weak-equivalence in X. Define the class of fi-
brations by the right lifting property with respect to morphisms F(j), j € J,
the class of cofibrations by the left lifting property with respect to morphisms
which are both fibrations and weak-equivalences. By adjunction, we obtain
that p forms a fibration in A if and only if U(p) has the right lifting property
with respect to morphisms j € J and hence forms a fibration in X. Thus
the functor U : A — X creates both fibrations and weak-equivalences. As a
byproduct we obtain that the functor U : A — X creates the class of acyclic
fibrations as well.

The category A satisfies axiom M1 by assumption and inherits trivially
axioms M2-M3 from the model category X. Axiom M4.i is tautologically
satisfied. We use the small object argument to check the factorization axioms
Mb5.i-ii and we prove the other lifting axiom M4.ii afterwards.

The small object argument applied to FZ returns a factorization f = pi,
where 7 is a relative F'Z-complex and p has the right lifting property with
respect to morphisms of F'Z. By adjunction, we obtain that U(p) has the right
lifting property with respect to morphisms of 7, and hence forms an acyclic
fibration in X, from which we conclude that p forms an acyclic fibration.
Thus the small object argument applied to FZ gives the factorization f = pi
required by axiom Mb5.i of model categories.

The small object argument applied to F'J returns a factorization f = ¢j,
where j is a relative F' J-complex and ¢ has the right lifting property with
respect to morphisms of F' 7. The morphism ¢ is a fibration by definition of
fibrations in A. Relative F' J-complexes are weak-equivalences by assump-
tion and inherit the left lifting property with respect to fibrations from the
morphisms of F' 7. Thus we obtain that any relative F' J-complex forms an
acyclic cofibration. Thus the small object argument applied to F' J gives the
factorization f = ¢j required by axiom Mb5.ii of model categories. Note fur-
ther that the acyclic cofibration which occurs in this factorization is ensured
to have the left lifting property with respect to fibrations.
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If we assume further that f is an acyclic cofibration, then the fibration
q is also acyclic by the two-out-of-three axiom. By axiom M4.i, which is
tautologically satisfied in .4, we have a morphism s so that sf = j and
ps = id, from which we deduce that f is a retract of j. Since retracts inherit
left lifting properties, we obtain that f has the left lifting property with
respect to fibrations as well. This argument proves that the lifting axiom
M4.ii is also satisfied in A and achieves the proof of the theorem. a

In our constructions, we use the following proposition to check the condi-

tions of theorem I1.1.13

11.1.14 Proposition. The conditions of theorem/|11.1.15 are satisfied under
the sufficient assumptions that:

(1) The functor U : A — X preserves colimits over non-empty ordinals;
(2) For any pushout

F(i)J« g
v

the morphism U(f) forms a cofibration, respectively an acyclic cofibration,
m X if i is so.
In this situation, the functor U : A — X preserves cofibrations in addition to
create weak-equivalences and fibrations.

Proof. Let j : A — B be a relative FZ-cell (respectively, F J-cell) complex
in A. The assumptions imply that the morphism U(j) splits into a colimit

U(A) = U(BO> — e — U(B)\,l U(B)\) — e — c/(\)limU(B,\) = U(B)

<u

so that U(j,) forms a cofibration (respectively, an acyclic cofibration) in X
Condition of theorem [11.1.13| follows immediately from this decomposi-
tion.

To check condition , we construct a sequence of relative Z-cell (respec-
tively, J-cell) complexes so that we have retracts:

Lg iz oo Ly g > Ly >,

N v
= SA-1:idx-1 Sxiga
v v

U(BO)*)HU(B)\,QHU(B/\)H

ax
Suppose we have achieved the construction of the retracts U(B)) = L,
SX

till an ordinal \. Pick a factorization
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kx

L)\ """""""""" > L)\+1 )
QA\L ax+1
\
U(B\) ——U(Bx+1)
U(jx)

where k) is a relative Z-cell (respectively, J-cell) complex and gy is an
acyclic fibration (respectively, a fibration) in X. Observe that gx11-kx - sx =
U(jx) - qx - sx = U(ja) so that the solid frame commutes in the diagram:

S kx

U(By) Ly > Lat

U(J‘/\)\L \Lq/\-u

U(Brt1) ———=——>U(Bry1)

Use the lifting axiom in X to pick a fill-in morphism syy1, which satisfies
@r+1 - Sat+1 = id and sx41 - U(ja) = kx - sx by construction. The definition of
Sa+1 achieves the construction of the retracts till the ordinal A 4+ 1 and the
construction can be carried on by induction.

Suppose we have a morphism K — colimy<, U(By), where K € X is
small with respect to relative Z-cell (respectively, J-cell) complexes of length
i > w. The sequence of relative Z-cell (respectively, J-cell) complexes

Ly — -+ — Ly &LA — -+~ — colim L
A<y
can be refined into a relative Z-cell complex of length > p. From this obser-
vation, we deduce that the composite

K — c}c\)l<1;ILn U(B)) — cgl<1£n Ly
factors through some stage L) of the colimit. By using the retraction, we ob-
tain readily that the initial morphism K — colimy., U(B)) factors through
some U(By).
By adjunction, we obtain immediately that any morphism F(K) —
colimy«,, By, where K is small with respect to relative Z-cell (respectively,
J-cell) complexes of length 1, admits a factorization:

By

M

F(K) —f> colimy,, B,
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for some \. As a conclusion, we obtain that F(K) is small with respect to
relative F'Z-cell (respectively, F' J-cell) complexes of length . Thus the small
object argument holds for F'Z (respectively, F' ) and this achieves the proof
of condition of theorem

Our first observation implies that the functor U : A — X maps relative
FZ-cell complexes to cofibrations. As a byproduct, we obtain readily that
U : A — X preserves cofibrations since cofibrations are retracts of relative
FZ-cell complexes. a

11.1.15 Recollections on Quillen’s adjunctions. Now we suppose given
an adjunction F': X =2 A : U between well-defined model categories A and
X. In accordance with usual conventions, we say that the functors (F,U)
define a Quillen adjunction if any one of the following equivalent condition
holds (we refer to [27) §8.5] and [28] §1.3]):

Al. The functor F' preserves cofibrations and acyclic cofibrations.
A2. The functor U preserves fibrations and acyclic fibrations.
A3. The functor F preserves cofibrations and U preserves fibrations.

The functors (F,U) define a Quillen equivalence if we have further:

E1. For every cofibrant object X € X', the composite
X X UF(X) - U(B)

forms a weak-equivalence in X, where nX refers to the adjunction unit
and B is any fibrant replacement of F'(X).
E2. For every fibrant object A € A, the composite

F(Y)— FU(A) <% A

forms a weak-equivalence in A, where €A refers to the adjunction augmen-
tation and Y is any cofibrant replacement of U(A).

The notion of a Quillen adjunction gives usual conditions to define adjoint
derived functors on homotopy categories. The notion of a Quillen equivalence
gives a usual condition to obtain adjoint equivalences of homotopy categories.
In this book, we define examples of Quillen adjunctions (respectively, equiv-
alences), but we do not address applications to the construction of derived
functors for which we refer to the literature.

We use essentially:

(a) In a Quillen adjunction, the left adjoint F' : X — A preserves weak-
equivalences between cofibrant objects. This assertion is a consequence of
the so-called Brown’s lemma, recalled next in a generalized context.

(b) In a Quillen equivalence, the adjunction relation maps a weak-equivalence
¢ : X = U(B) so that X is cofibrant and B is fibrant to a weak-equivalence
¢y F(X) = B.
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11.1.16 Enlarged classes of cofibrations. In certain constructions, we
have functors F' : A — X which preserve more (acyclic) cofibrations than the
genuine (acyclic) cofibrations of A. To formalize the assumptions needed in
applications, we introduce the notion of an enlarged class of cofibrations.

In general, we are given a class of B-cofibrations, to refer to some class
of morphisms in B, and we define the class of acyclic B-cofibrations by the
morphisms which are both B-cofibrations and weak-equivalences in A. As
usual, we say also that an object X € A is B-cofibrant if the initial morphism
0 — X is a B-cofibration.

The class of B-cofibrations defines an enlarged class of cofibrations in A if
the following axioms hold:

CO0. The class of B-cofibrations includes the cofibrations of A.
C1l. Any morphism ¢ : C' — D which splits into a sum

Pio: P Ca — P Do

where the morphisms i,, are B-cofibrations (respectively, acyclic B-cofibrations)

forms itself a B-cofibration (respectively, an acyclic B-cofibration).
C2. For any pushout

c s

il J
\

D >=D&cS

where i : C' — D is a B-cofibration (respectively, an acyclic B-cofibration),
the morphism j forms itself a B-cofibration (respectively, an acyclic B-
cofibration).

C3. Any morphism i : C — D which splits into (possibly transfinite) composite
of B-cofibrations (respectively, acyclic B-cofibrations)

O:DOH“'HD)\_lj—A>D>\*>~-~*>CO£imD>\:D,

forms itself a B-cofibration (respectively, an acyclic B-cofibration).

C4. If i : C — D is a retract of a B-cofibration (respectively, of an acyclic
B-cofibration), then i is also a B-cofibration (respectively, an acyclic B-
cofibration).

11.1.17 Enlarged class of cofibrations created by functors. Through-
out this book, we use model categories A equipped with an obvious forgetful
functor U : A — B, where B is another model category. In our constructions,
the model structure of A is usually defined by applying theorem [11.1.13| and
proposition Note that the conditions of proposition imply
that the forgetful functor U : A — B preserves cofibrations and acyclic cofi-
brations, in addition to create weak-equivalences and fibrations in B.
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In this situation, we call B-cofibrations the class of cofibrations created by
the forgetful functor U : A — B. If the forgetful functor U : A — B preserves
colimits in addition to cofibrations and acyclic cofibrations, then the class of
B-cofibrations defines an enlarged class of cofibrations in B5.

In the sequel, we may use classes of B-cofibrations created by forgetful
functors U : A — B in cases where the B-cofibrations do not form an enlarged
class of cofibrations. In principle, we adopt the convention of §T1.1.16| that an
object A € A is B-cofibrant if the initial morphism 0 — A is a B-cofibration.
In certain cases, the functor U : A — B does not preserves initial objects,
but U(0) forms a cofibrant object since we assume that U : A — B preserves
cofibrations. Consequently, the object U(A) is cofibrant if A is B-cofibrant,
but the converse implication does not hold.

The following statement gives the generalization of Brown’s lemma to
enlarged classes of cofibrations:

11.1.18 Proposition (Brown’s lemma). Let F : A — X be a functor, where
A is a model category and X is a category equipped with a class of weak-
equivalences that satisfies the two-out-of-three azxiom. Suppose we have an
enlarged class of B-cofibrations in A. If F' maps acyclic B-cofibrations between
B-cofibrant objects to weak-equivalences, then F maps all weak-equivalences
between B-cofibrant objects to weak-equivalences.

Proof. The generalization is proved along the same lines as the standard
Brown’s lemma, for which we refer to [27, §7.7] and [28] Lemma 1.1.12]. O

11.2 Examples of model categories in the dg-context

In the sequel, we illustrate our constructions by examples in dg-modules. For
this reason, we study this instance of a cofibrantly generated model category
more thoroughly.

The first purpose of the next paragraphs is to give a manageable repre-
sentation of cofibrant objects in dg-modules, starting from the definition of
a relative cell complex. For simplicity, we use the convention of to
call cofibrant cell dg-modules the cell complexes in dg-modules built from
the generating cofibrations of and similarly as regards relative cell
complexes.

Then we study the model category of modules over an associative dg-
algebra as an example of a model structure defined by adjunction from a
basic model category. We also prove that the usual extension and restriction of
structures of modules over dg-algebras give examples of Quillen adjunctions.
We extend these classical results to modules over operads in the next part.

11.2.1 Twisting cochains and quasi-free dg-modules. In general, we as-
sume that a dg-module C is equipped with an internal differential § : C' — C,
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fixed once and for all. But in certain constructions, the natural differential
of a given dg-module C' is twisted by a cochain 0 € Homggk mod(C, C) of de-
gree —1 to produce a new dg-module, which has the same underlying graded
module as C, but whose differential is given by the sum 6 + 0 : C — C.
By convention, the pair (C,9), where C' is a dg-module and 0 is a twisting
cochain, will refer to this new dg-module structure, obtained by the addition
of the twisting cochain 0 to the internal differential of C.

Note that the map § + 0 satisfies the equation of a differential (§ + )% = 0
if and only if the twisting cochain 9 verifies the equation §(9) + 9% = 0 in
Homdngod(C, C)

As an example, recall that a dg-module D is quasi-free if it is free as a
graded k-module as long as we forget differentials. Clearly, this definition
implies that a quasi-free dg-module D is equivalent to a twisted dg-module
D = (C,0) so that C = @ keq, is a free graded module equipped with a
trivial differential.

We use twisted dg-modules to determine the structure of cofibrations in
dg-modules. Our results follow from the following easy observation:

11.2.2 Observation. The cell attachments of generating cofibrations in dg-
modules

@, B K

Ty l J
\

D, Bl = L

are equivalent to twisted direct sums L = (K @ E,0), so that E is a free
graded k-module E = @ keq, (equipped with a trivial differential) and the
twisting cochain 0 is reduced to a component 0 : E — K.

The twisting cochain is determined from the attaching map f : @, Bda—1
K by the relation d(eq,,) = f(ba,—1)-

This observation gives immediately:

11.2.3 Proposition. In dg-modules, the relative cofibrant cell objects are
equivalent to composites

K:L0—>~--—>LA,1j—*>L,\—>---—>co}\imL,\:L,

whose terms Ly are defined by twisted direct sums of the form of observa-
tion [1.2.2
L, = (L)\fl (&) E)\,a).

As a corollary:

11.2.4 Proposition. A cofibrant cell dg-module is equivalent to a quasi-free
dg-module L = (B, kea,,0), where the free graded k-module K = @ keq,

is equipped with a basis filtration Ky = @,y keaq, so that O(Ky) C Kx_1.
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In the sequel, we use the representation of cofibrations and cofibrant ob-
jects in dg-modules yielded by proposition[I1.2.3]and proposition [[1.2:4] Dif-
ferent characterizations of cofibrations in dg-modules occur in the literature
(see for instance [28] §2.3]).

11.2.5 Modules over a dg-algebra. The categories of modules over an as-
sociative dg-algebra give a first example of an application of theorem
and proposition [[1.1.14] The model categories of modules over dg-algebras
are also used in §13| and in §17.3] where we study the (co)homology of al-
gebras over operads. The result has an easy generalization in the setting of
monoidal model categories (whose axioms are recalled in the next section).

Let R be an associative algebra in dg-modules. By definition, a left module
over R consists of a dg-module E together with a left R-action defined by
a morphism of dg-modules A : R ® ' — E that satisfies the standard unit
and associativity relations with respect to the unit and the product of R.
The definition of a right R-module is symmetric. For these usual module
categories, we adopt the standard notation R Mod and Mod R.

The category of left R-modules comes equipped with an obvious forgetful
functor U : RMod — dgkMod. The forgetful functor has a left adjoint
R®—:dgkMod — R Mod which maps a dg-module C' to the tensor product
R ® C equipped the natural left R-action

R®(R®C)=ReReC 2% Re0,

in which p : R® R — R refers to the product of R. The forgetful functor cre-
ates all limits and all colimits in the category of left R-modules. As usual, we
can use the natural morphism R®lim;c;(E;) — lim;c;(R®F;) to provide any
limit of left R-modules F; with an R-module structure. On the other hand,
the existence of a natural isomorphism R® colim;c;(F;) & colim;e 1(R®E;)
implies that a colimit of left R-modules FE; inherits an R-module structure.
The conclusion follows. Symmetric observations hold for the category of right
R-modules Mod R.

Recall that the notion of a left (respectively, right) module over an operad
comes from a generalization of the definition of a left (respectively, right)
module over an associative algebra, where the tensor product is replaced by
the composition product of X,-objects. But left modules over operads do not
satisfy usual properties of left modules over algebras, because the composition
product does not preserves all colimits on the right. (As an example, we
observe in that the forgetful functor from left modules over operads to
X .-objects does not preserve all colimits, unlike the forgetful functor on left

modules over algebras.)
The application of proposition [11.1.14] to the adjunction

R® —:dgkMod & RMod : U

returns:
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11.2.6 Proposition. Suppose R is cofibrant as a dg-module.

The category of left R-modules inherits a cofibrantly generated model struc-
ture so that the forgetful functor U : RMod — dgkMod creates weak-
equivalences and where the generating cofibrations (respectively, acyclic cofi-
brations) are the morphisms of free left R-modules R®1i: R C — R® D
induced by generating cofibrations (respectively, acyclic cofibrations) of dg-
modules.

The forgetful functor U : RMod — dgk Mod creates fibrations as well and
preserves cofibrations.

Symmetric assertions hold for the category of right R-modules.

If R is not cofibrant as a dg-module, then the conditions of proposi-
tion[IT.1.14)are not satisfied. Nevertheless, the assumptions of theorem[T1.1.13]
can be checked directly without using the assumption of proposition [11.2.6
Thus the category of left (respectively, right) R-modules has still a cofibrantly
generated model structure if R is not cofibrant as a dg-module, but the for-
getful functor U : RMod — dgk Mod does not preserve cofibrations.

Proof. Condition of proposition is satisfied since the forgetful
functor U : RMod — dgk Mod creates all colimits. Condition is implied
by the next observation, because the forgetful functor U : R Mod — dgk Mod
creates all colimits (including pushouts) and cofibrations (respectively, acyclic
cofibrations) are stable under pushouts in dg-modules. a

11.2.7 Fact. Let K be any cofibrant dg-module. If i is a cofibration (respec-
tively, an acyclic cofibration) in the category of dg-modules, then so is the
tensor product K @1 : K C — K® D.

This fact holds in the context of monoidal model categories as a con-
sequence of the pushout-product axiom, recalled next. But, in the context
of dg-modules, we can also use the explicit form of cofibrations yielded by

proposition [11.2.3| to check fact directly.

11.2.8 Twisting cochains and quasi-free modules over dg-algebras.
The constructions and results of §§11.2.1] have obvious generalizations
in the context of modules over dg-algebras. For a left R-module E, we assume
that a twisting cochain 0 : F — E commutes with the R-action to ensure
that the map § + 0 : E — E defines a differential of R-modules. Naturally,
we say that a left R-module E is quasi-free if we have £ = (R ® C,9),
where 0 : R® C — R® C is a twisting cochain of left R-modules. In this
case, the commutation with the R-action implies that the twisting cochain
0: R®C — R® C is determined by a homogeneous map 0: C — R® C.
The extension of proposition to modules over dg-algebras reads:

11.2.9 Proposition. A cofibrant cell object in left R-modules is equivalent
to a quasi-free R-module L = (R® K, 0), where K is a free graded k-module
K = @, keq, equipped with a basis filtration Ky = @, keq, so that
I(K)) e R Ky_1.

a<\
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The cofibrant cell objects in right R-modules have a symmetric represen-
tation. O

Again, a cofibrant cell object in left R-modules (respectively, right R-
modules) refers by convention to a cell complex built from the generating
cofibrations of R Mod (respectively, Mod R).

Recall that any morphism of associative dg-algebras ¢ : R — S gives
adjoint extension and restriction functors on module categories:

¥ : RMod = S Mod : *.

The left R-module ¥* N obtained by restriction of structures from a left S-
modules N is defined by the dg-module ¥* N = N underlying IV on which the
dg-algebra R acts through the morphism ¢ : R — S. The extension functor
is given by the relative tensor product Y\ M = S ®r M.

The extension and restriction of left (respectively, right) modules over
operads are generalizations of this construction.

The extension and restriction functors give examples of Quillen adjunction:

11.2.10 Proposition. The extension and restriction functors
1, : RMod 2 SMod : ¢*

form a Quillen pair of adjoint functors, a Quillen equivalence if ¥ : R — S
is also a weak-equivalence.

Symmetric results hold for extensions and restrictions of right modules
over dg-algebras. a

We sketch only the proof of this standard proposition. We assume again
that R and S are cofibrant as dg-modules, but the proposition holds without
this assumption.

In we prove an analogous statement in the context of left (respectively,
right) modules over operads and we give more detailed arguments in this case.
The plan of the proof is the same. The proof of the Quillen equivalence is
simply more difficult in the case of left modules over operads, because the
forgetful functor does not preserve colimits.

Proof. Fibrations and acyclic fibrations are created by forgetful functors in
categories of left module over dg-algebras. Since the restriction functor re-
duces to the identity if we forget algebra actions, we obtain immediately that
1* preserves fibrations and acyclic fibrations. Hence we conclude readily that
the pair (¢, %*) forms a Quillen adjunction.

If the morphism 9 is a weak-equivalence in dg-modules, then the adjunc-
tion unit

B, oy (B) = Sop B

defines a weak-equivalence for any cofibrant R-module E. This assertion is
immediate for a free R-module E = R® C, because we have S®@gr (R®C) =
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S®C and n(R® C) is identified with the morphism y @ C: R C — S®C.
The assertion can easily be generalized to cofibrant cell R-modules (by using
an induction on the cell decomposition), because the functors U : R Mod —
dgk Mod and U(¢*yh—) : RMod — dgk Mod map cell attachments in R-
modules to pushouts in dg-modules. Use that any cofibrant R-module is a
retract of a cofibrant cell R-module to conclude.

Let F be any left S-module. Let E = ¢*F be a cofibrant replacement of
¥*F in the category of left R-modules. Use the commutative diagram

E——————¢*(F
N

n(E)l n(¥*(F))

|
P (E) ——= i (
]

()
F) id
)
(F)

v(F
to prove that the composite

W(E) — g (F) L F

is a weak-equivalence if n(E) : E — ¢*yy(E) is so (see[16.1)).
From these verifications, we conclude that the pair (¢, ¢*) forms a Quillen
equivalence if v is a weak-equivalence. a

11.3 Symmetric monoidal model categories over a base

In the context of operads, we use model categories equipped with a symmetric
monoidal structure. With a view to applications in homotopy theory, we
have to put appropriate conditions on the tensor product and to introduce
a suitable notion of a symmetric monoidal model category. Good axioms are
formalized in [28, §84.1-4.2]. The purpose of this section is to review these
axioms in the relative context of symmetric monoidal categories over a base
and to specify which axioms are really necessary for our needs.

11.3.1 The pushout-product. The pushout-product gives a way to assem-
ble tensor products of (acyclic) cofibrations in symmetric monoidal model
categories. The definition of the pushout-product makes sense for any bifunc-
tor T : A x B — X where X is a category with colimits. The pushout-product
of morphisms f: A — B and ¢g: C — D is just the morphism

(fer90) : T(A,D) @ T(B,C)— T(B,D)
T(A,C)
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which arises from the commutative diagram

T(A, C) T(¢,C)

T(B,C)

T(Aaj)l
v
T(A,D) - ->T(AD)Dra,c) T(B,C)

T (i,* )

N
T(i,D) T(B,D)
We apply this construction to the tensor product of a symmetric monoidal
category, to the internal and external tensor products of a symmetric monoidal
category over a base category, and next, to the bifunctors (M, X) — S(M, X)
and (M, A) — Sg(M, A). We also use a dual construction in the context of
enriched categories.

The word “product” in the expression “pushout-product” refers to a tensor
product, to which the construction of the pushout-product is usually applied,

but we keep using this expression “pushout-product” for any bifunctor T :
AxB— X.

In applications, a main task consists in proving that pushout-products of
morphisms (i, ) form (acyclic) cofibrations. The next lemma simplifies the
verification of this property:

11.3.2 Lemma. Let f : F — G be a natural transformation of functors
F,G: A— X where X is a model category. Let IC be a set of morphisms in
A. Suppose that F,G preserves colimits. If the pushout-product

(i, f.) : G(A) € F(B) — G(B)

F(A)

forms a cofibration (respectively, an acyclic cofibration) for every i € KC, then
so does every pushout-product (i, fi) such that i is a retract of a relative
K-complez. a

This lemma can be applied to the functors FI(—) = T'(—,C) and G(—) =
T(—, D), and to the natural transformation f = T'(—, j), for any morphism
j: C — D, provided that T : Ax B — X is a bifunctor which preserves
colimits in the first variable. The argument is classical in the context of
symmetric monoidal categories (we refer to [28] §4.2]).

Proof. The lemma follows from an immediate generalization of the arguments
of [28], §4.2]. O
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11.3.3 Symmetric monoidal model categories. The next axioms are
introduced in [28, §4.2] for symmetric monoidal categories equipped with a
model structure:

MMO (unit axiom): The unit object 1 is cofibrant in C.
MM1 (pushout-product aziom): The natural morphism

(isju) A D@ B C— B D
ARC

induced by cofibrations i : A ~— B and j : C' — D forms a cofibration,
respectively an acyclic cofibration if 4 or j is also acyclic.

In certain arguments, we use MMO and MM1. Therefore we take the con-
vention that a symmetric monoidal model category is a symmetric monoidal
category equipped with a model structure such that both axioms MM0-MM1
hold. The base symmetric monoidal category C is supposed to satisfy these
requirements whenever it is equipped with a model structure.

The model categories of dg-modules, topological spaces, and simplicial
sets fit our requirements. § But certain stable model categories of spectra
(examined next) do not satisfy the unit axiom MMO. However some of our
results can be applied (with care) in the context of spectra. These possible
generalizations are deferred to the note apparatus.

Naturally, we say that a symmetric monoidal category £ over a base sym-
metric monoidal model category C forms a symmetric monoidal model cat-
egory over C if axiom MM1 holds for the internal tensor product of £ and
for the external tensor product ® : C x& — £. Again, we assume that axiom
MMO holds in €. These axioms imply that the canonical functor n : C — &
preserves (acyclic) cofibrations since we have by definition n(C) = C ® 1.

Of course, any symmetric monoidal model category forms a symmetric
monoidal model category over itself. In the sequel, we prove that the category
Y.-objects in a symmetric monoidal model category inherits the structure
of a symmetric monoidal category over the base category, and similarly as
regards modules over operads.

9§ Standard categories of spectra (for instance the symmetric spectra
of [30]) form naturally a symmetric monoidal category over simplicial sets.
In applications of operads, categories of spectra are often used as such. The
canonical functor from simplicial sets to spectra is identified with the functor
X°°(=)4+ which maps a simplicial set K to the suspension spectrum of K
with a base point added. This functor X°°(—), does not preserves cofibra-
tions as axiom MMO fails in spectra, but the pushout-product axiom MM1
also holds for the external tensor product of spectra over simplicial sets.

11.3.4 Enriched categories. The pushout-product axiom applied to the
external tensor product ® : C xE — £ implies that the adjoint hom-bifunctor
Homg(—,—) : E°? x £ — C satisfies an analogue of axiom SMT7 of simplicial
model categories. Namely:



11.4 The model category of Xs-objects 175
MM1’. The morphism
(i*,ps) : Homg (B, X) — Homg(A, X) X gome(a,y) Home(B,Y)

induced by a cofibration 7 : A >~ B and a fibration p : X — Y forms a
fibration in C, an acyclic fibration if ¢ is also an acyclic cofibration or p is
also an acyclic fibration.

In fact, we have an equivalence MM1 < MM1’. To check this assertion, use
that the lifting axioms M4.i-ii characterize cofibrations, acyclic cofibrations,
fibrations, and acyclic fibrations and apply the adjunction relation to obtain
an equivalence of lifting problems:

A@D@A®CB®C4;X
B®D y
& C Homg (B, X)

D> HOmg(A,X) X Homg (A,Y) HOmg(B, Y)

See [28, Lemma 4.2.2] for details.

11.4 The model category of X .-objects

In this book, we use the standard cofibrantly generated model structure of
the category of Y.-objects in which a morphism f : M — N is a weak-
equivalence (respectively a fibration) if the underlying collection of mor-
phisms f : M(n) — N(n) consists of weak-equivalences (respectively fibra-
tions) in C. This model structure is an instance of the cofibrantly generated
model structures defined in [27, §11.6] for categories of diagrams.

The model structure of X,-objects can be deduced from the discussion
of §411.1.121 Consider the category CV formed by collections of ob-
jects {K(n) € C}pen together with the obvious model structure of a product
of model categories: a collection of morphisms {f : K(n) — L(n)},cn defines
a weak-equivalence (respectively, a cofibration, a fibration) in N it every
component f : K(n) — L(n) forms a weak-equivalence (respectively, a cofi-
bration, a fibration) in C. This model category has a set generating (acyclic)
cofibrations inherited componentwise from the base category C. The forgetful
functor U : M — C has a left-adjoint F : CY — M which maps a collection
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K to the X,-object such that (X, ® K)(n) = X, ® K(n). The assumptions
of proposition [[1.1.14] are satisfied and we obtain readily:

Proposition 11.4.A. The category of X.-objects M inherits the structure
of a cofibrantly generated model category from the base category C so that the
forgetful functor U : M — CV creates weak-equivalences and fibrations in M.
The generating (acyclic) cofibrations of M are given by tensor products

iQF.:C®F,. - DQ®F,,

where i : C'— D ranges over generating (acyclic) cofibrations of the base cat-
egory C and F, ranges over the generators, defined in of the category
of X.-objects.

If the base model category C is left (respectively, right) proper, then so is
the model category of X.-objects. a

The main purpose of this section is to prove further:

Proposition 11.4.B. The category of X.-object M forms a symmetric
monoidal model category over C in our sense:

(a) If the unit object 1 € C is cofibrant in C, then so is the equivalent constant
X-object 1 € M. Hence the unit axiom MMO holds in M.

(b) The internal and external tensor products of X.-objects satisfy the
pushout-product axiom MM]I.

€ Remark. Of course, if C satisfies only the pushout-product axiom
MM1, then M satisfies only the pushout-product axiom MM1 and forms a
symmetric monoidal model category in the weak sense.

Before checking propositions 111.4.B| we recall terminologies about
enlarged classes of cofibrations in the context of collections and X.-objects.
Usually, we say that a morphism in a model category A is a B-cofibration if
its image under an obvious forgetful functor U : A — B forms a cofibration
in A (see . Similarly, we say that an object X € A is B-cofibrant if
the initial morphism 0 — X forms a B-cofibration.

In the case where B is the category M of Y,-objects, the usage is to call
X -cofibrations the M-cofibrations and X, -cofibrant objects the M-cofibrant
objects. In the case where B is the category C" of collections of C-objects, we
call for simplicity C-cofibrations the C"-cofibrations and C-cofibrant objects
the CN-cofibrant objects. Accordingly, a morphism of X,-objects f : M — N
defines a C-cofibration if every morphism f : M(n) — N(n), n € N, defines
a cofibration in C.

Observe that:

11.4.1 Proposition. The C-cofibrations in the category of X.-objects satisfy
the axioms of an enlarged class of cofibrations.
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Proof. Immediate because colimits in the category of X.-objects are cre-
ated in CV, as well as weak-equivalences. Observe further that the generat-
ing (acyclic) cofibrations of M are (acyclic) C-cofibrations to prove that all
(acyclic) cofibrations of M are (acyclic) C-cofibrations. O

The next statements are devoted to the verification of proposition [11.4.B]|

11.4.2 Lemma. The functor C — C & F,., from C to M, preserve (acyclic)
cofibrations.

Proof. By standard categorical arguments (see [28] §4.2.5]), the assertion in
the general case of an (acyclic) cofibration ¢ : C' — D follows from the case
of generating (acyclic) cofibrations, asserted by proposition [11.4.A O

11.4.3 Lemma. The pushout-product axiom MMI1 holds for the internal
tensor product of X, -objects: the natural morphism

(ieju) KON @ LeoM - LeN
KM

induced by cofibrations i : K ~— L and j : M — N of the category of X,-
objects forms a cofibration, an acyclic cofibration if i or j is also acyclic.

Proof. By lemma [11.3.2] (or [28, §4.2.5]), we can reduce the verification of
the claim to the case of generating (acyclic) cofibrations. Thus we consider
(acyclic) cofibrations of the form

A9F, 2 e R and CoF, 2% Do F,

where i : A — B, respectively j : C — D, is a generating (acyclic) cofibration
of C.

Recall that F. = I®". Accordingly, we have F, @ Fy, ~ F, .. For all
C,D € C, we obtain

(CRF)®(D®F)~(C®D)®(F,®Fs)~(C®D)® Fris
and, as a byproduct, the pushout of the morphisms

(A®F,)® (C® Fy)

(A@W W’;@Fs)

(A® F,)® (D ® Fy) (BRF,)® (C®Fy)

is isomorphic to (A ® DD 450 B ® C) @ Fpys. Accordingly, to prove our
claim, we check the class of the morphism

(ixrju) ® Frys : (A® D @ B®C) @ Frys — (B® D) @ Frypg
ARC
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induced by generating (acyclic) cofibrations ¢ : A — B and j: C — D of C.
At this stage, we can use axiom MM1 in the base category and lemma [T1.4.2]
to conclude. O

11.4.4 Lemma. The canonical functor n : C — M which associates a con-
stant X, -object to any C € C preserve cofibrations and acyclic cofibrations.

In particular, if the monoid unit 1 forms a cofibrant object in C, then so
does the equivalent constant X, -object in M.

Proof. This lemma is an immediate corollary of lemma [11.4.2] since we have
identities nC = C ® 1 =C ® Fyp. O

11.4.5 Lemma. The cofibration axiom MM1 holds for the external tensor
product of X, -objects: the natural morphism

(is,js) : CON @@ D®N - D&N
COM

induced by a cofibration i : C — D in C and a cofibration j : M — N in M
forms a cofibration in M, and an acyclic cofibration if i or j is also acyclic.

Proof. This lemma is an immediate consequence of lemma(l1.4.3|and lemmal[l1.4.4
since we have the identity C @ M = n(C) ® M, which connects the external
tensor product to the internal tensor product in any symmetric monoidal
category over C. O

This lemma achieves the proof of proposition O
The next assertions are used repeatedly in §14}

11.4.6 Lemma.

(a) If M is a cofibrant object in M, then so is M®", for all r > 0.

(b) If M is C-cofibrant, then so is M®", for all r > 0.

Proof. Assertion @ is a direct consequence of the axioms of a symmetric

monoidal model category for X,-objects.

By §2.1.8] we have

M®"(n)= P  Tnu®sz, x-xz, M) @@ M(n,)

ni+--+n.=n

Accordingly, the object M®"(n) splits as a sum in the category C

M®(n)~ P Tn/Tn, X x Zn, @ M(n1) @@ M(ny)
ni+t-+n,=n
~ . M(ny)®--- @ M(n,).

ni+-+ny=n
WEX [ Xny XX Xn,
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Assertion [(b)] follows immediately. O

11.5 The pushout-product property
for symmetric tensors

In this section, we study the homotopy invariance of the bifunctor (M, X) —
S(M, X)), where M ranges over the category of X,-objects M and X ranges
over any symmetric monoidal category £ over the base category C. The result,
stated in proposition is classical. But, for our needs, we prove an
analogue of the pushout-product axiom of symmetric monoidal category, from
which the usual homotopy invariance properties follow. Namely:

11.5.1 Lemma. Suppose i : M — N is a cofibration in M and j: X — Y
is a cofibration in E. Suppose that the object X is also cofibrant in E. Then
the pushout-product

(ivsju) 1 S(M,Y) @D S(N,X) — S(N,Y)
S(M,X)

forms a cofibration. If i or j is also acyclic, then the pushout-product (i, j)
forms an acyclic cofibration.

Note the additional assumption about the object X € £. This statement
is also proved in [22] in the case &€ = M (for the composition product of
Y -objects).

Proof. Since the functor (M, X) — S(M, X) preserves colimits in M, we can
apply lemma [11.3.2] to reduce the claim to the case where ¢ : M — N is a
generating (acyclic) cofibration:

u@F.:C®F, - D®F,.

For modules of the form M = C ® F,, we have S(M,X) =S(C® F,, X) =
C ® X®7. As a byproduct, we obtain that the morphism

(is,42) 1 S(C®FY) @ SD®F,X)—SD®F,Y)
S(CRF,,X)

is identified with the pushout-product

(1,527) : CaY® P DX - DaY®
cXxer

of u: C — D and j® : X® — Y®" Hence our claim reduces to an
immediate consequence of axioms of symmetric monoidal model categories
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for the category £. Note that j® : X®" — Y®" forms a cofibration because
X is supposed to be cofibrant. a

Lemma [TT.5.1] gives as a corollary:

11.5.2 Lemma.

(a) If M is a cofibrant object in M, then the functor X w— S(M, X) preserves
cofibrations and acyclic cofibrations with a cofibrant domain.

(b) If X is a cofibrant object in &, then the functor M — S(M, X) preserves
cofibrations and acyclic cofibrations. a

And the classical Brown lemma implies:

11.5.3 Proposition.
(a) The morphism

S(M, f):S(M,X)— S(M,Y)

induced by a weak-equivalence f : X =Y between cofibrant objects X,Y € &
s a weak-equivalence as long as M € M s cofibrant.

(b) The morphism
S(f,X):S(M,X) — S(N, X)

induced by a weak-equivalence f : M = N between cofibrant objects M, N €
M is a weak-equivalence as long as X € & is cofibrant. a

This proposition can also be deduced from the pointwise adjunction of
Morg(S(M, X),Y) ~ Morpm (M, Endx y).

Assertion [(b)| of proposition [11.5.3] has a converse:

11.5.4 Proposition. Assume & = C.

Let f : M — N be a morphism between cofibrant objects M, N € M.
If the morphism S(f, X) : S(M,X) — S(N, X) induced by f forms a weak-
equivalence in C for every cofibrant object X € C, then f is a weak-equivalence
as well.

If C is pointed, then this implication holds without the assumption that
M, N € M are cofibrant.

Recall that a category C is pointed if its initial object 0 € C is also a final
object (and hence defines a null object).

Proof. In general in a model category A, a sum of morphisms f @ g : Ag ®
By — A; & Bj, between cofibrant objects Ag, A1, By, B1 defines a weak-
equivalence if and only if f and g are both weak-equivalences. To check this
claim, use simply that the morphism induced by f @ g on homotopy classes
is identified with the cartesian product
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f* X g* : [AhX] X [BhX] — [Ao,X] X [Bo,X]

as long as X is a fibrant object of C.
In the context of a pointed model category, the existence of a null object

implies that the canonical morphisms of a sum A — A @® B < B admit
natural retractions A <~ A@® B 2 B. As a corollary, we obtain that f and g
are retracts of f @ g. Hence, in the context of a pointed model category, our
observation holds without the assumption that Ag, A1, By, By are cofibrant.

In light of these observations, the proposition is a consequence of the func-
torial splitting of proposition for objects of the form X = 197, O

11.6 § Symmetric monoidal categories
with regular tensor powers

For certain (possibly reduced) categories £, the assertions of proposition
hold not only for cofibrant X,-objects, but for C-cofibrant X,-objects as well.

The purpose of this section is to make explicit a sufficient condition, the
axiom of reqular tensor powers, which implies this property. To simplify we
assume £ = C. The axiom of regular tensor powers is used to improve ap-
plications of lemma [11.5.1} These refinements are addressed in remarks and
proofs are usually omitted.

11.6.1 Iterated pushout-products. To state the axiom, we use iterated
pushout-products of morphisms. These higher pushout-products are also used
in to study pushout-products of functors on algebras over operads. For
the moment, we give only the definition of the nfold pushout-product of a
morphism f: X — Y.

Let Ty = X, T} =Y. The tensor products T¢, ®- - -®T,

€n

and the morphisms

Te, ® Qi@ QT

T, Q- QTy® T, T,Q T & - T,

are vertices and edges of an n-dimensional cubical diagram. The tensor power
T,(Y/X)=Y®" =T ®---®Tj is put at the terminal vertex of the cube. The
n-fold pushout-product of f is the canonical morphism A(f) : L,(Y/X) —
T, (Y/X) associated to the colimit

L,(Y/X) = colim T.® T,
(€14eves€n)<(1,...,1)

11.6.2 The axiom of regular tensor powers. The symmetric group X,
acts on L, (Y/X) and T,,(Y/X). Moreover the n-fold pushout product

A(f) + La(Y/X) = T (Y/X)
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is a X,-equivariant morphism. For a Y,-object M, we set

T,M(Y/X) = M(n)®s, T.(Y/X) = M(n) @5, Y,
LaM(Y/X) = M(n) @s, Ln(Y/X)

and we consider the morphism
AM(f): LyM(Y/X) - T,M(Y/X)

induced by A(f) : L, (Y/X) — T,,(Y/X).
We say that £ has reqular tensor powers with respect to an enlarged class
of B-cofibrations if the following axiom holds:

R1. The pushout-product

(i, AM(f)s) : T, M(Y/X) @ LoN(Y/X) = T,N(Y/X)
L,M(Y/X)

forms a B-cofibration if ¢ is a B-cofibration and j is a B-cofibration, an
acyclic B-cofibration if ¢ or j is also acyclic.

Of course, a morphism of Y,-objects i : M — N is a B-cofibration if its
components i : M(n) — N(n) are B-cofibrations.
The axiom of regular tensor powers implies:

11.6.3 Lemma. Let i : M — N be a morphism of X.-objects in E. Let
j: X —Y be a morphism in E.

If € has regular tensor powers with respect to an enlarged class of B-
cofibrations, then the pushout-product

(is,42) : S(M,Y) @D S(N,X) — S(N,Y)
S(M,X)

forms a B-cofibration whenever © is a B-cofibration and j is a B-cofibration
with a B-cofibrant domain, an acyclic B-cofibration if i or j is also acyclic.

Proof (sketch). We give only the idea of the proof of the implication “Axiom
Rl = Lemma [I1.6.3. An analogous implication is proved in for the
bifunctor (M, A) — Sg(M, A) associated to an operad and the arguments are
similar, but less complicated in the context of lemma

The idea is to extend the pushout-product property to the shifted functors
M[X] = S[M, X] defined in The morphism AM(f) = L,M(Y/X) —
T,M(Y/X) has an obvious generalization in the context of shifted func-
tors since the shifted functor M[X] = S[M, X] is nothing but the functor
S(M]-],X) associated to a shifted X,-object M]-].

For a B-cofibrant object X, the morphism

S[i, X] : S[M, X] — SN, X]
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forms a B-cofibration (respectively, an acyclic B-cofibration) in X.-objects
if ¢ is so. This assertion is an immediate consequence of axiom R1 since
L,M[X/0] = 0 and S[M,X| = @, ,T,M[X/0] for the initial morphism
0— X.
For a Y,-object M and a morphism j : X — Y, observe that the morphism
S[M, j] : S[M, X] — S[M,Y] has a natural decomposition
SIM,X]=S[M,Y]p— ...

e S[M, Yoy 2 S[M, Y], — .
-+ — colim S[M,Y],, = S[M, Y]
so that each morphism fits a pushout

S[L,M[Y/X], X] —= S[M,Y]n_1

S[)\M[]],X]i jnl

ST, M[Y/X], X] — S[M,Y],

(take R = I in the construction of §18.2)).
Study the pushout-products

(Z*vjn*) : S[ny]n @ S[Nay]nfl _)S[N,Y]n
S[M,Y1]n_1
and use patching techniques to prove that the pushout-product
(is,42) : S[M,Y] @ S[N,X]— S[N,Y]

S[M, X]

forms a B-cofibration (respectively, an acyclic B-cofibration) under the as-
sumption of the lemma (see arguments of §19.2)). O

The improved pushout-product lemma implies:

11.6.4 Proposition. Assume £ has regular tensor powers with respect to a
class of B-cofibrations.

(a) The morphism
S(M, f):S(M,X) — S(M,Y)

induced by a weak-equivalence f : X =Y between B-cofibrant objects X,Y €
€ is a weak-equivalence as long as M € M is B-cofibrant.

(b) The morphism

S(f,X):S(M,X)— S(N, X)
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induced by a weak-equivalence f : M = N is a weak-equivalence as long as
X € & is B-cofibrant and the X -objects M, N are B-cofibrant.

Proof. Similar to proposition [I1.5.3] O

In usual cases, we use the next observation to prove that a category £ has
regular tensor powers:

11.6.5 Observation. Suppose the class of B-cofibrations is created by a
forgetful functor U : £ — B which preserves colimits, cofibrations, and weak-
equivalences.

The category £ has regqular tensor powers with respect to B-cofibrations
if, for every n € N, the nfold pushout-product A(i) : L,(Y/X) — T,(Y/X)
defines a cofibration (respectively, an acyclic cofibration) in the projective
model category of X, -objects in B whenever i is a B-cofibration (respectively,
an acyclic B-cofibration) in E.

The examples of reduced categories with regular tensor powers introduced
in this book arise from:

11.6.6 Proposition. The category of connected X, -objects M° has regular
tensor powers with respect to C-cofibrations.

Proof. Let M € M°. In [14] §1.3.7-1.3.9] we observe that the object M®"(n)
expands as a sum of tensor products M®"(n) = @, ;) M([)®---@M(I,)
where (I1,...,I,) ranges over partitions Iy IT--- I I, = {1,...,n} so that
I, # 0, forevery k € {1,...,r}. The symmetric group X, operates on M®"(n)
by permuting the factors of the tensor product N(I;) ® --- ® N(I,.) and the
summands of the expansion. The assumption I, # ) implies that X, acts
freely on partitions (I1,...,I.). As a corollary, we have an isomorphism of
X .-objects

MTm) =se{ @ MI)e--e M)}
(1o Ir)

where the sum ranges of representative of the coset of partitions (Iy,..., 1)
under the action of X, (see loc. cit. for details).

From this assertion, we deduce readily that the category of connected X,-
objects M" satisfies the assumption of observation Hence we conclude
that M has regular tensor powers with respect to C-cofibrations. a

11.6.7 Remark: the example of simplicial modules. Proposition[I1.5.3|
can also be improved in the context of simplicial modulesﬂ

According to [9], the natural extension of any functor F' : k Mod — k Mod
to the category of simplicial k-modules maps a weak-equivalence between

* Observe however that the category of simplicial sets does not satisfy the axiom of regular
tensor powers.
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cofibrant objects to a weak-equivalence. From this result, it is easy to deduce
that assertion @ of proposition [11.5.3|holds for every X.-object in simplicial
k-modules M and not only for cofibrant X,-objects.

11.6.8 The example of model categories of spectra. Models of stable
homotopy (S-modules [I0], symmetric spectra [30], orthogonal spectra [48])
give examples of symmetric monoidal model categories for which proposi-
tion can be improved (see for instance lemma 15.5 in [42]). Unfortu-
nately, this refinement supposes to deal with a symmetric monoidal model
structure such that the monoidal unit is not a cofibrant object. Nevertheless,
some of our results can partly be applied to spectra and we address these
refinements in remarks. Proofs are always omitted.

In our applications, we use the positive stable flat model category of sym-
metric spectra. The stable flat cofibrations of symmetric spectra are intro-
duced in [30] (where they are called S-cofibrations). The axioms of the stable
flat model category are verified in [55]. The reader is referred to these articles
and to the book [59] for the background of symmetric spectra. In the sequel,
we also refer to [23], 24] for applications of the stable flat model category of
symmetric spectra in the context of operads.

We adopt the usual notation Sp~ to refer to the category of symmetric
spectra. We have:

11.6.9 Proposition. Let i : M — N be a morphism of X.-object in sym-
metric spectra. Let f : X — Y be a morphism of symmetric spectra. If the
morphisms ¢ : M(n) — N(n) define positive flat cofibrations in Sp¥, the
morphism f : X — Y is a positive flat cofibration and X is cofibrant with
respect to the positive flat model structure, then the pushout-product

(i, AM(f).) : T M(Y/X) @ LoN(Y/X) = T,N(Y/X)
L,M(Y/X)

forms a positive flat cofibration as well. If i is also a positive stable weak-
equivalence, then so is (i, A\M(f)+). O

The arguments of proposition can easily be adapted to obtain this
proposition (flat cofibrations are related to the C-cofibrations of X,-objects).
This proposition is stated for the needs of remarks and we omit to give more
than this idea of the proof.

We only have one half of the axiom of regular tensor powers. But this
partial result is sufficient for applications.

First, proposition [[1.6.9]is sufficient to obtain the homotopy invariance of
the bifunctor (M, E) — S(M, E) on the left-hand side:

11.6.10 Proposition. Let f : M = N be a positive stable weak-equivalence
between X, -objects in spectra such that every M(n) (respectively, N(n)) forms
a cofibrant object in Sp~ with respect to the positive flat model structure. Let
X € Sp¥. Suppose X is also cofibrant with respect to the positive flat model
structure. Then the morphism
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S(f,X):S(M,X)— S(N, X)

forms a positive stable equivalence in Sp~ .

Proof. Adapt the arguments of proposition O

But, our results are also sufficient to obtain the homotopy invariance of
the bifunctor (M, X) — S(M, X) on the right-hand side:

11.6.11 Proposition. Let M be a X, -object in spectra such that every M(n)
forms a cofibrant object in Sp> with respect to the positive flat model struc-
ture. Let f : X =5 Y be a positive stable equivalence of spectra such that X,Y
are cofibrant with respect to the positive flat model structure. The morphism

S(M, £) : S(M, X) — S(M,Y)
forms a positive stable equivalence.

Proof. Pick a cofibrant replacement 0 — P = M in the model category of
Y .-objects. We have a commutative diagram

s(p,x) 2 gpy) .

Nl lw

in which vertical morphisms are stable equivalences by proposition [11.6.10]
The morphism S(P, f) forms a stable equivalence as well by proposition|11.5.3
The conclusion follows from the two-out-of-three axiom. a

11.6.12 Symmetric spectra as a symmetric monoidal category over
simplicial sets. The category of symmetric spectra forms naturally a sym-
metric monoidal category over simplicial sets and is often used as such in
applications of the theory of operads. The canonical functor from simplicial
sets to symmetric spectra is identified with a functor X>°(—); : & — Sp*
which maps a simplicial set K to the suspension spectrum of K with a base
point added. The external tensor product @ : S x Sp*~ — Sp”~ satisfies the
pushout-product axiom MM1, but the functor ¥ (—); : S — Sp¥ does not
preserves cofibrations if Sp” is equipped with the positive stable flat model
structure. The proof of proposition [11.6.10] and [T1.6.11] can be adapted to
Y,-objects in simplicial sets (which are no more cofibrant in Sp* ). In partic-
ular, we obtain that the symmetric functors X — (X”")s  preserves weak-
equivalences (see lemma 15.5 in [10]).




Chapter 12
The homotopy of algebras over operads

Introduction

In this chapter we apply the adjoint construction of model structures to the
category of operads and to categories algebras over operads. For this purpose,
we use the adjunction F : M &2 O : U between operads and X.-objects,
respectively the adjunction P(—) : £ & p€ : U between P-algebras and their
underlying category £.

The construction of these adjoint model structures is studied in [26] in
the dg-context and in [4] 58] in a more general setting. The difficulty is to
check condition in proposition Indeed, in many usual cases, this
condition is not satisfied unless we restrict ourself to cellular objects. For this
reason, we have to use semi-model categories, structures introduced in [29]
to enlarge the applications of theorem [11.1.13] The rough idea is to restrict
the lifting and factorization axioms of model categories to morphisms with a
cofibrant domain. By [58], the category of operads inherits such a semi-model
structure, and so do the categories of algebras over a X, -cofibrant operads.

The main purpose of this chapter is to review the definition of these semi-
model categories. First of all, in we recall the definition of a semi-model
category, borrowed from [29], and we review the construction of adjoint model
structures in this setting. In §12:2] we survey briefly the definition of semi-
model structures on categories of operads. In we address the definition
of semi-model structures on categories of algebras over operads.

In this book, the semi-model category of operads only occurs in examples
of applications of the main results. For this reason, we only sketch the proof of
the axioms for this semi-model category. But we give comprehensive proofs of
the axioms of semi-model categories for categories of algebras over operads,
because we use this structure in the next part. The main verification is a
particular case of statements about modules over operads used in the next
part of the book and deferred to an appendix.

187
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In §12.4] we study the semi-model categories of algebras over a cofibrant
operad, for which the lifting and factorization axioms of semi-model cate-
gories hold in wider situations. In we survey results about the homo-
topy of extension and restriction functors ¢ : p€ = o€ : ¢* associated to an
operad morphism ¢ : P — Q.

The statements of §§12.412.5] are proved in the next part of the book as
applications of our results on the homotopy of modules over operads.

12.1 Semi-model categories

The rough idea of semi-model categories is to assume all axioms of model
categories, including the lifting axiom M4 and the factorization axiom M5,
but only for morphisms f : X — Y whose domain X is a cofibrant object.
This restriction allows us to relax condition of proposition in the
definition of model categories by adjunction and to enlarge the applications
of this construction.

12.1.1 The axioms of semi-model categories. Explicitly, the structure
of a semi-model category consists of a category A equipped with classes of
weak-equivalences, cofibrations and fibrations so that axioms M1, M2, M3 of
model categories hold, but where the lifting axiom M4 and the factorization
axiom M5 are replaced by the weaker requirements:

M4’. i. The fibrations have the right lifting property with respect to the acyclic
cofibrations ¢ : A — B whose domain A is cofibrant.
ii. The acyclic fibrations have the right lifting property with respect to the
cofibrations ¢ : A — B whose domain A is cofibrant.
M5’. i. Any morphism f : A — B such that A is cofibrant has a factorization
f = pi, where i is a cofibration and p is an acyclic fibration.
ii. Any morphism f : A — B such that A is cofibrant has a factorization
f = qj, where j is an acyclic cofibration and ¢ is a fibration.

Besides, a semi-model category is assumed to satisfy:
MO’ (initial object axiom): The initial object of A is cofibrant.

In the context of semi-model categories, the lifting axiom M4’ and the fac-
torization axiom M5’ are not sufficient to imply that the initial object is
cofibrant. Therefore we add this assertion as an axiom.

In a semi-model category, the class of (acyclic) cofibrations is not fully
characterized by the left lifting axioms M4’, and similarly as regards the class
of (acyclic) fibrations. As a byproduct, the class of (acyclic) cofibrations is
not stable under the composition of morphisms, and similarly as regards the
class of acyclic fibrations. The axioms imply only that a (possibly transfinite)
composite of (acyclic) cofibrations with a cofibrant domain forms still an
(acyclic) cofibration.



12.1 Semi-model categories 189

Similarly, not all (acyclic) cofibrations are stable under pushouts, not all
(acyclic) fibrations are stable under pullbacks. The axioms imply only that
(acyclic) cofibrations are stable under pushouts over cofibrant domains.

On the other hand, since usual semi-model categories are defined by ad-
junction from a cofibrantly generated model category (see next), the class of
(acyclic) fibrations is stable under composites and pullbacks in applications.
Besides, these properties are used to generalize the construction of the ho-
motopy category of model categories. For these reasons, the next assertions
are taken as additional axioms of semi-model categories:

M6’ (fibration axioms):

i. The class of (acyclic) fibrations is stable under (possibly transfinite)
composites.
ii. The class of (acyclic) fibrations is stable under pullbacks.

But we do not use these properties in this book.

The result of proposition can be generalized in the context of semi-
model categories:

12.1.2 Proposition.  The following assertion holds in every semi-model
category A:

P1’. The pushout of a weak-equivalence along a cofibration

|
B->=D

gives a weak-equivalence C = D provided that A and B are cofibrant in

A.

Proof. Careful inspection of the proof of proposition|11.1.4|in [27], Proposition
13.1.2]. O

The properness axiom P1 does not make sense in the context of semi-model
categories because only cofibrations with a cofibrant domain are characterized
by the axioms.

12.1.3 Cofibrantly generated semi-model categories. The notion of
a cofibrantly generated model category has a natural generalization in the
context of semi-model categories. Again, a cofibrantly generated semi-model
category consists of a semi-model category A equipped with a set of gener-
ating cofibrations Z, respectively a set of generating acyclic cofibrations 7,
so that:

G1. The fibrations are characterized by the right lifting property with respect
to acyclic generating cofibrations j € J.
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G2. The acyclic fibrations are characterized by the right lifting property with
respect to generating cofibrations ¢ € 7.

The small object argument is also supposed to hold for the set of generating
cofibrations Z (respectively, generating acyclic cofibrations J) but we can
relax the smallness assumption. Namely, we may assume:

S1’. The domain A of every generating cofibration (respectively, generating
acyclic cofibration) is small with respect to relative Z-cell (respectively,
J-cell) complexes

K=ILy— - —Ly, 2 Ly— - —colimLy =L
A<y

such that K is a cofibrant object.

In a cofibrantly generated semi-model category, the axioms imply only
that:

K1’. The relative Z-cell (respectively, J-cell) complexes with a cofibrant domain
are cofibrations (respectively, acyclic cofibrations).

K2’. The cofibrations (respectively, acyclic cofibrations) with a cofibrant do-
main are retracts of relative Z-cell (respectively, J-cell) complexes.

Our motivation to use semi-model categories comes from the following
proposition which weaken the conditions of proposition to define semi-
model structures by adjunction:

12.1.4 Theorem. Suppose we have an adjunction F: X = A : U, where A
18 any category with limits and colimits and X is a cofibrantly generated model
category. Let T, respectively J, be the set of generating (acyclic) cofibrations
of X and set FT = {F(i), i € I}, respectively FJ = {F(j), j € J}.
Consider also the set F X. = {F(i), i cofibration in X}.

Under assumptions (1-3) below, the category A inherits a cofibrantly gener-
ated semi-model structure with FZ (respectively, F J ) as generating (acyclic)
cofibrations and so that the functor U : A — X creates weak-equivalences.

(1) The functor U : A — X preserves colimits over non-empty ordinals.
(2) For any pushout

F(z‘)l ¥
Y

such that A is an X -cofibrant F X .-cell complex, the morphism U(f) forms
a cofibration (respectively an acyclic cofibration) in X whenever i is a

cofibration (respectively an acyclic cofibration) with a cofibrant domain.
(8) The object UF(0) is cofibrant.
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The functor U : A — X creates the class of fibrations too and preserves
cofibrations with a cofibrant domain.

In accordance with the conventions of we say that an object
A € A is X-cofibrant if the functor U : A — X maps the initial morphism
F(0) — A to a cofibration.

Proof. This theorem follows from a careful inspection of the arguments of
theorem [T1.1.13] and proposition [I1.1.14] Use the next lemma to apply con-

dition @

in the case where the domain of generating (acyclic) cofibrations

is not cofibrant. O

12.1.5 Lemma. Suppose we have a pushout

H% g
Y
F(L) rrrrr > B

such that U(A) is cofibrant and i : K — L is a cofibration (respectively, an
acyclic cofibration), but where K is not necessarily cofibrant. Then we can

form an

ew pushout
F(j)i ¥
\
F(N) ———————— > B

such that j : M — N is still a cofibration (respectively, an acyclic cofibration),
but where M is now cofibrant.

Proof. Set M = U(A) and consider the pushout

where K

K UA) =M

ll j
v

 FRIInRrE >L@KU(A):1N

— U(A) is the adjoint morphism of F'(K) — A. By straightforward

categorical constructions, we can form a new pushout

in which

F(U(A)) A

W

F(L &k U(A) —= B

7 is substituted to 1.
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The object M = U(A) is cofibrant by assumption. The morphism j forms
a cofibration (respectively, an acyclic cofibration) if 7 is so. Hence all our
requirements are satisfied. a

For our needs, we record that Brown’s lemma is also valid in the context
of semi-model categories:

12.1.6 Proposition (Brown’s lemma). Let F': A — X be a functor, where
A is a semi-model category and X is a category equipped with a class of
weak-equivalences that satisfies the two-out-of-three axiom. If F maps acyclic
cofibrations between cofibrant objects to weak-equivalences, then F maps all
weak-equivalences between cofibrant objects to weak-equivalences.

Proof. The proposition follows from a straightforward generalization of the
proof of the standard Brown’s lemma. O

€ The dual version of this statement, in which cofibrations are replaced
by fibrations, holds only under a weaker form:

12.1.7 9 Proposition (Brown’s lemma). Let U : A — X be a functor,
where A is a semi-model category and X is a category equipped with a class of
weak-equivalences that satisfies the two-out-of-three axiom. If F maps acyclic
fibrations between fibrant objects to weak-equivalences, then F maps to weak-
equivalences the weak-equivalences f : X — Y so that X is both cofibrant and
fibrant and Y is fibrant. O

The proof of this statement uses axiom M6’.

12.1.8 Quillen adjunctions between semi-model categories. Some care
is necessary to generalize the notion of a Quillen adjunction in the context of
semi-model categories: as the lifting axiom M4’ is not sufficient to characterize
the class of (acyclic) cofibrations and the class of (acyclic) fibrations, the usual
equivalent conditions of the definition of a Quillen adjunction are no more
equivalent.

Therefore, we say that adjoint functors F' : A &2 X : U between semi-
model categories A and X define a Quillen adjunction if every one of the
following conditions hold:

A1’. The functor F preserves cofibrations and acyclic cofibrations between cofi-
brant objects.
A2’ Same as A2: The functor U preserves fibrations and acyclic fibrations.

Observe however that A2’ implies (but is not equivalent to) A1’. Thus, in ap-
plications, we only check condition A2’. These properties imply that the pair
(F,U) yields an adjunction between homotopy categories, as in the context
of model categories.

Say that the functors (F, U) define a Quillen equivalence if we have further:
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E1’. For every cofibrant object X € X', the composite

x ™ urx) 29,

U(B)
forms a weak-equivalence in X', where nX refers to the adjunction unit
and ¢ arises from a factorization F'(X)— B —» « of the terminal morphism
F(X) — x.

E2’. Same as E2: For every fibrant object A € A, the composite

F(Y)— FU(A) <& A

forms a weak-equivalence in A, where €A refers to the adjunction augmen-
tation and Y is any cofibrant replacement of U(A).

The derived functors of a Quillen equivalence of semi-model categories de-
fine adjoint equivalences of homotopy categories, as in the context of model
categories.

12.1.9 Relative semi-model structures. In certain semi-model categories,
the lifting and factorization axioms hold under weaker assumptions on the
domain of morphisms. These properties are formalized in a relative notion
of a semi-model structure. Next we explain that operads and algebras over
cofibrant operads inherit such improved lifting and factorization axioms. But
we do not really use these improved semi-model structures that we recall for
the sake of completeness only.

Suppose we have an adjunction F' : X &= A : U, where A is a category
with limits and colimits and X is a model category. Suppose A is equipped
with a semi-model structure so that:

— The functor U : A — X creates weak-equivalences, creates fibrations, and
maps the cofibrations i : A — B so that A is X'-cofibrant to cofibrations.

Again, we say that an object A € A is X-cofibrant if the functor U : A — X
maps the initial morphism F'(0) — A to a cofibration.

In this situation, it makes sense to require the following lifting and factor-
ization axioms:

M4”. i. The fibrations have the right lifting property with respect to the acyclic
cofibrations i : A — B such that A is X-cofibrant.

ii. The acyclic fibrations have the right lifting property with respect to the
cofibrations i : A — B such that A is X'-cofibrant.

M5”. i. Any morphism f : A — B has a factorization f = pi, where i is a

cofibration and p is an acyclic fibration, provided that A is X'-cofibrant.

ii. Any morphism f : A — B has a factorization f = ¢j, where j is an

acyclic cofibration and ¢ is a fibration, provided that A is X-cofibrant.

If these properties are satisfied, then we say that A forms a semi-model cat-
egory over X.
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The initial object of A is supposed to be cofibrant by axiom MO0’ of semi-
model categories. As a byproduct, the assumption on the functor U : 4 —
X implies that U(A) is cofibrant if A is cofibrant in A. Accordingly, the
lifting and factorization axioms M4”-M5” are stronger than the lifting and
factorization axioms M4’-M5’ of semi-model categories.

Suppose now we have an adjunction F' : X =2 A : U, where A is any
category with limits and colimits and X is a cofibrantly generated model
category. Suppose we have:

(1) Same as assumption of theorem (12.1.4f “The functor U : A — X
preserves colimits over non-empty ordinals.”

(2) Drop the condition that A is an F X .-cell complex in assumption of
theorem [12.1.4} “For any pushout

F(i)l ¥
Y

such that A is X -cofibrant, the morphism U(f) forms a cofibration (respec-
tively an acyclic cofibration) in X whenever i is a cofibration (respectively
an acyclic cofibration) with a cofibrant domain.”

(3) Same as assumption (3)) of theorem[12.1.4} “ The object UF(0) is cofibrant.”

Then A inherits an adjoint semi-model structure from X since the require-
ments of theorem [[2.1.4] are fulfilled.
But we have better:

12.1.10 Proposition. Under these assumptions (1-3) the category A forms
a semi-model category over X .

Proof. This proposition, like theorem follows from a careful inspection
of the arguments of theorem and proposition T1.1.14] o

12.1.11 Relative properness axioms. In the case of a semi-model category
A over a model category X, it makes sense to improve the properness property
of proposition to cofibrations i : A — B such that A is X-cofibrant. If
the next axiom holds, then we say that A forms a (left) proper semi-model
category over X:

P1”. The pushout of a weak-equivalence along a cofibration

A——=C

I
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gives a weak-equivalence C' — D provided that A and B are X-cofibrant.

12.2 The semi-model category of operads

In this section, we survey briefly the application of model structures to cat-
egories of operads. For this purpose, we assume that the base category C
is equipped with a model structure and forms a cofibrantly generated sym-
metric monoidal category. Recall that C is supposed to satisfy the pushout
product axiom MMI1, as well as the unit axiom MMO.

In this book, the semi-model structure of the category of operads is only
used in where we study applications of the homotopy theory of modules
over operads to categories of algebras over cofibrant dg-operads. Usually, we
only deal with the underlying model category of X,-objects and we only use
XY .~cofibrations of operads and X,-cofibrant operads. Recall that, according
to our convention, a X,-cofibration refers to a morphism of operads ¢ : P —
Q which forms a cofibration in the underlying category of X.-objects and
an operad P is Y,-cofibrant if the unit morphism 7 : I — P forms a X,-
cofibration.

For our needs, we only recall the statement of the result, for which we
refer to [ 26] 58], and we make explicit the structure of cofibrant operads
in dg-modules.

Proposition [12.1.10| can be applied to the adjunction
FM=0:U

between operads and X.-objects and returns the following statement:

Theorem 12.2.A (see [26, 68]). The category of operads O forms a semi-
model category over the category of X, -objects, so that:

— The forgetful functor U : O — M creates weak-equivalences, creates fi-
brations, and maps the cofibrations of operads i : P — Q such that P is
Xy -cofibrant to cofibrations.

— The morphisms of free operads F(i) : F(M) — F(N), where i : M — N
ranges over generating (acyclic) cofibrations of X, -objects, form generating
(acyclic) cofibrations of the category of operads.

— The lifting axiom MJ” holds for the (acyclic) cofibrations of operads i :
P — Q such that P is X, -cofibrant.

— The factorization aziom M5” holds for the operad morphisms ¢ : P — Q
such that P is X, -cofibrant.

O

Thus an operad morphism ¢ : P — Q forms a weak-equivalence, respec-
tively a fibration, if its components ¢ : P(n) — Q(n) are weak-equivalences,
respectively fibrations, in the base model category C.
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One has to study the structure of free operads and coproducts to check that
assumptions of proposition are fulfilled. This task is achieved
in [26] in the context of dg-modules and in [58] in a wider context to return
the result of theorem [2.2.A1

By [58], we also have:

Theorem 12.2.B (see [58]). The semi-model category of operads satisfies
the axiom of relative properness:

P17. The pushout of a weak-equivalence along a cofibration

PHR
l v
Q->8

gives a weak-equivalence R = S provided that P and Q are X, -cofibrant.

The authors of [4] observe that the proof of theorem [12.2.A] can be sim-
plified in certain usual situations to give a better result:

Theorem 12.2.C (see []). Under assumptions (1-3) below, the adjunction
FM=z0:U
creates a full model structure on the category of non-unitary operads Oy.

(1) There is a fized ordinal p, such that the domains of generating (acyclic)
cofibrations are small with respect to all colimits

C=DO—>-.-—>DHj—%DA—»--—mghmDA:D.
<u

(2) There is a functor of symmetric monoidal model categories R : C — C
which associates a fibrant replacement to any object C € C.

(8) The category C is equipped with a commutative Hopf interval (we refer to
loc. cit. for the definition of this notion). O

Recall that an operad P is non-unitary if we have P(0) = 0.

The assumptions hold for the category of dg-modules, for the category of
simplicial sets, but assumption fails for the category of topological spaces
(see [28], §2.4]).

The Hopf interval is used to associate a canonical path object to any
operad. An argument of Quillen permits to turn round the study of relative
cell complexes of operads to prove directly condition of theorem
by using the existence of such path objects (see loc. cit. for details).

In the remainder of this section, we take C = dgk Mod and we study the
semi-model category of operads in dg-modules. Our purpose is to review the



12.2 The semi-model category of operads 197

explicit structure of cofibrant cell dg-operads obtained in [26]. The result is
used in applications of §17.4]

In summary, we check that cofibrant cell dg-operads are equivalent to cer-
tain quasi-free objects in operads, just like we prove in that cofibrant
cell dg-modules are equivalent to quasi-free objects equipped with an appro-
priate filtration.

12.2.1 Quasi-free operads in dg-modules. To begin with, we recall the
definition of a twisting cochain and of a quasi-free object in the context of
operads. For more background, we refer to [14], 17 26].

First, a twisting cochain of operads consists of a collection of twisting
cochains of dg-modules § € Hom¢(P(n),P(n)) that commute with the action
of symmetric groups and satisfy the derivation relation

A(poe q) = 9(p) oc ¢ + £p o I(q)

with respect to operadic composites. These assumptions ensure that the col-
lection of twisted dg-modules (P(n),d) forms still a dg-operad with respect
to the operad structure of P.

An operad P is quasi-free (as an operad) if we have P = (F(M),d), for a
certain twisting cochain of operads 9 : F(M) — F(M), where F(M) is a free
operad. Note that 0 : F(M) — P(M) is determined by its restriction to the
generating X,-object M C F(M) since we have the derivation relation

O((-++ ((€19¢y €2) Ocq =+ +) ¢, &) = (- (081 0¢y §2) ey + ) Oc, &
+ (- ((€1 06, 0E2) ey < +) 0c, &
4ot (- (61 06y €2) Ocq + ) Oc, Or

for any formal composite (---((£1 0y &2) Oy ) e, & € F(M), where
517"‘767‘ € M.

By construction, the generating cofibrations of dg-operads are the mor-
phism of free operads F(i ® F,.) : F(C® F,.) —» F(D ® F,.), where i : C — D
ranges over the generating cofibrations of dg-modules and F;. is a free X,-
object. Recall that the generating cofibrations of dg-modules are inclusions
i : B! — E9 where E? is spanned by an element eg of degree d, by an
element by_1 of degree d — 1, together with the differential §(eq) = by—1, and
B?~1 is the submodule of £ spanned by by_;.

We use the convention of JIT.1.8|to call cofibrant cell operads the cell com-
plexes in operads built from generating cofibrations. We prove that cofibrant
cell operads are quasi-free operads equipped with a suitable filtration. To
obtain this result, we examine the structure of cell attachments:

12.2.2 Lemma. For a quasi-free operad P = (F(M), ), a cell attachment of
generating cofibrations
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F(@, B '@ F, )P
F(ida®Fra)i 7

v
@, B @F,) >0

returns a quasi-free operad such that Q = (F(M @ E),0), where E is a free
XY -object in graded k-modules E = @, keq, ® F, (together with a trivial
differential).

The twisting cochain 0 : F(M @ E) — F(M @ E) is given by the twisting
cochain of P on the summand M C F(M & E) and is determined on the
summand E = @ keq, ®F,., CF(M@E) by the relation 0(eq,,) = f(ba,-1),
where f: @, kba,—1 ® F,, — P represents the attaching map.

Proof. Straightforward verification. O

By induction, we obtain immediately:

12.2.3 Proposition. A cofibrant cell operad is equivalent to a quasi-free
operad P = (F(L),0) where L is a free X.-object in graded k-modules L =
P, keq, ® F,, equipped with a basis filtration Ly = @, keq, ® F., such
that 3(L,\) C F(LAfl). O

12.3 The semi-model categories of algebras over operads

The purpose of this section is to define the semi-model structure of the cat-
egory of algebras over an operad. For this aim, we apply theorem to
the adjunction

P(—) E= pg U

between the category of P-algebras and the underlying category £. As usual,
we assume that £ is any symmetric monoidal category over the base category
C in which the operad is defined. For the needs of this section, we assume
as well that £ is equipped with a model structure and forms a cofibrantly
generated symmetric monoidal category over C. Recall that £ is supposed to
satisfy the pushout product axiom MMI1, as well as the unit axiom MMO,
like the base category C.
The main result reads:

Theorem 12.3.A. If P is a X.-cofibrant operad, then the category of P-
algebras inherits a cofibrantly generated semi-model structure so that the
forgetful functor U : p€ — & creates weak-equivalences and fibrations.
The generating (acyclic) cofibrations are the morphisms of free P-algebras
P(i) : P(K) — P(L) such that i : K — L is a generating (acyclic) cofibrations
of the underlying category &.



12.3 The semi-model categories of algebras over operads 199

€ In the context where the category £ has regular tensor powers, we obtain
further:

q Theorem. If £ is a (reduced) symmetric monoidal category with regular
tensor powers, then the definition of theorem returns a semi-model
structure as long as the operad P is C-cofibrant.

This theorem gives as a corollary:

9 Proposition. Let P be a reduced operad. The category of P-algebras in
connected X, -objects p M° forms a semi-model category as long as the operad
P is C-cofibrant. O

€ The positive stable model category of symmetric spectra Sp> does not
satisfy axiom MMO, but this difficulty can be turned round. Moreover, a
better result holds: according to [23], the category of P-algebras in the pos-
itive stable flat model category of symmetric spectra inherits a full model
structure, for every operad P in sz (not necessarily cofibrant in any sense).
Note however that the forgetful functor U : p Sp* — Sp* does not preserves
cofibrations in general.

In many usual situations, the operad P is the image of an operad in sim-
plicial sets under the functor X>°(—); : S — Sp~. In our sense, we use the
category of simplicial sets C = S as a base model category and the category
of spectra & = Sp” as a symmetric monoidal category over S. The forget-
ful functor U : » Sp” — Sp~ seems to preserve cofibrations for an operad
in simplicial sets though P does no form an Sp*-cofibrant object in spectra
(see for instance the case of the commutative operad in [55]). For a cofi-
brant P-algebra in spectra A, this property implies that the initial morphism
n:P(0) — A is a cofibration, but A does not form a cofibrant object in the
underlying category of spectra unless we assume P(0) = pt.

The proof of theorem (and theorem is outlined in the next
paragraph. The technical verifications are achieved in the appendix,

Under the assumption of theorem the pushout-product property
of proposition implies that the functor S(P) : £ — £ preserves cofibra-
tions, respectively acyclic cofibrations, with a cofibrant domain. In §2:4] we
observe that the functor S(P) : £ — & preserves all filtered colimits as well.
Thus condition of theorem :12.1.4 is easily seen to be satisfied (and simi-
larly in the context of theorem EThe difficulty is to check condition :

12.3.1 Lemma. Under the assumption of theorem for any pushout

P(X)——> A

P(i)l f
v
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such that A is an E-cofibrant P(E.)-cell complex, the morphism [ forms a
cofibration (respectively, an acyclic cofibration) in the underlying category &

ifi: X =Y is so.

The same result holds in the context of theorem [[2.3] The technical veri-
fication of this lemma, is postponed to

As usual, we call E-cofibrations the morphisms of P-algebras i : A — B
which form a cofibration in the underlying category £, we call E-cofibrant
objects the P-algebras A such that the initial morphism 7 : P(0) — A is an
E-cofibration.

The verification of lemma includes a proof that:

12.3.2 Proposition. The cofibrations of P-algebras i : A — B such that
A is a cofibrant P-algebra are E-cofibrations. Any cofibrant P-algebra A is
E-cofibrant.

The definition of the semi-model structure in theorem [[2.3.A] is natural
with respect to the underlying category £ in the following sense:

12.3.3 Proposition. Let P be any X .-cofibrant operad. Let p; : D = & : p*
be a Quillen adjunction of symmetric monoidal model categories over C. The
functors

pripD = pE "

induced by py and p* define a Quillen adjunction of semi-model categories.

Proof. Fibrations and acyclic fibrations are created by forgetful functors in
the semi-model categories of P-algebras. For this reason we obtain immedi-
ately that p* preserves fibrations and acyclic fibrations. Since the functor p,
maps (acyclic) cofibrations to (acyclic) cofibrations and preserves free objects
by proposition we obtain that p; maps generating (acyclic) cofibrations
of pD to (acyclic) cofibrations in p€. Since the functor pi preserves colimits
and retracts, we obtain further that p; maps all (acyclic) cofibrations of pD
to (acyclic) cofibrations in p€. O

We have further:

12.3.4 Proposition. If py : D = £ : p* is a Quillen equivalence, then
o1 pD = pE 1 p* defines a Quillen equivalence as well.

Proof. Suppose A is a cofibrant object in pD. By proposition the
morphism 7 : P(0) — A forms a cofibration in D. Since P is supposed to be
X ~cofibrant in D, the P-algebra A forms a cofibrant object in D as well. Since
the forgetful functor U : p€ — & creates fibrations, any fibrant replacement
of piA in p€ defines a fibrant replacement of pyA in the underlying category.
From these observations, we conclude that the composite

A A — p*B,
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where nA refers to the adjunction unit and B is any fibrant replacement of
prA in p€| forms a weak-equivalence in D and hence forms a weak-equivalence
of P-algebras in D.

Suppose B is a fibrant object in p€. Pick a cofibrant replacement P(0) —
A = p*B of p*B in pD. Use again that the forgetful functor U : p& —
& creates fibrations and that the forgetful functor U : pD — D preserves
cofibrations to conclude that the composite

pA— pp*B = B,

where eB refers to the adjunction augmentation, forms a weak-equivalence
in £ and hence forms a weak-equivalence of P-algebras in £. O

12.3.5 § Remark. If p : D° = £° : p* is a Quillen adjunction, respec-
tively a Quillen equivalence, between (reduced) categories with regular ten-

sor powers, then propositions holds as long as P is a C-cofibrant

(non-unitary) operad.

12.3.6 Quasi-free algebras over operads in dg-modules. In the re-
mainder of this section, we take C = dgk Mod and we study the structure
of cofibrant algebras over a X,-cofibrant dg-operad P. To simplify, we also
take £ = dgk Mod but we can use the principle of generalized point-tensors
to extend our results to P-algebras in X,-objects and to P-algebras in right
modules over operads.

As usual, we prove that cofibrant cell P-algebras in dg-modules are equiv-
alent to quasi-free P-algebras equipped with an appropriate filtration. The
plan of our constructions parallels the case of operads, addressed in §§12.2.1}
223

First, we review the definition of a twisting cochain and of a quasi-free
object in the category of P-algebras.

A twisting cochain of dg-modules 0 € Homc(A, A) defines a twisting
cochain of P-algebras if 9 : A — A satisfies the derivation relation

n

dplal,...,a,)) = Zip(al,...ﬁ(ai),...,an),

i=1

for every p € P(n), ai,...,a, € A. This assumption ensures that the twisted
dg-module (A, @) inherits the structure of a P-algebra in dg-modules.

A P-algebra A is quasi-free if we have A = (P(C), ) for a certain twisting
cochain of P-algebras 0 : P(C) — P(C). Note that 0 : P(C) — P(C) is
determined by its restriction to the generating dg-module C' C P(C) of the
free P-algebra P(C') since we have the relation

Ap(z1, ... xn)) = Z:I:p(xl, o0, ),
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for every element p(x1,...,x,) € P(C).

Recall that the generating cofibrations of P-algebras in dg-modules are
the morphism of free P-algebras P(i) : P(C') — P(D) induced by generating
cofibrations of dg-modules. Recall that the generating cofibrations of dg-
modules are inclusions i : B4~! — E¢ where E? is spanned by an element ey
of degree d, by an element b;_; of degree d — 1, together with the differential
d(eq) = bg_1, and B! is the submodule of E spanned by bgq_;.

We use the convention of to call cofibrant cell P-algebras the cell
complexes in P-algebras obtained by successive attachments of generating
cofibrations of the category of P-algebras. We prove that cofibrant cell P-
algebras are quasi-free P-algebras equipped with a suitable filtration. To ob-
tain this result, we examine the structure of cell attachments on quasi-free
P-algebras:

12.3.7 Lemma. For a quasi-free P-algebra A = (P(C),d), a cell attachment
of generating cofibrations

P(@D, Bla—l) L4

P((ida))l J
\
P@,E) B

returns a quasi-free P-algebra such that B = (P(C ® E), ), where E is a free
graded k-module E = @ keq, (equipped with a trivial differential).

The twisting cochain 0 : P(C @ E) — P(C @ E) is given by the twisting
cochain of A on the summand C C P(C & E) and is determined by the
relation d(eq,) = f(bq,—1) on the summand E = @ keq, C P(C @ E),
where f: @, kbq,—1 — A represents the attaching map.

Proof. Straightforward verification. O

By induction, we obtain immediately:

12.3.8 Proposition. A cofibrant cell P-algebra is equivalent to a quasi-free
P-algebra A = (P(C),0) where C is a free graded k-module C = @ keq,
equipped with a basis filtration C\ = @ keq, such that 9(Cy) C P(Cxr—1).

O

a<A

12.4 Addendum:
The homotopy of algebras over cofibrant operads

The result of theorem can be improved if we assume that P is a cofi-
brant operad:
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Theorem 12.4.A (see [58]). If P is a cofibrant operad, then the category of
P-algebras in £ forms a semi-model category over &, so that:

— The forgetful functor U : p€ — £ creates weak-equivalences, creates fibra-
tions, and maps the cofibrations of P-algebras i : A — B such that A is
E-cofibrant to cofibrations.

— The lifting axiom M4” holds for the (acyclic) cofibrations of P-algebras
i: A — B such that A is E-cofibrant.

— The factorization axiom M5” holds for the morphisms of P-algebras f :
A — B such that A is E-cofibrant.

Besides:

Theorem 12.4.B (see [58]). The semi-model category of algebras over a
cofibrant operad P satisfies the axiom of relative properness:

P17. The pushout of a weak-equivalence along a cofibration

|
B> D

gives a weak-equivalence C = D provided that A and B are £-cofibrant.

We refer to [58] for the proof of these theorems. We do not use these
results, which are only mentioned for the sake of completeness.

12.5 The homotopy of extension and restriction functors
— objectives for the next part

By §3:3.5 any morphism of operads ¢ : P — Q gives rise to adjoint extension
and restriction functors:

QS[ng(:)le(b*.
In we use the homotopy of modules over operads to prove:

Theorem 12.5.A. Suppose P (respectively, Q) is a Xi-cofibrant operad so
that the category of P-algebras (respectively, Q-algebras) comes equipped with
a semi-model structure.

The extension and restriction functors

(ZSISPE(:)QEI(ZS*.

define a Quillen adjunction, a Quillen equivalence if ¢ is a weak-equivalence.
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9 In the context of a (reduced) symmetric monoidal category with regular
tensor powers, this statement holds whenever the operads P and Q are C-
cofibrant.

Property A2’ (the right adjoint preserves fibrations and acyclic fibrations)
of a Quillen adjunction is immediate to check, because fibrations and acyclic
fibrations are created by forgetful functors and the restriction functor ¢* :
o€ — p€ reduces to the identity if we forget algebra structures.

In §16] we use the representation of the functors ¢ : p€ = (€ : ¢* by
modules over operads and the results of to prove properties E1’-E2’ of a
Quillen equivalence when ¢ : P — Q is a weak-equivalence of operads.

We refer to this chapter for full details on the proof of theorem



Chapter 13

The (co)homology of algebras
over operads
— some objectives for the next part

Introduction

The cohomology Hy (A, E) of an algebra A over an operad P with coefficients
in a representation E is defined by the homology of the derived functor of
derivations B +— Derp(B, E) on the homotopy category of P-algebras over
A. There is also a homology theory HE(A, E) defined by the homology of the
derived functor of B — E®,p) 2 (B), where Up(B) refers to the enveloping
algebra of B, the coefficient E is a right Up(A)-module, and 2} (B) is the
module of Kahler differentials of B. The first purpose of this chapter, carried
out in §I37] is to survey the definition of these derived functors for algebras
and operads in dg-modules.

There are universal coefficients spectral sequences which connect the coho-
mology Hj (A, F), respectively the homology HE (A, E), to standard derived
functors of homological algebra. The construction of these spectral sequences
is reviewed in §I3.2] The universal coefficients spectral sequences degener-
ate in the case of the associative operad A and the Lie operad L, but not
in the case of the commutative operad C. This observation implies that the
cohomology (respectively, homology) of associative and Lie algebras is deter-
mined by an Ext-functor (respectively, a Tor-functor). In the next part we
use that the functor of Kahler differentials is represented by a right module
over an operad, the theorems of and the homotopy theory of modules
over operads to give a new interpretation of this result.

The cotriple construction gives an alternative definition of a (co)homology
theory for algebras over operads. In we review the definition of the
cotriple construction in the dg-context and we prove that the associated
(co)homology theory agrees with the derived functor construction of §13.1]

The proofs of the main theorems of this chapter are only completed in §17]
as applications of the homotopy theory of modules over operads. In this sense
this chapter gives first objectives for the next part of the book. Nevertheless,
the results of this chapter are not completely new: the (co)homology with

205
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coefficients for algebras in dg-modules is already defined in [26] by methods
of homotopical algebra, the universal coefficient spectral sequences are defined
in [I] for algebras in dg-modules (in the case of non-negatively graded dg-
modules).

Throughout this chapter, we use the short notation Up(A4) = Up(A)(1) to
refer to the enveloping algebra of P-algebras.

13.1 The construction

The definition of the cohomology and homology of algebras over operads
makes sense for operads and algebras in simplicial modules, or in dg-modules.
In this section, we give a summary of the constructions in the dg-module
setting. We take C = dgk Mod as a base category and £ = dgkMod as an
underlying category of algebras. The principle of generalized point-tensors
can be used to extend the construction to algebras in Y,-objects, and to
algebras in right modules over operads.

We fix an operad P. We require that P is X,-cofibrant to ensure that P-
algebras form a semi-model category.

13.1.1 Derivations and cohomology. Recall that a map 6 : A — E, where
A is a P-algebra and F is a representation of A, forms a derivation if we have
the derivation relation

n

O(p(as, ... an)) =Y _plas,...,00a:), ..., an)

i=1

for all operations p € P(n) and all ay,...,a, € A. In the dg-context, we
extend this definition to homogeneous maps 6 : A — FE to obtain a dg-module
of derivations.

The cohomology of A with coefficients in E is defined by:

Hp (A, E) = H"(Derp(Qa, E)),

where Q4 is any cofibrant replacement of A in the category of P-algebras. In
this definition, we use the augmentation of the cofibrant replacement Q4 —
A to equip E with the structure of a representation of Q) 4.

More generally, for any P-algebra B over A, we can use the restriction of
structures through the augmentation € : B — A to equip F with the structure
of a representation of B. Accordingly, we have a well-defined functor from
the category of P-algebras over A to the category of dg-modules defined by
the map Derp(—, E) : B — Derp(B, E).

The next proposition ensures that the definition of the cohomology makes
sense:
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13.1.2 Proposition (see [20]). The functor B — Derp(B, E) preserves weak-
equivalences between cofibrant objects in the category of P-algebras over A.

The proof of this proposition is postponed to the end of this section, as-
suming a general result, proved in the next part, on the homotopy invariance
of functors associated to right modules over operads.

13.1.3 Kahler differentials and homology. To define the homology of P-
algebras, we use the module of Kéhler differentials 2% (A) and the coefficients
consist of right modules over the enveloping algebra Up(A). These objects
are defined in § for operads and algebras in k-modules. The principle of
generalized point tensors can be used to extend the construction to the dg-
context. Then the definition returns a dg-algebra Up(A) and a dg-module
2L(A) so that we have an isomorphism

Derp(A, E) ~ Homy,(a) MOd(Q}% (A), E)

in the category of dg-modules.
The homology of A with coefficients in a right Up(A)-module E is defined
by:
H(A,E) = Hi(E Qu,(Qu) 2 (Qa));

where, again, Q4 is any cofibrant replacement of A in the category of P-
algebras. The next proposition ensures, as in the context of the cohomology,
that this definition makes sense:

13.1.4 Proposition (see [26]). The functor B — E ®y,(p) {25 (B) preserves
weak-equivalences between cofibrant objects in the category of P-algebras over

A.
The proof of this lemma, is also postponed to the end of this section.

13.1.5 Classical examples. The definition of the cohomology Hy (A, E),
respectively homology HE(A, E), can be applied to the usual operads P =
A L, C, provided that the ground ring k has characteristic 0 in the case P =L, C
(since these operads are not X,.-cofibrant in positive characteristic). The co-
homology Hj (A, E), respectively homology HE (A, E), defined by the theory
of operads agrees with:

— the classical Hochschild cohomology, respectively homology, in the case of
the associative operad P = A,

— the Chevalley-Eilenberg cohomology, respectively homology, in the case of
the Lie operad P =L,

— the Harrison cohomology, respectively homology, in the commutative op-
erad P =C.

These assertions are consequences of results of [I7,[18] (see [46]). The idea is to
use particular cofibrant replacements, the Koszul resolution, and to identify
the dg-module Derp(Q 4, E), respectively E ®p,(q,) 21(Q4), associated to
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this resolution with the usual Hochschild (respectively, Chevalley-Eilenberg,
Harrison) complex.

The Hochschild cohomology and the Chevalley-Eilenberg cohomology (re-
spectively, homology) can also be defined by an Ext-functor (respectively, a
Tor-functor). This result has an interpretation in terms of a general universal
coefficient spectral sequence, defined in the next section, which relates any
cohomology (respectively, homology) associated to an operad to Ext-functors
(respectively, Tor-functors).

13.1.6 9 Remark. If we use simplicial k-modules rather than dg-modules,
then the definition of the cohomology Hp (A, E), respectively homology
HE(A, E), makes sense for any simplicial operad P which is cofibrant in
simplicial k-modules, and not only for Y,-cofibrant operads. In particular,
we can use P-algebras in simplicial k-modules to associate a well-defined
(co)homology theory to the Lie, respectively commutative, operad in posi-
tive characteristic. In the case of the Lie operad, this simplicial (co)homology
agrees again with the Chevalley-Eilenberg (co)homology. In the case of the
commutative operad, this simplicial (co)homology agrees with André-Quillen’
(co)homology.

13.1.7 Universal coefficients. The remainder of the section is devoted
to the proof of proposition and proposition [13.1.4] the homotopy in-
variance of the dg-modules Derp(Q a4, E) and E ®Up 04) 24(Qa), for Qa a
cofibrant replacement of A.

For this aim, we use the representation

T3 (Qa) = Up(A) ®uy(Qa) 2 (Qa)

which determines the homology of A with coefficients in the enveloping alge-
bra Up(A). The enveloping algebra Up(A) gives universal coefficients for the
homology of A since we have identities

Derp(Qa, E) = Homy,(q..)Mod (25 (Q4), E)
= Homy,(a) Moa(Tp (QA) E)
and  F Qu,(qQ.) %(Qa)=FE KUy (A) T3 (Qa)-

The idea is to prove that the functor Q4 +— T3 (Qa) maps cofibrant
P-algebras over A to cofibrant left Up(A)-modules and preserves weak-
equivalences between cofibrant P-algebras. Then we apply the classical ho-
motopy theory of modules over dg-algebras to conclude that the func-
tors Qa — Homy,aymod(Tp (Q4), E) and Q4 — E Qu,(a) Ty (Q4) preserve
weak-equivalences between cofibrant P-algebras over A.

In our verifications, we use repeatedly that the extension and restriction
functors

¢ : RMod =2 SMod : ¢*
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associated to a morphism of associative dg-algebras ¢ : R — S form (by
proposition a Quillen pair and a Quillen equivalence if ¢ is also a
weak-equivalence. Accordingly, the extension functor ¢/M = S ®r M pre-
serves cofibrant objects, weak-equivalences between cofibrant objects, and the
adjoint morphism of a weak-equivalence f : M = N, where M is a cofibrant
right R-module, defines a weak-equivalence f; : S ®gr M = N if ¢ is also a
weak-equivalence.

In our constructions, the cofibrancy requirements are derived from the
following lemma, proved by a direct verification:

13.1.8 Lemma. IfQ a cofibrant cell P-algebra, then 2L(Q) forms a cofibrant
cell Up(Q)-module.

Proof. For a free P-algebra Q = P(C), we have an isomorphism of left
Up(P(C))-modules
Up(P(C) ® C = 21(Q)

which identifies the generating elements x € C to the formal differentials

dr € 21(P(C)) (see §§4.4.2}14.4.3). For a quasi-free P-algebra Q = (P(C), ),

we obtain that 2'(Q) forms a quasi-free left Up(Q)-module
24(Q) = (Up(P(C)) ® C,0)

so that the differential of dz in 2'(Q) is deduced from the differential of x
in P(C) and the derivation relation dp(z1,...,z,) = >, p(@1,...,dT;, ..., Ty).

Suppose Q = (P(C), d) forms a cofibrant cell P-algebra. Thus the generat-
ing module C' is a free graded k-module equipped with a basis filtration

OZCQC-"CC)\C"'CCO%\HHC)\ZC

and the twisting cochain satisfies 9(Cy) C P(Cx—1). For a differential dz €
24(Q), where x € Cy, we obtain the relation

6(d$) S Up(P(C)\,l)) Q@ Cr_1 C UP(Q) ® Chr_1.

Hence we conclude that 21(Q) = (Up(P(C)) ® C,9) forms a cofibrant cell
Us(Q)-module. O

Lemma [13.1.8] implies:

13.1.9 Lemma. If Q4 is a cofibrant P-algebra, then 2%(Qa) forms a cofi-
brant Up(Q 4)-module.

Proof. According to any cofibrant P-algebra @4 is a retract of a cofi-
brant cell P-algebra @. The existence of morphisms of P-algebras i : Q4 S
Q : r so that ri = id implies by an easy inspection that 2}(Q4) forms
a retract of Up(Qa) ®u,(q) 25 (Q) in the category of left Up(Q 4)-modules,
where we use the augmentation r : Q — Q4 to determine the morphism
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Up(r) : Up(Q) — Up(Qa4). According to recollections of §13.1.7] the extension

and restriction functors
r: Up(Q) Mod 2 Up(Q4) Mod : r*

define a Quillen pair so that ry = Up(Q ) ®y, (@) — preserves cofibrant objects.
Therefore, the object Up(Qa) ®u,(q) 25(Q) is cofibrant in the category of
left Up(Qa)-modules, as well as §23(Q4) since the class of cofibrations is
stable under retracts. O

And:

13.1.10 Lemma. If Q4 is a cofibrant P-algebra over A, then Ty (Qa) =
Up(A) @uy(ga) 128 (Qa) forms a cofibrant Up(A)-module.

Proof. Immediate consequence of recollections of §13.1.7] a

To prove the homotopy invariance of Ty (Q 4) we use the following lemma
which is a consequence of the general theorems of the next part, about func-
tors associated to modules over operads:

13.1.11 Lemma. The morphism Up(f) : Up(Qa) — Up(QB), respectively
Q)+ 24Qa) — 22(QB), induced by a weak-equivalence of P-algebras
f:Qa = Qp forms a weak-equivalence if Q4 and Qg are cofibrant.

Assuming this lemma, we have:

13.1.12 Lemma. The morphism
Ty (f) : Ty (Qa) — T3 (QB)
induced by a weak-equivalence of P-algebras over A
f:Qa = Qp
forms a weak-equivalence of left Up(A)-modules if Q4 and Qp are cofibrant.

Proof. By lemma [13.1.9] and lemma [13.1.11] we have a weak-equivalence of
left Up(Q 4)-modules

25 (f) : 25 (Qa) — 2% (Q5)

such that £2}(Qa) is cofibrant. By lemma [13.1.11} the morphism Up(f) :
Up(Qa) — Up(Qp) defines a weak-equivalence of dg-algebras. Accordingly,
the extension and restriction functors

Us(f)1 : Us(@Q4) Mod = Up(Qp) Mod : Up(f)*

define a Quillen equivalence, from which we deduce that the morphism

2 (s Up(QB) Quyqa) 2 (Qa) — 2 (QB),
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adjoint to 2%(f) forms a weak-equivalence between cofibrant left Up(Qp)-
modules. By Quillen adjunction, we conclude that the morphism

Tp (f) = Us(4) ®uy(@u) @2 (f)s
forms a weak-equivalence too. a

The objects Ty (Q4) and T3 (Qp) are also cofibrant left Up(A)-modules
by lemma [13.1.10] Therefore, according to the standard homotopy theory of
modules over dg-algebras, we obtain:

13.1.13 Lemma. Let f : Q4 — Qp be a weak-equivalence of P-algebras
over A. If Q4 and Qg are cofibrant, then:

(a) The morphism

f* Homp, (aymoa(Ty (QB), E) — Homy,aymod(Tp (@), E)

induced by [ forms a weak-equivalence, for every left Up(A)-module E.
(b) The morphism

fe 1 E®uya) Ty (Qa) = E ®uy(a) Ty (QB)

induced by f forms a weak-equivalence, for every right Up(A)-module E. O

Assuming lemma [13.1.11] this statement achieves the proof of proposi-
tion [I3.1.2] and proposition O

13.2 Universal coefficient spectral sequences

In general, the cohomology Hj (A, E), respectively the homology HE(A, E),
associated to an algebra A over an operad P can not be reduced to a derived
functor on the category of left (respectively, right) Up(A)-modules. Never-
theless, we have universal coefficient spectral sequences which connect the
cohomology Hj (A, F), respectively the homology HE(A, F), to standard de-
rived functors of homological algebra. The purpose of this section is to give
the definition of these spectral sequences.

To simplify, we assume that P is an operad in k-modules and A is a P-
algebra in k-modules. To define the homology of A, we use that A is equivalent
to a dg-object concentrated in degree 0, and similarly as regards the operad
p.

13.2.1 Construction. Fix a cofibrant replacement P(0) — Q4 — A. The
definition of the universal coefficients spectral sequences arises from the iden-

tities of §13.1.7]
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Derp(Qa, E) = Homy,(q ) Mod (25 (Q4), E) = Homyy,(a)moa(Tp (Qa), E)
and  E ®u,0,4) 25 (Qa) = E ®u,(a) Ty (Qa),
where T3 (Qa) = Up(A) ®uy(qa) 25 (Qa)-

The idea is to apply the standard hypercohomology spectral sequence
ES" = Extyy, 1) (Hi(T3 (Qa)), E),

respectively the standard hyperhomology spectral sequence
EZ, = Tor* (B, H,(T3 (Qa))),

associated to this dg-hom, respectively tensor product, over the enveloping
algebra Up(A).

The object Tp (Q4) forms a cofibrant left Up(A)-module by lemma
As a consequence, the hypercohomology spectral sequence abuts to the co-
homology H*(Homy,(a)moa(Ty (Qa), E)), the hyperhomology spectral se-
quence abuts to the homology H.(E®y,(a)Ty (Q4)). By definition of T3 (Q4),
we also have Hy (T3 (Qa)) = HY (A, Up(A)). Thus we obtain finally:

13.2.2 Proposition (compare with [I, Propositions 5.3.2-5.3.3]). We have
universal coefficient spectral sequences

EZ, = Tor*™(E, HY (A, Up(A))) = H{, (A, E)
and  E3' = Ext, 4 (H} (A, Up(A)),E) = Hi (A E). O

As a byproduct:

13.2.3 Proposition (compare with [I, Remark 5.3.4] and [64]). If the ho-
mology HE (A, Up(A)) vanishes in degree * > 0, then we have

H(A,E) = T (B, Q}(4)) and H; (A, E) = Extjy, 4 (2}(A), E).

Proof. The condition implies that the universal coefficients spectral sequences
degenerate and the identities of the proposition follow. a

Conversely, if the homology HY (A, E) is given by a Tor-functor over the
enveloping algebra Up(A), then we have necessarily HE(A,Up(A)) = 0, for
s > 0, since Tor?* ) (Up(A), F) vanishes in degree x > 0 for every left Up(A)-
module F.

13.2.4 Classical examples. The identities of proposition [13.2.3] are known
to hold for the Hochschild (co)homology (case of the associative operad P =
A) and for the Chevalley-Eilenberg (co)homology (case of the Lie operad
P = L). The reader is referred to his favorite textbook. In §17.3] we prove
that the assertion about Hochschild (co)homology is implied by the deeper
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property, checked in that the module £2} forms a free right A-module,
and similarly as regards the Chevalley (co)homology.

In the case P = C, we have Uc(A4) = A. But the homology HS(A, A) does
not vanish in general. This negative result is verified for the k-algebra of an
hypersurface (or a complete intersection) with isolated singularities. Thus
the result of proposition fails in the case P = C. The non-vanishing
of HS(A, A) implies that 2} does not form a projective right C-module and
gives an obstruction for this property.

13.3 The operadic cotriple construction

In this section, we review a usual construction of the theory of operads, the
cotriple construction, which associates a kind of simplicial resolution to any
algebra over an operad.

The original cotriple construction, defined in [3], is a simplicial object
BA(F, T, A) associated an algebra A over a monad T, with coefficients in a
functor F' equipped with a right action of the monad T'. This construction is
applied in [47] to the monad T = S(P) associated to a topological operad P.
If we take F' = S(P), then the construction returns a simplicial P-algebra
BAa(P,P, A) whose realization is homotopy equivalent to A.

The definition of the simplicial object Ba(P,P, A) makes sense for any
operad P in a symmetric monoidal category C and for any P-algebra A in a
symmetric monoidal category & over C. The construction returns a simplicial
P-algebra Ba(P,P, A) together with an augmentation € : BA(P,P, A) — A. In
the sequel, we apply the construction Ba(P,P, A) to operads in the category
of dg-modules C = dgkMod and we review the definition of BA(P,P, A) in
this context. Throughout this section, we assume to simplify that A is also
a P-algebra in the category of dg-modules £ = dgk Mod. but again we can
extend the construction to P-algebras in X.-objects £ = M, respectively in
right modules over operads £ = My, by using the principle of generalized
point-tensors. These generalizations are studied in

In the context of simplicial sets or simplicial k-modules, the construction
Ba(P,P, A) forms a bisimplicial object and the diagonal of this bisimplicial
object gives a cofibrant replacement of A in the category of P-algebras. In
the dg-context, we take the normalized complex of Ba(P,P, A) to recover
a P-algebra in the original category of dg-objects £. The augmentation of
Ba(P,P, A) induces a weak-equivalence € : N,(Ba(P,P,A)) — A, but the
object N.(Ba(P,P, A)) forms no more a cofibrant P-algebra. However, we
shall observe that the simplicial object Ba(P,P, A) can be used to determine
the cohomology Hj (A, E) and the homology HE(A, E).

The normalized complex plays the role of geometric realization in the
dg-context. Every cofibrantly generated model category has a good realiza-
tion functor, but the author ignores if the realization of BA(P,P, A) gives
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a P-algebra equivalent to A in general. This result is proved for topological
operads in May’s original monograph [47, §9], by using explicit homotopies,
and for operads in spectra in [24].

Throughout this section, we use the notation A to refer to the category
of simplicial objects in any category A. For the category of algebras over a
discrete operad P, we have an identity (€)a = p(Ea), where we consider the
category of P-algebras in €4 on the right-hand side.

13.3.1 The simplicial cotriple resolution. The simplicial object Ba (P, P, A)
is given in dimension n by the composite

BA(P,P, A), = S(P)”"*(A) = S(P)oS(P)o- - 0 S(P)(A),

0 1 n

where we consider the functor S(P) : £ — & associated to the operad P. The
face d; : Ba(P,P,A), — Ba(P,P,A),_1, 7 =0,...,n — 1, is the morphism
induced by the operad composition product
S(p)
S(P)oS(P) = S(PoP) —= S(P)
on factors (i,i+1) of the composite S(P)°"*1(A). The face d,, : Ba(P,P, A),, —
Ba(P,P, A),,—1 is yielded by the evaluation product of the P-algebra

S(P)(A) =S(P,4) & A

on the last factor of S(P)°"*1(A4). The degeneracy s; : Ba(P,P,A), —
Ba(P,P,A)pt1, 3 =0,...,n, is given by the insertion of an operad unit

1d = s(1) 2 s(p)

between factors (j,j + 1) of S(P)°"*1(A). The relations of faces and degen-
eracies are straightforward consequences of associativity and unit properties
of operad composition products and operad actions.

The construction of this simplicial object Ba(P,P, A) makes sense for
any operad P in a symmetric monoidal category C, and for any P-algebra
A in a symmetric monoidal category & over C. Each object BA(P,P, A), =
S(P)°"*1(A) forms a free P-algebra since we have an identity P(—) = S(P, —).
Observe further that the faces and degeneracies of Ba (P, P, A) are morphisms
of P-algebras. Thus the construction Ba(P,P, A) returns a simplicial object
in the category of P-algebras in £.

The evaluation product S(P)(A4) = S(P, A) 2, 4 also gives a morphism of
P-algebras € : BA(P,P, A)g — A so that edy = edy. Equivalently, we have a
morphism of simplicial P-algebras € : BA(P,P, A) — A, where A is identified
to a constant simplicial object in the category of P-algebras.

13.3.2 Normalized complexes. In the context of dg-modules £ = C =
dgk Mod, we apply a normalized complex functor to recover a genuine P-
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algebra in € from the simplicial P-algebra BA(P,P, A). In §17.2] we observe
that this construction can be extended to P-algebras in the category of Y-
objects £ = M, or in categories of right modules over an operad & = M g. For
the moment, we recall only the definition of the normalized complex functor
in the context of dg-modules £ = dgk Mod.

For any simplicial dg-module C', we form the quotient object:

Nm(c) = Cm/SOCmfl + -+ Smflcmfl-

Each object N,,(C) has a grading N,,(C) = @, Nin(C). given by the in-
ternal grading of the dg-module C), and comes equipped with a differential
0 : Npp(C)s — Np(C)i—q induced by the internal differential of C,,. The
alternate sum of faces & = >_!" +d; yields a differential 9 : N,,(C), —
Np—1(C). so that 9§ + 60 = 0. Thus the bigraded collection N,,(C), forms
a bicomplex. Define the normalized complex N,(C) as the total complex of
this bicomplex. There is a dual definition of a conormalized complex N*(D)
in the context of cosimplicial dg-modules.

The normalized complex functor N,(—) : E4 — £ does not define a functor
of symmetric monoidal categories in the strong sense, but we have a natural
weak-equivalence

V: N.(C)® N.(D) = N.(C & D),

the Eilenberg-Mac Lane morphism, which preserves symmetric monoidal
structures like the structure isomorphism of a functor of symmetric monoidal
categories. If C' is a (discrete) dg-module, then we have N, (C) = C and the
Eilenberg-Mac Lane morphism reduces to an obvious isomorphism

V:C®N,(D) = N,(C® D),

for every simplicial dg-module D € Ex.
The normalized complex of any simplicial P-algebra in dg-modules B
inherits a natural P-algebra structure defined by the evaluation morphism

P(r) ® N.(Ba)®" > N, (P(r) @ BE") 2=,

N.(Ba).
In particular, we obtain that the normalized complex of the simplicial bar
construction By = Ba(P,P, A) forms a P-algebra in dg-modules.

The augmentation morphism € : BA(P,P, A) — A induces a morphism of
P-algebras in dg-modules

N, (e)
_—

N.(Ba(P,P, A)) N.(A) = A.

We have further:

13.3.3 Lemma. The morphism € : N.(Ba(P,P,A)) — A induced by the
augmentation € : BA(P,P, A) — A forms a weak-equivalence in p€.



216 13 The (co)homology of algebras over operads

Proof. The augmentation ¢ : BA(P,P, A) — A has a natural section 7 :
A — Ba(P,P, A) in the underlying category £. This section is given by the

morphism
S(n,A)

A=S(I,A) ——= S(P,A) = BA(P,P, A)g
induced by the operad unit 7 : I — P. Since en = id, we have N, (¢)-N.(n) = id
at the chain level.
The object BA(P,P, A) comes also equipped with an extra degeneracy

S_1: BA(P, P, A)n,1 — BA(P, P, A)n
given by the insertion of an operad unit

S(popon-t 4) SPTLA),

S(PoP", A)
at position 0 of the composite S(P) o ---0S(P)(A) = S(PoP°® A). This extra
degeneracy determines a morphisms

N.(Ba(P,P,A)) ® N,(A') 2 N,(Ba(P,P, A))

which gives a chain homotopy N.(n) - N.(¢) ~ id. Hence we conclude that
N.(e) forms a weak-equivalence and this achieves the proof of the lemma. 0O

This lemma also holds for the generalization of the construction N,(Ba(P,P, A))
to P-algebras in X,-objects, respectively in right modules over an operad.

Theoretically, we have to apply the functor 2}(—) to a cofibrant re-
placement of A to determine the cohomology Hi (A, E) and the homology
H;(A,E). The simplicial P-algebra BA(P,P, A) is cofibrant in some natu-
ral sense (equip the category £ with the Reedy model structure), but the
associated P-algebra in dg-modules N,(Ba(P,P, A)), for which we have a
weak-equivalence € : N, (Ba(P,P, A)) = A, does not form a cofibrant object
in p€. Nevertheless:

13.3.4 Theorem (compare with [I, Theorem 7.7]). We have

H{ (A, E) = H*N* (Derp(Ba(P, P, A), E))
and HE(AvE) = H.N., (E ®Up(A) ‘QI}(BA(P7P7A)))7

where on the right hand side we use a dimensionwise evaluation of functors
to form a cosimplicial (respectively, simplicial) object in dg-modules and we
take the cohomology (respectively, homology) of the associated conormalized
(respectively, normalized) chain complez.

This theorem is proved in as an application of the homotopy theory
of functors associated to modules over operads.



Bibliographical comments on part 11

First applications of model categories in algebra occur in Quillen’s origi-
nal monograph [50] for certain categories of simplicial algebras, including
monoids, commutative algebras, ... (see also the article [52]).

The (semi-)model category of algebras over an operad is studied in sev-
eral references in various contexts: the case of algebras in differential graded
modules is addressed in [I7, 20]; the case of algebras in simplicial sets and
simplicial modules in [54]; the case of algebras in spectra in [21], 23] [36]. The
articles [4] and [58] handle the definition of the (semi-)model structure in a
general axiomatic setting. In the reference [58], the axioms of (semi-)model
categories are proved by a technical study of pushouts in categories of al-
gebras over operads. In [4], it is observed that verifications of [58] can be
simplified for certain operads, including cofibrant operads, if the underlying
category has a monoidal fibrant replacement functor and comes equipped
with a good interval object (see loc. cit. for precise requirements).

The paper [22] includes another general construction of model structures
for algebras and left modules over non-symmetric operads.

The definition of the (semi-)model category of operads occur in [26] for
operads in dg-modules, and in [4] 58] in a more general setting. Note however
that the homotopy theory of dg-operads was studied before by methods of
differential graded algebra. In particular, the paper [45] gives a generalization
to operads of the minimal models of rational homotopy. The Koszul duality
of [I8] has an interpretation in terms of these minimal models.

The notion of a semi-model category arises from [29] and gives the basis
of the theory of [58]. Note however that our axioms differ slightly from these
original references. The article [41] uses the semi-model structures of [29] 58],
but most authors still prefer to deal with full model structures.

The definition of the homology with trivial coefficients occurs in [I7, [I8] for
algebras over operads in dg-modules. The (co)homology with non-trivial coef-
ficients is defined in [I. In all these references, the authors deal with algebras
in non-negatively graded dg-modules. The generalization of the (co)homology
to algebras in unbounded dg-modules occurs in [26]. Universal coefficients
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spectral sequences are defined in [I] (for algebras in non-negatively graded
dg-modules) by using the cotriple construction.

The work [20 211,62} [63] tackles applications of the cohomology of algebras
over operads to realization problems in stable homotopy. In this setting, it
is more appropriate to deal with simplicial objects and simplicial algebras
rather than differential graded algebras, but this does not change much the
definition of the (co)homology of algebras over operads.

The definition of the cotriple construction goes back to [3] and [47]. The
idea to represent the cotriple construction of functors at the operad level oc-
curs in [56] [57] and in [54]. The two-sided version of the cotriple construction
is also studied in [14] in the differential graded context and is related to other
complexes of the theory of operads, notably the Koszul complex of [18]. The
recent preprint [24] focuses on applications of the operadic cotriple construc-
tion in the context of spectra.
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Chapter 14

The model category of right modules
over an operad

Introduction

In this part, we aim to prove that right R-module structures give convenient
models for the homotopy of associated functors.

First of all, we check in this chapter that the category of right R-modules
inherits a convenient model structure. This verification is carried out in

In we make explicit the structure of cell complexes of right R-modules
in the case where C = dgk Mod is the category of dg-modules over a ring k.

In we apply the general results of to the symmetric monoidal
model category of right R-modules. To summarize, we obtain that the cat-
egory of P-algebras in right R-modules, where P a X,-cofibrant operad,
is equipped with a natural semi model structure, inherited from right R-
modules. In the case of a non-unitary operad R, we obtain that the category
of P-algebras in connected right R-modules is equipped with a semi model
structure as long as the operad P is C-cofibrant.

14.1 The symmetric monoidal model category
of right modules over an operad

In this section, we check the definition of the symmetric monoidal model
structure on the category of right modules over an operad R. For this purpose,
we apply the general result of theorem [11.1.13|to the composite adjunction

2i®— —OoR
CN <T M <T MR
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between the category of collections {K(n) € C},en and the category of right
R-modules. Recall that C is equipped with the obvious model structure of a
product of model categories. The result reads:

Proposition 14.1.A. Let R be an operad. Assume that R is C-cofibrant.

The category of right R-modules My is equipped with the structure of a
cofibrantly generated model category so that a morphism f : M — N is a
weak-equivalence (respectively, a fibration) if the morphisms f : M(n) —
N(n) define weak-equivalences (respectively, fibrations) in the base category
C. The generating (acyclic) cofibrations of My are the tensor products

1QF.oR:C®F,oR— DQ®F,oR,

where i : C — D ranges over the generating (acyclic) cofibrations of the
base category C and F, ranges over the generators, defined in of the
category of X, -objects.

Recall that an operad R is C-cofibrant if the underlying collection {R(n)},en
consists of cofibrant objects in C.

In the case where C is the category of simplicial sets C = S and the category
of simplicial k-modules C = kModx, a different (but Quillen equivalent)
model structure is used in [54, §3.3.8], namely the adjoint of the equivariant
model structure of X,-objects.

The forgetful functors
Mz L m L cm

creates all colimits. For this reason, condition (|1)) of proposition(11.1.14}is triv-
ially satisfied and the proof of the sufficient conditions of proposition [11.1.14
reduces to:

Claim. Under the assumption that R is C-cofibrant, the tensor product i ®
F.oR:C®F.oR — D® F,.oR defines a C-cofibration (respectively, an
acyclic C-cofibration) if i : C — D is a cofibration (respectively, an acyclic
cofibration) in C.

Proof. Lemma [11.4.6|implies that F, oR = R®" is C-cofibrant if the operad R
is so. As a consequence, we obtain that the tensor products — ® (F,. oR(n)) :
C — C, n € N, preserve (acyclic) cofibrations and this proves our claim. O

This claim achieves the proof of proposition a
Observe further:

Proposition 14.1.B. The category of right R-modules Mg forms a symmet-
ric monoidal model category over C in our sense:

(a) If the unit object 1 € C is cofibrant in C, then so is the equivalent constant
right R-module 1 € My so that aziom MMO holds in Mg;
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(b) The internal and external tensor products of right R-modules satisfy the
pushout-product axiom MM]I.

Proof. The verifications are similar to the case of X,-objects handled in §11.4]
Replace simply the objects F}. = I®" by the right R-modules F,.oR = I®"oR =
R®". O

In the remainder of this section, we prove additional properties of the
model category of right R-modules.
14.1.1 Proposition.

(a) If the operad R is X, -cofibrant, then the forgetful functor U : My — M
preserves cofibrations.

(b) If the operad R is just C-cofibrant, then the image of a cofibration f :
M — N under the forgetful functor U : Mg — M is only a C-cofibration.

Note that proposition [I1.1.14] which is applied to define the model struc-
ture of Mg, gives assertion @

Proof. 1t is sufficient to check that the generating cofibrations
1F.oR:C®F,oR—D®F,oR

define cofibrations in M, respectively C-cofibrations in M. In lemma [11.4.6
we observe that F,. o R = R®" forms a cofibrant object in M if R is X,-
cofibrant, respectively a C-cofibrant object in M if R is just C-cofibrant. The
claim follows immediately. a

Proposition [14.1.1) has the following easy consequences:

14.1.2 Proposition.

(a) If the operadR is X.-cofibrant, then the X.-cofibrations form an enlarged
class of cofibrations in M.

(b) 1If the operad R is just C-cofibrant, then the C-cofibrations form an en-
larged class of cofibrations in M.

Proof. Use that the forgetful functors
Mz L m L el

creates colimits to check axioms C1-4 of an enlarged class of cofibrations.
Proposition [14.1.1] gives axiom CO. a

14.1.3 Proposition. If C is a proper model category and the operad R is
C-cofibrant, then My is proper as well.
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Proof. By definition of model structures, the forgetful functors
M R — M — CN

create fibrations and weak-equivalences in M and in My. In proposi-
tion we observe that the forgetful functor U : My — CV preserves
cofibrations as well as long as R is C-cofibrant. Recall that U : My — CV
creates colimits and limits.

The claim that My inherits a proper model structure if C forms a proper
model category is an immediate consequence of these observations. a

14.2 Relative cell complexes
in right modules over operads

In this section, we study the structure of cofibrant cell complexes of right
R-modules in the case where C = dgk Mod. As usual, we use the conven-
tion of to call cofibrant cell objects the cell complexes build from
generating cofibrations.

We generalize the construction of to give an explicit representation
of cofibrant cell complexes of right R-modules. Since the construction are
strictly parallel, we only make explicit the definition of a twisting cochain
and of a quasi-free object in the context of right R-modules before giving the
result.

The notion of a quasi-free module over an operad is used extensively in [14].
We refer to this article for a detailed study of this structure.

14.2.1 Twisting cochains and quasi-free modules over dg-operads.
A twisting cochain of right R-modules 0 : M — M consists of a collection
of twisting cochains of dg-modules 9 € Hom¢ (M (n), M(n)) that commutes
with the action of symmetric groups and with the operad action. Equivalently,
we assume that the collection 0 € Home(M(n), M(n)) defines an element
of Hom, (M, M), the dg-hom of the category of right R-modules, and the
equation of twisting cochains 6(9) + 9% = 0 holds in Hom, (M, M).

A right R-module M is quasi-free if we have M = (K oR,0), for a free
right R-module K oR, where 0 : K oR — K oR is a twisting cochain of right
R-modules. In the case of a quasi-free object, the commutation with the R-
action implies that the twisting cochain 0 : K oR — K oR is determined by
a homomorphism of Y,-objects 9 : K — K oR.

The extension of propositions to modules over operads reads:

14.2.2 Proposition. A cofibrant cell object in right R-modules is equivalent
to a quasi-free right R-module M = (K o R, ), where K is a free X.-object
in graded k-modules K = @ _ keq, ® F,_, together with a trivial differential
and a basis filtration Kx = @, keq, ® Fy, so that O(Ky) € Kx_10R. O
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14.3 Model categories of algebras in right modules
over an operad

In this section, we record applications of general results of §12.3|to algebras in
right modules over an operad R. Since we prove that the category of right R-
modules forms a symmetric monoidal model category over C, proposition
returns:

14.3.1 Proposition. Let R be any C-cofibrant operad. If P is a X, -cofibrant
operad, then the P-algebras in right R-modules form a cofibrantly generated
semi-model category so that the forgetful functor U : p My — My creates
weak-equivalences and fibrations.

The generating (acyclic) cofibrations are the morphisms of free P-algebras

P(i® F,oR) :P(C® F, oR) - P(D ® F,. oR),

where i : C — D ranges over the generating (acyclic) cofibrations of C.
Recall that P-algebras in right R-modules are equivalent to P-R-bimodules.

§ In §5.1.4] we observe that the category of connected right R-modules
Mg, where R is a non-unitary operad, forms a reduced symmetric monoidal
category. For this reduced symmetric monoidal category, we obtain further:

14.3.2 § Lemma. The category of connected right R-modules ./\/lg has regular
tensor powers with respect to the class of C-cofibrations in the category of X, -
objects and to the class of C-cofibrations in the category of right R-modules.

Note that the C-cofibrations form an enlarged class of cofibrations in Mg,
like the X,-cofibrations, just because the forgetful functors Mg — M — C"
create colimits.

Proof. This property is inherited from the category of X,-objects (for which
we refer to proposition because, on one hand, weak-equivalences of
right R-modules are created in the category of X,-objects and, on the other
hand, the tensor product of right R-modules is created in the category of
X 4-objects. O

As a byproduct, we obtain:

14.3.3 q Proposition. Let R be a C-cofibrant non-unitary operad. Let P be
a non-unitary operad. The category of connected P-R-bimodules ng forms a
semi-model category as long as P is C-cofibrant. ad






Chapter 15

Modules
and homotopy invariance of functors

Introduction

In this chapter, we study the homotopy invariance of the functors Sg(M) :
r€ — & associated to right modules over an operad R. In summary, we aim
to prove that:

— A weak-equivalence of R-algebras f : A = B induces a weak-equivalence
Se(M, f) : Sg(M, A) = Sg(NV, B) under reasonable assumptions on M, A
and B,

— A weak-equivalence of right R-modules f : M = N induces a pointwise
weak-equivalence of functors Sg(f, A) : Sg(M, A) = Sg(N, A), under rea-
sonable assumptions on M, N and A.

In we assume that the right R-modules are cofibrant. In this context,
the homotopy invariance properties hold under very mild assumptions on the
R-algebras.

In we address the case where M and N are only cofibrant in the
category of X,-objects. In this context, we have to assume that the R-algebras
are cofibrant to obtain our homotopy invariance properties.

In §15.3] we study the homotopy invariance of the relative composition
product of modules over operads. Results can be deduced from theorems
of applied to R-algebras in X,-objects. We study the homotopy
invariance of the relative composition product for connected R-algebras in X,-
objects. We prove that the general result can be improved in this context.

15.1 Cofibrant modules
and homotopy invariance of functors

The purpose of this section is to prove:

227
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Theorem 15.1.A. Let R be a C-cofibrant operad.
(a) The morphism

Se(f, A) : Sk(M, A) — Sg(N, A)

induced by a weak-equivalence of cofibrant right R-modules f : M = N is a
weak-equivalence for every R-algebra A € g€ which is E-cofibrant.

(b) If M is a cofibrant right R-module, then the morphism
SR(M7 f) : SR(Ma A) - SR(M7 B)

induced by a weak-equivalence of R-algebras f : A = B is a weak-equivalence
as long as A, B are E-cofibrant.

Recall that an R-algebra A is E-cofibrant if the initial morphism 7 : R(0) —
A is a cofibration in £. Since the functor 1 : C — £ is supposed to preserve
cofibrations and the operad R is cofibrant in the underlying category, we
obtain that any &-cofibrant R-algebra A forms cofibrant object in £.

This observation is used in the proof of theorem Besides, we use
that the forgetful functor U : g€ — & preserves cofibrations.

¥ Remark. Theorem [I5.1.A] holds in the context symmetric spectra
£ = Sp~ and for an operad in simplicial sets R provided that R(0) = () and
we can ensure that the forgetful functor U : g€ — & preserves cofibrations.
The assumption R(0) = @ is necessary for an operad in simplicial sets since
the functor 7 : C — £ does not preserve cofibrations in the case £ = Sp* and

C =S8 (see §11.6.12).
The remainder of this section is devoted to the proof of theorem
Our argument is based on the following statement:

15.1.1 Lemma. The pushout-product

(is, f) 1 Sa(M,B) € Sa(N,A) — Sa(N, B)
Se(M,A)

induced by i : M — N, morphism of right R-modules, and f : A — B,
morphism of R-algebras, is a cofibration as long as i is a cofibration in My,
the morphism f forms an £-cofibration, and A is E-cofibrant. The pushout-
product (i, fi) is an acyclic cofibration if i or f is also acyclic.

Proof. By lemma|[11.3.2] we can reduce the claim to the case where i : M —
N is a generating (acyclic) cofibration

jQF,oR:C®F,oR—DQ®F,oR

since the functor (M, A) — Sg(M, A) preserves colimits in M.
Consider the more general case of a morphism of free right R-modules
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koR: KoR— LoR

induced by a cofibration (an acyclic cofibration) of X,-objects k : K — L. In
the case of a right R-module of the form M = K oR, we have

Se(M, A) = Sp(K oR, A) = S(K, A)
by theorem [7.1.1] Therefore we obtain that the pushout-product

(is, f) : Sa(M,B) €5 Sa(N,A) — Sa(N, B)
Sr(M,A)

is identified with the pushout-product

(kv f2) : S(K,B) @ S(L,A) — S(L, B)
S(K,A)

of lemma [I1.5.1] Thus we can deduce lemma [[5.1.1] from the assertion of
lemma [[1.5.1] O

As a corollary, we obtain:

15.1.2 Lemma.

(a) Let M be a cofibrant object in My. If a morphism of R-algebras f : A —
B, where A is E-cofibrant, forms a &-cofibration (respectively, an acyclic €-
cofibration), then the induced morphism Sg(M, f) : Sp(M,A) — Sg(M, B)
defines a cofibration (respectively, an acyclic cofibration) in E.

(b) Let A be an E-cofibrant R-algebra. The morphism Sg(i, A) : Sg(M, A) —
Sr(N, A) induced by a cofibration (respectively, an acyclic cofibration) of right
R-modulesi: M — N forms a cofibration (respectively, an acyclic cofibration)

in €. O
And the claim of theorem [I5.1.A]follows immediately from Brown’s lemma.
O

15.2 Homotopy invariance of functors
for cofibrant algebras

In this chapter, we study the homotopy invariance of the functors Sg(M) :
r€ — & associated to right R-modules M which are not cofibrant. Our main
result reads:

Theorem 15.2.A. LetR be an operad. Suppose that R is X, -cofibrant so that
the category of R-algebras is equipped with a semi-model structure.

(a) If A is cofibrant in the category of R-algebras, then the morphism
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SR(f7 A) : SR(Ma A) - SR(N7 A)

induced by a weak-equivalence of right R-modules f : M = N forms a weak-
equivalence as long as M, N are X, -cofibrant.

(b) Let M be a X.-cofibrant right R-module. The morphism
Se(M, f) : Se(M, A) — Sp(M, B)

induced by a weak-equivalence of R-algebras f : A = B forms a weak-
equivalence if A and B are cofibrant in the category of R-algebras.

9 Remark. In the context of a (reduced) symmetric monoidal category
with regular tensor powers, we assume that R is a C-cofibrant non-unitary
operad. Assertion @ holds for any weak-equivalence of connected right R-
modules f : M =+ N such that M, N are C-cofibrant. Assertion@ holds for
all connected right R-modules M which are C-cofibrant.

€ Remark. Suppose & = C = Sp” is the category of symmetric spec-
tra together with the stable positive model structure. Let R be an operad
in simplicial sets. If we can ensure that the forgetful functor U : g€ — &
preserves cofibrations, then our arguments work for right R-modules which
are cofibrant in the category of spectra. Hence:

— assertion @ of theorem holds for any weak-equivalence of right
R-modules in spectra f : M = N such that M, N are Sp~-cofibrant;

— assertion @ of theorem holds for all right R-modules in spectra M
which are Sp*-cofibrant.

Observe that assertion @ of theorem [15.2.A| has a converse:

Proposition 15.2.B. Assume £ =C.

Let f : M — N be a morphism of right R-modules, where M, N are X,-
cofibrant. If the morphism Sg(f, A) : Sg(M,A) — Sg(N,A) induced by f
forms a weak-equivalence in C for every cofibrant R-algebra A € g€, then f is
a weak-equivalence as well.

If C is pointed, then this implication holds without the assumption that the
modules M, N are X, -cofibrant.

Proof. In proposition we prove a similar assertion for the bifunctor
(M, X) — S(M, X), where M € M and X € C. Proposition [L5.2.B|is an im-
mediate corollary of this result because the free R-algebras A = R(X), where
X is a cofibrant object in C, are cofibrant R-algebras and, by theorem [7.1.1
we have Sg(M,R(X)) ~ S(M, X) for a free R-algebra A = R(X). O

Theorem is again a routine consequence of a pushout-product
lemma:
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Lemma 15.2.C. The pushout-product

(is, f) : Sa(M,B) €D Sa(N,A) — Sa(N, B)
Sr(M,A)

induced by 1 : M — N, morphism of right R-modules, and f : A — B, mor-
phism of R-algebras, forms a cofibration as long as i defines a X -cofibration,
the morphism f is a cofibration of R-algebras, and A is a cofibrant R-algebra.
The pushout-product (i., f«) is an acyclic cofibration if i or f is also acyclic.

The technical proof of this lemma is postponed to the appendix, §§I8
The arguments of lemma, can not be carried out in the context of
lemma[15.2.C] because we address the image of cofibrations f : A — B under
functors Sg(M) : g€ — & which do not preserve colimits.

In the remainder of this section, we survey examples of applications of
theorem [15.2.A1

In we prove that the unit morphism n(A) : A — ¥*(A) of the
adjunction relation defined by extension and restriction functors

g€ 2 g€ 1 YP*

preserve weak-equivalences. For this purpose, we apply theorem to
right R-modules defined by the operads M = R and N = S themselves and
we observe that the adjunction unit (A) : A — ¥*ih(A) is identified with a
morphism of the form

SR(Q/J, A) : SR(R, A) — SR(S7A)

The homotopy invariance of generalized James’s constructions give other
instances of applications of theorem [15.2.A] In §5.1.8] we recall that the
generalized James construction J(M, X) defined in the literature for a A.-
object M is the instance of a functor of the form S, (M, X), where * is an
initial operad in Top,, the category of pointed topological spaces.

An object X € & is cofibrant in & simply if the unit morphism
% : pt — X forms a cofibration in the underlying model category of topolog-
ical spaces. Thus the cofibrant algebras over the initial unitary operad are
the well-pointed topological spaces and theorem [I5.2.A] asserts that a weak-
equivalence of Y,-cofibrant A,-objects, the cofibrant objects for the Reedy
model structure of [16], induces a weak-equivalence S.(f, X) : S.(M, X) =
S« (N, X) for all well-pointed spaces X. In this context, we retrieve a result
of [7]. In fact, in this particular example, the space S.(M, X) can be identi-
fied with a coend over the generalized Reedy category A., considered in [16],
and the homotopy invariance of the functor M — S.(M, X) can be deduced
from general homotopy invariance properties of coends (see [7, Lemma 2.7]).
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15.3 9 Refinements for the homotopy invariance
of relative composition products

In §§3:2.913.2.10] we identify the category of left R-modules g M with the cat-
egory of R-algebras in ¥,-objects. Furthermore, we observe in §5.1.5| that the
functor Sg(M) : g M — M defined by a right R-module on this category is
identified with the relative composite N — M oz N. As a consequence, theo-
rem and theorem imply that the relative composition products
(M, N) — M og N satisfy natural homotopy invariance properties.

In this chapter, we prove that stronger homotopy invariance properties
hold if we assume that N is a connected left R-module.

Recall that the model category of connected right R-modules is cofibrantly
generated for a collection of generating cofibrations of the form

Z={ioR: KoR— LoR, wherei: K — L runs over cofibrations in M" }.

As a consequence, every cofibration of Mg is a retract of a relative Z-cell
complex. Symmetrically, the semi-model category of connected left R-modules
is cofibrantly generated for a collection of generating cofibrations of the form

J = {Roi:RoK — RoL, where i : K — L runs over cofibrations in M" }.

To identify this set of generating cofibrations, use that the composite R oK
represents the free R-algebra RoK = R(K) and go back to the general defini-
tion of the semi-model category of R-algebras in As a byproduct, every
cofibration of g M? with a cofibrant domain is a retract of a relative J-cell
complex.

For our purpose, we consider the collection of morphisms

K = {ioR : KoR — LoR, where i : K — L runs over the C-cofibrations in M }

in the category of right R-modules and the associated class of relative KC-cell
complexes. Symmetrically, we consider the collection of morphisms

L ={Roi:RoK — RoL, where i : K — L runs over the C-cofibrations in M }

in the category of left R-modules and the associated class of relative L-cell
complexes. It is not clear that the collection IC (respectively, £) defines the
generating cofibrations of a model structure on MY (respectively, x M°) in
general.

In the case of a relative composition product Sg(M, N) = M oz N, we can
improve on theorem [I5.1.A] and theorem [I5.274] to obtain:

Theorem 15.3.A. Let R be a C-cofibrant non-unitary operad.

(a) The morphism
fORAIMORAHNORA
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induced by a weak-equivalence of connected right R-modules f : M = N
forms a weak-equivalence as long as M, N are retracts of K-cell complexes,
for every C-cofibrant object A € g M°.

(b) If a connected right R-module M is a retract of a K-cell complex, then
the morphism
Mogg: MogA— Mog B

induced by a weak-equivalence of connected left R-modules g : A = B forms
a weak-equivalence as long as A, B are C-cofibrant.

Theorem 15.3.B. Let R be a C-cofibrant non-unitary operad.

(a) If a connected left R-module A is a retract of an L-cell complex, then the
morphism

foprA: MogA— NogA

induced by a weak-equivalence of connected right R-modules f : M = N
forms a weak-equivalence as long as M, N are C-cofibrant.

(b) The morphism
Mogg: Mog A— Moy B

induced by a weak-equivalence of connected left R-modules g : A = B forms
a weak-equivalence as long as A, B are retracts of L-cell complezes, for every

C-cofibrant object M € Mg,

One can observe further that theorem holds for any category of
algebras in a reduced category with regular tensor powers, and not only for
connected left R-modules, equivalent to algebras in the category of connected
X .-objects.

We mention these results as remarks and we give simply a sketch of the

proof of theorem and theorem In the case C = dgkMod,

the category of dg-modules over a ring k, another proof can be obtained by
spectral sequence techniques (see the comparison theorems in [I4] §2]).

The proof of theorem and theorem is based on the following
lemma:
15.3.1 Lemma.

(a) Leti: M — N be a relative K-cell complex in the category of connected
right R-modules. Let f : A — B be any morphism of connected left R-modules.
Suppose A is C-cofibrant. If f is an (acyclic) C-cofibration, then so is the
pushout-product

(i, fu) : Mo B @ NogA— Noy B
Mog A
associated to i and f.

(b) Let i : M — N be any morphism of connected right R-modules. Let
f A — B be a relative L-cell complex in the category of connected left R-
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modules. Suppose A is an L-cell complex. If i is an (acyclic) C-cofibration,
then so is the pushout-product

(is, f2) : M o B @ Nog A— NogB
Mog A

induced by 1.

Proof. These assertions improve on results of §§I5.1H15.2] in the case where
we consider R-algebras in the category of connected X,-objects Mg. Asser-
tion [(a)] corresponds to the case where i is a cofibration and f is an (acyclic)
C-cofibration in lemma [I5.1.T]and is proved in by the same argument. Asser-
tion @ arises from the extension of lemma to reduced categories with
regular tensor powers, in the case where i is an (acyclic) C-cofibration and
f is a cofibration between cofibrant objects. To prove this latter assertion,
check indications given in 0

As a corollary, we obtain:

15.3.2 Lemma.

(a) If M is a K-cell complex in the category of connected right R-modules,
then the functor M og — maps (acyclic) C-cofibrations between C-cofibrant
objects in the category of connected left R-modules to weak-equivalences.

(b) If A is an L-cell complex in the category of connected left R-modules, then
the functor — oy A maps (acyclic) C-cofibrations in the category of connected
right R-modules to weak-equivalences. a

And Brown’s lemma implies again:

15.3.3 Lemma.

(a) If M is a K-cell complex in the category of connected right R-modules,
then the functor M o — maps weak-equivalences between C-cofibrant objects
in g M to weak-equivalences.

(b) If A is an L-cell complex in the category of connected left R-modules, then
the functor —ogp A maps weak-equivalences between C-cofibrant objects in ./\/lg
to weak-equivalences. a

Observe simply that /C-cell (respectively, £-cell) complexes are C-cofibrant
and check the argument of [28) Lemma 1.1.12].

Obviously, we can extend this lemma to the case where M (respectively,
A) is a retract of a K-cell complex (respectively, of an L-cell complex).

Thus lemma plies assertion @ of theorem and asser-
tion [(a)] of theorem

To achieve the proof of theorem and theorem we observe:
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Claim.

(c) In theorem[15.3. 4] assertion[(b) implies assertion[(a)
(d) In theorem assertion [(a) implies assertion[(b)}

Proof. Let f : M =+ N be a weak-equivalence between retracts of K-cell
complexes in /\/lg. Let A be a C-cofibrant object of y M.

Let g : Q4 = A be a cofibrant replacement of A in g M°. The object Q4
is X,-cofibrant by proposition [12.3:2] and hence is C-cofibrant, and forms a
(retract of) a K-cell complex as well.

We have a commutative diagram

og A
MogA—"""  _ NoyA

MORgTN NTNoRg

MORQAfo—:A>NORQA

in which vertical morphisms are weak-equivalences by assertion |(b)| of the-
orem [15.3.Al Since Q4 is assumed to be cofibrant, theorem [15.2.A] (use the

suitable generalization in the context of reduced categories with regular ten-
sor powers — see remarks below the statement of theorem implies that
the lower horizontal morphism is also a weak-equivalence.
We conclude that
fORAIMORAHNORA

defines a weak-equivalence as well and this proves assertion of the claim.
We prove assertion by symmetric arguments. a

This verification achieves the proof of theorem and theorem
|






Chapter 16

Extension and restriction functors
and model structures

Introduction

In §3.3.5] we recall that an operad morphism ¢ : P — Q induces adjoint
extension and restriction functors

D1 pE 2 € P*

In we observe that an operad morphism v : R — S induces similar
adjoint extension and restriction functors on module categories:

P Myp2 Mg "

In this chapter, we study the functors on model categories defined by these
extension and restriction functors. Our goal is to prove:

Theorem 16.A. Let ¢ : P — Q be an operad morphism. Suppose that the op-

erad P (respectively, Q) is Xy -cofibrant and use proposition to equip the

category of P-algebras (respectively, Q-algebras) with a semi model structure.
The extension and restriction functors

¢! . pg = Qg . ¢*
define Quillen adjoint functors. If ¢ : P — Q is a weak-equivalence, then these
functors define Quillen adjoint equivalences.

Theorem 16.B. Let ¢ : R — S be an operad morphism. Assume that the

operad R (respectively, S) is C-cofibrant and use proposition to equip
the category of right R-modules (respectively, right S-modules) with a model
structure.

The extension and restriction functors

P Myp2 Mg "

237
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define Quillen adjoint functors. If ¢ : R — S is a weak-equivalence, then these
functors define Quillen adjoint equivalences.

€ Remark. In the context of a reduced category with regular tensor
powers, theorem holds for all C-cofibrant non-unitary operads. In the
context of symmetric spectra, theorem [I6.A]holds for all operads by [23] (see
also [2I, Theorem 1.2.4]).

The claim of theorem about the existence of a Quillen equivalence
is proved in [4] in the case where the underlying category & forms a proper
model category.

The crux of the proof is to check that the adjunction unit nA : A — ¥*y A
defines a weak-equivalence for all cofibrant P-algebras A. In our proof, we use
the relation Y1 A = Sp(Q, A) and we apply the homotopy invariance theorems
of §4I5.1}[15.2] to check this property for all cofibrantly generated symmetric
monoidal model categories £. The remainder of the proof does not change.

In the next section, we give a detailed proof of theorem The proof
of theorem [16.B]is strictly parallel and we give only a few indications.

In we survey applications of our results to categories of bimodules
over operads, or equivalently algebras in right modules over operads.

16.1 Proofs

Throughout this section, we suppose given an operad morphism ¢ : P — Q,
where P,Q are X,-cofibrant operads (as assumed in theorem [16.A)), and we
study the extension and restriction functors

¢[ZPS:Q5:¢*

determined by ¢ : P — Q.

By definition, the restriction functor ¢* : & — p&€ reduces to the identity
functor ¢*(B) = B if we forget operad actions. On the other hand, by def-
inition of the semi-model category of algebras over an operad, the forgetful
functor creates fibrations and weak-equivalences. Accordingly, we have:

16.1.1 Fact. The restriction functor ¢* : (& — p€ preserves fibrations and
acyclic fibrations.

And we obtain immediately:

16.1.2 Proposition (first part of theorem [16.Al). The extension and restric-
tion functors

¢! . pg «'j Qg . QS*
define Quillen adjoint functors. O



16.1 Proofs 239

In the remainder of this chapter, we check that these functors define
Quillen adjoint equivalences if ¢ : P — Q is a weak-equivalence of operads.
First, we have:

16.1.3 Lemma. If ¢ : P — Q is a weak-equivalence of X, -cofibrant operads,
then, for any cofibrant P-algebra A, the adjunction unit n(A) : A — ¢*p1(A)
s a weak-equivalence.

Proof. This assertion is a corollary of the next observation and of theo-

rem [[5.2.A1 0

16.1.4 Lemma. Recall that Q forms an algebra over itself in the category of
right modules over itself and a P-algebra in right P-modules by restriction on
the left and on the right.

We have ¢*¢1(A) = Sp(Q, A), the image of A under the functor Sp(Q) :
p€ — p& associated to Q, and the adjunction unit is identified with the mor-
phism

A=8(p, A) ZPY, g (g, 4)
induced by ¢.

Proof. The identification ¢*¢i(A) = Sp(Q,A) is a corollary of proposi-
tions and It is straightforward to check that Sp(¢, A) represents
the adjunction unit. a

To achieve the proof of theorem we use the same arguments as the
authors of [4].

Note that lemma implies condition E1’ of Quillen equivalences
(see §12.1.8), because ¢* preserves all weak-equivalences. Thus it remains
to check condition E2’ of §12.1.§

Previously, we observe that the restriction functor ¢* : (£ — p€ preserves
fibrations and acyclic fibrations, because, on one hand, the restriction functor
reduces to the identity functor if we forget operad actions, and, on the other
hand, the forgetful functors creates fibrations and weak-equivalences. In fact,
these observations show that the restriction functor ¢* : o& — &€ creates
fibrations and weak-equivalences. As a corollary:

16.1.5 Fact. The restriction functor ¢* : & — p& reflects weak-equivalences.
This assertion together with lemma [16.1.3| suffices to obtain:

Claim. Let ¢ : P — Q be a weak-equivalence of X, -cofibrant operads. Let B
be any Q-algebra. Let A be any cofibrant replacement of ¢*B in the category
of P-algebras. The composite

d)!(A) — gb;qﬁ*(B) — B

18 a weak-equivalence.
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Proof. In the commutative diagram

A ~— ¢*(B)
W(A)l ln(dﬁ*(B))
9" P(A) — ¢ 19" (B)

lqﬁ*(f(B))
9™ (B)

the left-hand side vertical morphism is a weak-equivalence by lemma [16.1.3
and the right-hand side composite is the identity by adjunction. By the two
out of three axiom, we obtain that the image of the composite

$(A) — ¢1¢*(B) — B
under the restriction functor ¢* forms a weak-equivalence. Therefore, by the
assertion of §16.1.5 this morphism forms a weak-equivalence itself. a

This claim achieves the proof of:

16.1.6 Proposition (Second part of theorem . If $ : P - Qisa
weak-equivalence of X, -cofibrant operads, then the extension and restriction
functors

o1 pE =€ i P”

define Quillen adjoint equivalences. a

We prove theorem about the extension and restriction of right mod-
ules

v MgE2 Mg "

along the same lines of arguments. To prove the analogue of lemma [16.1.3]
use the next observation, symmetric to the observation of lemma [16.1.4] and

use theorem in place of theorem

16.1.7 Observation. Recall that S forms an algebra over itself in the cat-
egory of right modules over itself and an R-algebra in right R-modules by
restriction of structures on the left and on the right.

For a right R-module M, we have p*y (M) = Sg(M,S), the image of S
under the functor Sg(M) : g Mg — My determined by M € My, and the
adjunction unit n(M) : M — *ip(M) is identified with the morphism

) Sn(M, %)

M:SR(M,R SR(M,S)

induced by 1.

Formally, the identification *¢y (M) = Sg(M,S) is a corollary of propo-
sition and of the functoriality of Sg(M) : & — & with respect to the
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functor of symmetric monoidal categories ¥* : M g — M y. Equivalently, use
the identifications ¥*iy (M) = M og S (see §7.2.1) and Sg(M,S) = M o S
(see §F-13).

16.2 9§ Applications to bimodules over operads

In this section, we apply theorem and theorem to bimodules over
operads. Recall that, in the context of a bimodule category p Mg, where
P R are operads, we have extension and restriction functors on the left ¢ :
p My = g Ms : ¢* and on the right ¢ : p My &= p M5 : 9p*. Recall further
that the category p My of P-R-bimodules, is isomorphic to the category of
P-algebras in right R-modules. Therefore, we use theorems and to
obtain that these extension and restriction functors define Quillen adjunctions
and Quillen equivalences in the case of operad equivalences.

To obtain better results, we can restrict ourself to non-unitary operads and
to the subcategory ng formed by connected P-R-bimodules, or equivalent
by P-algebras in connected right R-modules. In this context, we obtain:

Theorem 16.2.A.

(a) Let ¢ : P — Q be an operad morphism, where P,Q are C-cofibrant non-
unitary operads. Let R be any C-cofibrant non-unitary operad.
The extension and restriction functors

¢ p MY = qMY : p*

define Quillen adjoint functors. If ¢ : P — Q is a weak-equivalence, then these
functors define Quillen adjoint equivalences as well.

(b) Let P be a C-cofibrant non-unitary operad. Let 1) : R — S be an operad
morphism, where R, S are C-cofibrant non-unitary operads.
The extension and restriction functors

Py :ng :’ng : 7/)*

define Quillen adjoint functors. If : R — S is a weak-equivalence, then these
functors define Quillen adjoint equivalences as well.

Proof. To obtain assertion apply a generalization of theorem for
reduced categories with regular tensor powers to £ = Mg.

To obtain assertion apply theoremto obtain a Quillen adjunction
(respectively, a Quillen equivalence) at the module level 1 : MY = MY :
1*. Then apply to this adjunction a generalization of proposition [12.3.3] for
reduced categories with regular tensor powers. O






Chapter 17
Miscellaneous applications

Introduction

To conclude the book, we sketch applications of theorems of to the ho-
motopy theory of algebras over operads.

Usual constructions in the semi model category of algebras over an op-
erad R can be realized in the category of right R-modules.

In we prove that the functor Sg(IV) : g€ — g€ associated to a cofi-
brant replacement of the operad R in the category of R-algebras in right R-
modules yields functorial cofibrant replacements in the category of R-algebras.
The usual cofibrant replacements of the theory of operads (operadic bar con-
structions, Koszul constructions) are associated to particular cofibrant re-
placements of R.

In we study the cotriple construction as an example of a functor
associated to a right R-module.

In §I7.3] we study applications of the theorems of §I5]to the homology of
algebras over operads. In we recall that any category of algebras over an
operad R has a natural homology theory derived from the functor of Kéhler
differentials A — (23 (A). Since we observe in that 21 (A) is the functor
associated to a right R-module (2i, we can use theorems of to obtain
significant results for the homology of R-algebras. To illustrate this principle,
we prove that the homology of R-algebras is defined by a Tor-functor (and
the cohomology by an Ext-functor) if 2} and the shifted object R[1] form
projective right R-modules (when R is an operad in k-modules).

As examples, we address the case of the operad A of non-unitary associa-
tive algebras, the case of the operad L of Lie algebras, and the case of the
operad C of commutative algebras. In we proved that (2} is free (or
close to be free) as a right R-module for R = A, L. In these cases, we retrieve
that the classical Hochschild homology of associative algebras and the clas-
sical Chevalley-Eilenberg homology of Lie algebras are given by Tor-functors
(respectively, Ext-functors for the cohomology). On the other hand, one can
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check that the Harrison homology of commutative algebras (respectively, the
André-Quillen homology in positive characteristic) is not given by a Tor-
functor (respectively, an Ext-functor). This observation reflects the fact that
2% is not projective as a right C-module.

In we observed that universal operads Ug(A) are associated to right
modules over operads A. In we use this representation to obtain ho-
motopy invariance results for enveloping operads in the case where R is a
cofibrant operad.

17.1 Functorial cofibrant replacements
for algebras over operads

In §12.3|we recall that the category of P-algebras forms a cofibrantly generated
semi model category if P is a X,-cofibrant operad. Accordingly, for any P-
algebra A, there exists a cofibrant P-algebra Q4 (naturally associated to A)
together with a weak-equivalence Q4 — A. Constructions of the theory of
operads (for instance, operadic bar constructions, Koszul constructions in the
dg-context) aim to return explicit cofibrant replacements for all P-algebras A,
or at least for all P-algebras A which are cofibrant in the underlying category.
These particular functorial cofibrant replacements are all functors associated
to P-algebras in right P-modules. This observation illustrates the following
general proposition:

17.1.1 Proposition. AssumeP is a X, -cofibrant operad so that the category
of P-algebras forms a model category.

If N forms a cofibrant replacement of P in p M, then the functor Sp(N) :
p€ — p€ associates to every E-cofibrant P-algebra A € p€ a cofibrant replace-
ment of A in the category of P-algebras pE.

Proof. By definition N is a cofibrant object in p Mp together with a weak-
equivalence € : N = P. Observe that the operad itself P forms a cofibrant
object in the category Mp of right P-modules (but P is not cofibrant as a P-
algebra in right P-modules). Thus, by theorem and since the forgetful
functor creates weak-equivalences in the category of P-algebras, we obtain
that the morphism € : N = P induces a weak-equivalence of P-algebras

SP(N, A) ; SP(P7A) = A

as long as A is E-cofibrant.
The next lemma implies that Sp(N, A) forms a cofibrant P-algebra. Thus
we conclude that Sp(N, A) defines a cofibrant replacement of A in p€. O

17.1.2 Lemma. Let P be a X.-cofibrant operad. Let R be any C-cofibrant
operad. Let A be any R-algebra in a category £ over C. If A is E-cofibrant,
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then the functor Sg(—, A) : p My — p€ preserves cofibrations (respectively,
acyclic cofibrations) between cofibrant objects.

Proof. Let T (respectively, J) denote the class of generating cofibrations
(respectively, acyclic cofibrations) in €. Let K (respectively, £) denote the
class of generating cofibrations (respectively, acyclic cofibrations) in M. To
prove the lemma, we check that the functor Sg(—, A) maps retracts of relative
P(KC)-cell (respectively, P(L)-cell) complexes to retracts of relative P(Z)-cell
(respectively, P(J)-cell) complexes. Then the conclusion follows from the def-
inition of (acyclic) cofibrations in categories of P-algebras.

By lemma [15.1.2] the morphism Sg(i, A) : Sp(K, A) — Sp(L, A) induced
by a cofibration (respectively, an acyclic cofibration) of right R-modules
i : K — L forms a cofibration in £ provided that A is E-cofibrant. As a
consequence, the morphism Sg(¢, A) : Sg(K, A) — Sg(L, A) forms a retract of
a relative Z-cell (respectively, J-cell) complex in £. By proposition the
morphism Sg(P(i), A) : Sg(P(K), A) — Sp(P(L), 4) induced by the morphism
of free P-algebras in right R-modules P(4) : P(K) — P(L) is identified with the
morphism of free P-algebras

P(Sg(i, A)) : P(Sg(K, A)) — P(Sk(L, A)).

Since the free P-algebra P(—) preserves colimits, we obtain that R(Sg(i, A))
forms a retract of a relative P(Z)-cell (respectively, P(J)-cell) complex if
Sr(i, A) forms itself a retract of a relative Z-cell (respectively, J-cell) complex
in &.

Since the functor Sy : g Mg — r F g preserves colimits too, we deduce eas-
ily from these observations that Sg(—, A) maps P(K)-cell (respectively, P(L)-
cell) complexes to retracts of P(Z)-cell (respectively, P(J)-cell) complexes and
the conclusion follows immediately. O

17.1.3 The operadic bar and Koszul constructions in the dg-context.
In [I4] we use a two-sided operadic bar construction B(M,R, N) defined for
an operad R in dg-modules C = dgk Mod with coefficients in a right R-module
M and in a left R-module N. For M = N = R, the object B(R,R,R) forms
a cofibrant replacement of R in g My as long as R is a X.-cofibrant operad.
For a right R-module M, we have B(M,R,R) = M oy B(R,R,R), and for an
R-algebra A, we have B(M,R, A) = Sg(B(M,R,R), A). The object B(R,R, A)
defines a cofibrant replacement of A in the category of R-algebras provided
that A is cofibrant in the underlying category.

For certain operads, the Koszul operads, we have a small subcomplex
K(M,R,N) C B(M,R,N), the Koszul construction, so that the embedding
i: K(M,R,N) — B(M,R,N) defines a weak-equivalence when M,R, N are
connected and cofibrant in dg-modules (see [I4} §5]). In particular, for M =
N = R, we obtain weak-equivalences K (R,R,R) — B(R,R,R) — R in y M.
For this construction, we also have identities K (M,R,R) = Moz K(R,R,R) and
K(M,R,A) = Sg(K(M,R,R),A). But in positive characteristic the Koszul
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construction is applied to operads R which are usually not X.-cofibrant,
like the commutative or the Lie operad. Nevertheless one can observe that
K(M,R,R) (respectively, K (R,R, N)) forms a K-cell complex (respectively, an
L-cell complex) in the sense of the definition of if M,R, N are connected.
Therefore, by theorems 115.3.B] we have at least a weak-equivalence
i: K(M,R,N) = B(M,R, N) for connected objects M,R, N. In [14] we prove
this assertion by a spectral sequence argument.

17.2 The operadic cotriple construction

The cotriple construction Ba(P,P, A), whose definition is recalled in §13.3.1
forms a simplicial resolution of A in the sense that the normalized complex
of this simplicial P-algebra comes equipped with a weak-equivalence

€: N.(Ba(P,P,4)) = A.

In we recall the definition of BA(P,P, A) and of the associated nor-
malized complex N,(Ba(P,P, A)) in the basic case where A is a P-algebra in
dg-modules, but the construction makes sense for a P-algebra in X,-objects,
respectively for a P-algebra in right modules over an operad R. In particular,
we can apply the construction to the P-algebra in right P-modules formed
by the operad itself to obtain a simplicial resolution of P in the category of
P-algebras in right P-modules. The first purpose of this section is to observe
that BA(P,P, A) is identified with the functor associated to this universal
simplicial resolution:

BA(P,P, A) = SP(BA(PaPa P)7A)7

and similarly as regards the normalized complex N,(Ba(P,P, A)).

In addition, we review the definition of a cotriple construction with coeffi-
cients in a right P-module on a left hand side. The cotriple construction with
coefficients satisfies formal identities:

BA(M,P,A) = SP(BA(M,P,P),A) = Sp(M, BA(P,P,A))
and N.(Ba(M,P, A)) = Sp(N.(Ba(M,P,P)), A),

but Sp(M, N.(BAa(P,P, A))) differs from N,(Ba(M,P, A)) = N.(Sp(M, BA(P,P, A)))
because the functor Sp(M, —) does not preserves colimits. Nevertheless, we
observe that N,(Ba(M,P,A)) determines the evaluation of Sp(M,—) on a
cofibrant replacement of A, under the assumption that the operad P and
the right P-module M are X,-cofibrant objects. For this purpose, we prove
that N.(Ba(M,P,P)) represents a cofibrant replacement of M in the cate-
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gory of right P-modules and we use the theorems of §I5]about the homotopy
invariance of functors associated to modules over operads.

17.2.1 Cotriple constructions with coefficients. The simplicial cotriple
construction Ba(P,P, A) of is defined for an operad P in any base
category C and for a P-algebra A in any category &€ over C. To form a simplicial
cotriple construction with coefficients in a right P-module M, we replace
simply the first factor S(P) in the definition of by the functor S(M)
associated to M

BA(M,P, A), = S(M)oS(P)o---oS(P)(A)

1 n

and we use the morphism
S(M)oS(P) = S(M oP) & S(M)

induced by the right P-action on M to define the face dy : BA(M,P, A),, —
BA(M,P,A),_1. The construction returns a simplicial object in &, the un-
derlying category of the P-algebra A.

The construction can be applied to a P-algebra N in the category of X,-
objects & = M, respectively in the category of right modules over an operad
& = Mg. In this context, we have an identity

BA(M,P,N), = M oP°"oN

since the bifunctor (M, N) — S(M,N) is identified with the composition
product of X,-objects. In the case of a P-algebra in right R-modules, the
right R-action on Ba(M,P, N), is identified with the obvious morphism

MoP°™

M oP°"oN oR ———°, M o P°"oN,

where p: N oR — N defines the right R-action on N.

In the case P = R = N, the right R-action p : M oR — M determines
a morphism of right R-modules € : BA(M,R,R)g — M so that edy = ed;.
Accordingly, the simplicial right R-module Ba(M,R,R) comes equipped with
a natural augmentation

€: BAa(M,R,R) — M,

where M is identified with a constant simplicial object.

If we also have M = R, then the construction returns a simplicial R-
algebra in right R-modules BA(R,R,R) together with an augmentation € :
BA(R,R,R) — R in the category of R-algebras in right R-modules. In this
case, we retrieve the construction of applied to the R-algebra in right
R-modules formed by the operad itself A =R.
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In the remainder of this section, we assume that the base category is
the category of dg-modules C = dgk Mod. In this setting, we can use nor-
malized complexes to produce a resolution of M from the simplicial object
BA(M,R,R). First of all, we check that the normalized complex functor has
a natural generalization in the context of X,-objects and right modules over
an operad.

17.2.2 Normalized complexes in Y,-objects and right modules over
operads. In §13.3.2] we define the normalized complex of a simplicial dg-
module C as the total complex of a bicomplex N, (C') such that

Nm(c) = C’m,/SOC’m,—l R Sm—lcm—l-

For a simplicial X,-object in dg-modules M, the collection N,(M) =
{N.(M(n))}nen defines clearly a X,-object in dg-modules associated to M,
the normalized complex of the X, -object M.

The functor N, : M — M does not preserves the composition struc-
ture (and the symmetric monoidal structure) of the category X.-objects,
just like the normalized complex of simplicial dg-modules does not preserves
symmetric monoidal structures. But the Eilenberg-Mac Lane equivalence
V : N.(C) ® N.(D) = N,(C ® D) gives rise to a natural transformation

V : N.(K)o N,(L) — N.(K o L),

for any K,L € M. In the case L € M, this natural transformation gives an
isomorphism V : N, (K)o L = N,(K o L). If we assume symmetrically K €
M, then we have still a natural transformation V : K o N, (L) — N, (KoL)
only, because the composite K o L involve tensor products of copies of L.

If M is a simplicial right R-module, where R is any operad in dg-modules,
then the object N, (M) inherits a natural right R-action

N.(M)oR = N,(Mor) X2 N, (M),

so that N,(M) forms a right R-module. If M is a simplicial P-algebra in Y-
objects, where P is any operad in dg-modules, then the object N, (M) inherits
a natural left P-action

PoN, (M) % N, (PoM) XX N, (),

so that N,(M) forms a P-algebra in X,-objects. If M is a simplicial P-algebra
in right R-modules, then the normalized complex N, (M) returns a P-algebra
in right R-modules.

In the particular example of the cotriple construction, we obtain that
N.(Ba(M,R,R)) forms a right R-module and N,(Ba(R,R,R)) forms an R-
algebra in right R-modules.
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The next assertion is symmetric to the result of lemma about the
cotriple resolution of a P-algebra:

17.2.3 Lemma. The augmentation BAo(M,R,R) — M induces a weak-
equivalence
€: N.(Ba(M,R,R)) — M

m MR-

Proof. The arguments are symmetrical to the case of the cotriple resolution
BA(P,P, A) of an algebra A over an operad P.

The augmentation ¢ : Ba(M,R,R) — M has a section n : M —
BA(M,R,R) in the underlying category of Y,-objects. This section is given
by the morphism

M=MoI X MoRr=Ba(M,RR)

induced by the operad unit 7 : I — R. Since en = id, we have N, (¢)-N.(n) = id

at the realization level.
The object Bo(M,R,R) comes also equipped with an extra degeneracy

Sp41 - BA (M7 R, R)n—l - BA(Ma Rv R’)n
given by the insertion of an operad unit

M

MoRon_loRM) M oR°"0oR.

This extra degeneracy determines a morphisms
N.(Ba(M.RR) ® No(A") 2 N.(Ba(M,R.R))

which gives a chain homotopy N.(n) - N,(e) ~ id. Hence we conclude that
N, (e) forms a weak-equivalence and this achieves the proof of the lemma. O

The normalized complex functor does not preserves tensor products and
free algebras over operads. As a byproduct, the cotriple resolution of a P-
algebra does not return a cofibrant P-algebra in dg-modules though BA(P, P, A)
forms a cofibrant object in the category of simplicial P-algebras under mild
assumptions on A. In contrast, for right modules over operads, we obtain:

17.2.4 Lemma. Suppose R is a C-cofibrant operad. If the right R-module M
is Xy -coftbrant, then N,(Ba(M,R,R)) is cofibrant as a right R-module.

Proof. The normalized complex of a simplicial object C' has a natural filtra-
tion

0= N*<_1(C) c---C N*Sn(c) cC---C COhl’IlN*Sn(C) = N*(C),
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where N,<, (C) consists of components N,,,(C), so that m < n. Furthermore,
the embedding j, : Ni<y—1(C) — N.<,(C) fits a pushout

B! ® Cn 4f> N*Snf (C)

i"QCh l
v

E"® Cp -y Negno1(C)

where i® : B"' — E" is the generating cofibration in degree n of the
category of dg-modules. Recall that E™ is spanned by a homogeneous element
e = e, in degree n and a homogeneous element b = b,_1 in degree n — 1,
together with the differential such that 6(e) = b. The dg-module B"~! is the
submodule of E™ spanned by b. The morphism f : B" '@ C,, — N.<,,—1(C)
is yielded by the homogeneous map

Cn i Cnfl - anl(c)

where 0 = ), £d;. The morphism g : E" ® C, = Ny<p—1(C) is given by f
on the summand k b® C,, and by the canonical projection of 7 : C,, — N,(C)
on the summand ke ® C,,.

In the case C' = BA(M,R,R), we have C,, = M oR°"oR and i" ® C, is
identified with the morphism of free right R-modules:

(i"® M oR™)oR: (B" ' ® M oR°™)oR — (E" ® M oR°") oR.

The assumptions imply that M oR"™ forms a X,-cofibrant object, from which
we deduce that (i" ® M oR°™)oR defines a cofibration in the category of right
R-modules. The lemma follows readily. O

Lemmas |17.2.3417.2.4] imply:

17.2.5 Theorem. LetR be a C-cofibrant operad. Let M be a right R-module.
If M is X.-cofibrant, then N.(Ba(M,R,R)) defines a natural cofibrant re-
placement of M in the category of right R-modules. O

The next observation, announced in the introduction of this section, is an
easy consequence of the definition of the cotriple construction:

17.2.6 Observation. We have:

BA(M; R, A) = SR(BA(Ma R, R)v A) = SR(Ma BA(R'v R’a A))
and N.(Ba(M,R, A)) = Sa(N.(Ba(M,R,R)), A).

The relation Ba(M,R, A) = Sg(Ba(M,R,R), A) of the observation is a
consequence of identities

Se(Ba(M,R,R),, A) = Sg(M o R oR, A) = S(M 0R°™, A) = Ba(M,R, A),,
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deduced from assertion [(a)| of theorem From this relation, we deduce
an identity of normalized complexes

Sr(N.(Ba(M,R,R)), A) = N.(B(M,R, A)),

because the functor Sg(—, A) preserves all colimits. The relation Bo(M,R, A) =
Sr(M, BA(R,R, A)) arise from symmetric identities

SR(Mv BA(Rv R, A)n) = SR(Mv R(S(Ronv A))) = S(Ma S(Ronv A)) = BA(Ma R, A)nv

deduced from assertion [(b)| of theorem Since the functor Sg(M, —) does
not preserves all colimits, we can not deduce an identity of normalized com-
plexes from these relations. Nevertheless:

17.2.7 Theorem. Let R be any operad in dg-modules. Let M be any right
R-module. Let A be any R-algebra in a category £ over dg-modules.

Suppose that the operad R is X, -cofibrant so that the category of R-algebras
in &€ forms a semi model category. If M is X, -cofibrant and A is E-cofibrant,
then we have weak-equivalences

N*(BA(Ma R'7 A)) <—1 ' ’N_) SR(Ma QA)?
where Q4 is any cofibrant replacement of A in the category of R-algebras.

Proof. By theorem [15.2.A] the augmentation € : N,(Ba(M,R,R)) — M
induces a weak-equivalence

Sa(N.(Ba(M,R,R)),Qa) — Sr(M,Qa),

since the R-algebra Q)4 is a cofibrant by assumption, the cofibrant right R-
module N,(Ba(M,R,R)) is X.-cofibrant by proposition @L and the right
R-module M is ¥,-cofibrant by assumption. By theorem[15.2.4] the augmen-
tation € : Q4 — A induces a weak-equivalence

Se(N.(Ba(M,R,R)),Q4) = Sr(N.(Ba(M,R,R)), A),

since the right R-module N,(Ba(M,R,R)) is cofibrant, the cofibrant R-algebra
Q@4 is cofibrant in the underlying category &, and the R-algebra A is also
E-cofibrant by assumption. The conclusion follows since we have an iden-
tity No(Ba(M,R, A)) = Sg(N.(Ba(M,R,R)), A) according to the observation
above the theorem. O
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17.3 The (co)homology of algebras over operads
revisited

Throughout this section, we assume that P is any X.-cofibrant operad in
dg-modules. The purpose of this section is to revisit the definition of the
(co)homology of algebras over operads, and to prove the statements which
have been put off in §I3.1] Throughout this section, we use the short no-
tation Up(A) = Up(A)(1) to refer to the enveloping algebra of a P-algebra
A.

In we define the cohomology of a P-algebra A with coefficients in a
representation ' by a formula of the form

H;(A’ E) = H*(DerP(QAa E))7

where Q) 4 refers to a cofibrant replacement of A in the category of P-algebras.
Recall that representations of A are equivalent to left modules the enveloping
algebra Up(A). Dually to the cohomology, we define the homology of A with
coefficients in a right Up(A)-module E by the formula

HE(A,E) = H'(E @y 21(Qa));

where (2} (—) refers to the functor of Kihler differentials on the category of
P-algebras.
To distinguish the role of coefficients, we have introduced the object

T3 (Qa) = Up(A) @ () £2(Q4)),

which determines the homology of A with coefficients in the enveloping alge-
bra E = Up(A). We can use the formula

H; (A, E) = H*(Homy,(a)(T"(Qa), E),
respectively HY(A,E) = H*(E ®Up(A) THQA)),

to determine the cohomology Hy (A, E), respectively the homology HE (A, E).

To give a sense to these definitions, we have to prove that the cohomol-
ogy Hi (A, E), respectively the homology HF (A, E), does not depend on the
choice of the cofibrant replacement @ 4. In §I3.1] we prove that this homotopy
invariance assertion reduces to the next statement:

17.3.1 Lemma. The morphism Up(f) : Up(Qa) — Up(Qp), induced by a
weak-equivalence of P-algebras f : Qa4 = Qp forms a weak-equivalence if
Qa and Qp are cofibrant, and similarly as regards the morphism 2%(f) :

2 (Qa) — 25 (Qp),

In §§10.1] we observed that Up(—) is the instance of a functor as-
sociated to a right module over the operad P, namely the shifted object
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P[1]. Observe that P[1] is X,-cofibrant if the operad P is so. Accordingly,
theorem implies immediately that the morphism Up(f) : Up(QAa) —
Up(Qp) induced by a weak-equivalence of P-algebras f : Q4 — Qp forms a
weak-equivalence if Q4 and Qg are cofibrant.

In we observe that 21(—) is also a functor associated to a right
module over the operad P, the module of Kéhler differentials 2. Moreover,
we have 2} (n) = X, @x,_, P[1](n — 1) if we forget the right P-action. Con-
sequently, the right P-module 2} is Y,-cofibrant if the operad P is so and we
conclude again that the morphism 2} (f) : $22(Qa) — 24(Qp) induced by
a weak-equivalence of P-algebras f : Q4 — Qg forms a weak-equivalence if
Q4 and Qg are cofibrant.

These observations complete the arguments of to prove that the
cohomology Hi (A, E), respectively the homology HE (A, E), does not depend
on the choice of the cofibrant replacement Q 4. O

In the next paragraphs, we exploit the representations
Up(=) = Sp(P[1], ) and £25(=) = Se(2, -)

further to prove that the cohomology of P-algebras is defined by an Ext-
functor (and the homology by a Tor-functor) in good cases. Theorem
implies:

17.3.2 Lemma. If P[1], respectively 2L, forms a cofibrant object in the cat-
egory of right P-modules, then the morphism Up(f) : Up(Qa) — Up(Q@B),
respectively 22(f) + 25(Qa) — 28(QB), induced by a weak-equivalence of
P-algebras f : Qa = Qg forms a weak-equivalence as long as the P-algebras
QA and Qp are E-cofibrant. a

Recall that a P-algebra is £-cofibrant if the initial morphism 7 : P(0) — Q4
defines a cofibration in the underlying category.

In the situation of lemma [17.3.2] the arguments of lemma [I3.1.12] give the
following result:

17.3.3 Lemma. Let A be any E-cofibrant P-algebra. If P[1] and 2} form
cofibrant object in the category of right P-modules, then the object

T'(Qa) = Up(A) ®uy(qa) 2'(Qa)

associated to a cofibrant replacement of A in the category of P-algebras forms
a cofibrant replacement of 21(A) in the category of left Up(A)-modules.

Proof. By lemma we have a weak-equivalence of dg-algebras Up(€) :
Up(Qa) = Up(A), and a weak-equivalence of left Up(Q 4)-modules 2}(f) :
24(Qa) = 21(A). By lemma the object 2}(Q4) forms a cofibrant
Up(Q 4)-modules, whenever @ 4 is a cofibrant algebra. By Quillen equivalence
(as in the proof of lemma [13.1.12)), we deduce from these assertions that the

morphism
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2(f)z : Up(A) @uy(a) 25 (Qa) = 25(A),

adjoint to 23 (f), defines a weak-equivalence of left Up(A)-modules. Moreover,
the object TH(Q4) = Up(A) @1, (4) 21 (Qa4) is also cofibrant as a left Up(A)-
module. O

This lemma gives immediately:

17.3.4 Theorem. Let P be any X.-cofibrant operad in dg-modules. If §2;
and P[1] form cofibrant right P-modules, then we have

I—Il;’K (A7 E) = EXt*Up(A)(Q; (A)a E)7
respectively HT (A, E) = Tor*W(E, QL (A)),

for every E-cofibrant P-algebra A € p€ and every E € Up(A) Mod, respectively
E € ModUp(A). O

If the operad P has a trivial differential, then the objects 2} and P[1]
have a trivial differential as well. In this context, the right P-modules {2} and
P[1] are cofibrant objects if and only if they are projective (retracts of free
objects) in the category of right P-modules. By immediate applications of the
five lemma, we can extend theorem §17.3.4]to operads P such that the module
of Kéhler differentials 2} is equipped with a filtration whose subquotients
consist of projective right P-modules.

17.3.5 Classical examples. In §13.1.5] we recall that the (co)homology
associated to the usual operads P = AL, C agrees with:

— the Hochschild (co)homology in the case of the associative operad P = A,
— the Chevalley-Eilenberg (co)homology in the case of Lie operad P =L,
— the Harrison (co)homology in the case of the commutative operad P = C.

Classical theorems assert that Hochschild and Chevalley-Eilenberg cohomol-
ogy (respectively, homology) are given by Ext-functors (respectively, Tor-
functors). According to theorem [17.3.4] these assertions are implied by the
deeper property, checked in the module 2! forms a free right
P-module for P = A,L. In the case P = C, the non-vanishing of H¢(A, A)
for non-smooth algebras (recall that Ug(A) = A for commutative operads)
implies that 2} does not form a projective right C-module and gives an ob-
struction for this property.

17.3.6 Remark. In positive characteristic, one has to use simplicial objects
to address the case of commutative algebras and Lie algebras because the
commutative and Lie operads are not X,-cofibrant. In this context, the op-
eradic (co)homology agrees with the Chevalley-Eilenberg (co)homology for
the Lie operad R = L, with the André-Quillen (co)homology for the commu-
tative operad R = C,

For the Lie operad L, both objects 2! and L[1] are not projective as right L-
modules, but have only a filtration by subquotients of the form M oL, where
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M € M. This property is sufficient to obtain that the functors Up(G) =
SL(L[1],G) and £2}(G) = SL(§2}, G) preserve weak-equivalences between all Lie
algebras which are cofibrant in the underlying category.

In the remainder of this section, we use theorems of to compare
the cohomology HF(A, E), respectively homology Hj (A, E), with the coho-
mology, respectively homology, of cotriple constructions. For short, we set
Ba(Qa) = BaA(P,P,Q4), for any P-algebra Q 4.

In the case M = P[1], respectively M = 2}, theorem returns:

17.3.7 Lemma. Suppose A is an E-cofibrant P-algebra. Let Q4 be any cofi-
brant replacement of A in the category of P-algebras. The natural morphisms

N.(Up(Ba(A))) = Nu(Up(Ba(Qa))) — Up(Qa)
and N, (£25(Ba(A))) — Ni(2(Ba(Qa))) = 2 (Qa)

are weak-equivalences.

The Eilenberg-Mac Lane morphism implies that N, (Up(Ba(Q4)) forms a
dg-algebra, for any P-algebra Q 4, and N, (§22 (Ba(Q4)) forms a module over
this dg-algebra N, (Up(Ba(Qa4)). The natural morphisms

N.(Up(Ba(A)) — Nu(Up(Ba(Qa)) — Up(Qa)

are morphisms of dg-algebras and

N.(25(Ba(A4)) — Nu(25(Ba(Qa)) — 2(Qa)

are morphism of N, (Up(Ba(Q4))-modules. Our idea is to adapt the argu-
ments of §§13.1.7 to deduce from the equivalences of lemma
that HE (A, E), respectively Hj (A, E), can be determined by the cohomology,
respectively homology, of a cotriple construction.

Lemmaasserts that 2} (Q4) forms a cofibrant Up(Q 4 )-module. Sim-
ilarly:

17.3.8 Lemma. The simplicial object $22(Ba(A)), respectively 25 (Ba(Q4)),
forms dimensionwise a free module over the simplicial dg-algebra Up(Ba(A)),
respectively Up(Ba(Qa)).- O

To adapt the arguments of §§I3.1.7I3.1.13] in the simplicial context, we
use the bar construction of algebras B(E, R, F'), defined for a dg-algebra

R, with coefficients in a right R-module E and a left R-module F. The
definition of B(F, R, F') makes sense for simplicial objects. In any situa-
tion, we have a right-half-plane homological spectral sequence (EY,d°) =
H.(B(E, R, F)) such that d° is determined by internal differentials. If we
can assume the existence of a Kiinneth isomorphism, then we have E' =
B(H.(E),H.(R), H.(F)), where we set H.(—) = H.(N.(—)). In any case, a
weak-equivalence on E, R, F yields a weak-equivalence at the E'-level when R
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and F' (or R and E) are cofibrant in the underlying category of simplicial dg-
modules. Dually, we have a left-half-plane cohomological spectral sequence
(E°,d°) = H*(Hompgwmoa(B(R,R,F),T)) to compute the cohomology of
Hom-objects.

By routine applications of spectral sequences, we obtain:

17.3.9 Lemma. Let ¢ : R — S be a morphism of simplicial dg-algebras so
that N.(¢) : N.(R) — N.(S) forms a weak-equivalence of dg-algebras. Let
f: E — F be a morphism of simplicial dg-modules, so that N.(f) : Nu.(E) —
N, (F) forms a weak-equivalence. Suppose E is a left R-module, the object F'
1s a left S-module and the morphism f is a morphism of R-modules.

Then:

(a) For any right S-module T, the morphism

N (¢:0,f)«
—_——

N.(B(T,R,E)) N.(B(T, 8, F))

forms a weak-equivalence.
(b) For any left S-module T, the morphism

N*(¢,6,f)"
—_—

N*(Homswoa(B(S, S, F),T)) N*(Hompoa(B(R, R, E),T))

forms a weak-equivalence. a
Moreover:

17.3.10 Lemma. Let R be a simplicial dg-algebra. Let E be a right R-
module. Suppose E is dimensionwise cofibrant over R. Then:

(a) For any right R-module T, the natural morphism

forms a weak-equivalence.

(b) For any left R-module T, the natural morphism
N*(HomRMod(E, T)) — N*(HomRMod(B(R, ]%7 E), T))
forms a weak-equivalence.

Proof. Use that B(T,R,E) — T ®gr E defines a weak-equivalence di-
mensionwise, and similarly as regards the morphism Hompwmod(E,T) —
HomRMod(B(R,R, E),T) O

These general lemmas imply immediately:

17.3.11 Theorem. We have
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H;i (A, E) = H*N*(Homy,a)(Tp (Ba(P,P, A)), E))
and  HY(A,E) = H.N,(E ®u,a) Ty (Ba(P,P, A))),

where on the right hand side we use a dimensionwise evaluation of functors
to form a cosimplicial (respectively, simplicial) object in dg-modules and we
take the cohomology (respectively, homology) of the associated conormalized
(respectively, normalized) chain complex. O

Thus we obtain the result announced by theorem [13.3.4]

17.4 Homotopy invariance of enveloping operads
and enveloping algebras

In this section we study applications of the homotopy invariance results
of §415.115.2] to enveloping operads.

For this purpose, we use that the enveloping operad Uz(A) of an R-
algebra A is identified with the functor associated to the shifted object R[-].
By an operad morphism ¢ : R — S gives rise to a morphism of
operads in right S-modules ¢, : ¢y R[-] — S[-], which, at the functor level,
represents a natural transformation ¢, : Ug(p*B) — Us(B) on enveloping
operads.

The shifted X,-objects M[r] associated to any cofibrant X,-object M are
clearly cofibrant. Hence, theorem implies immediately:

Theorem 17.4.A.

(a) Let:R =S be a weak-equivalence between X, -cofibrant operads. The
morphism 1, : Ug(¥*B) — Us(B) induced by 1 defines a weak-equivalence if
B is a cofibrant S-algebra.

(b) Suppose R is a X.-cofibrant operad. The morphism Ux(f) : Ur(4) —
Un(B) induced by a weak-equivalence of R-algebras f : A = B is a weak-
equivalence if A and B are cofibrant R-algebras. a

See also [B] for another proof of this proposition.

The main purpose of this section is to prove that better results hold if we
deal with cofibrant operads:

Theorem 17.4.B.

(a) If¢ : R — S is a weak-equivalence between cofibrant operads, then
v, + Up(¥*B) — Us(B) defines a weak-equivalence for every S-algebra B
which is E-cofibrant.

(b) Suppose R is a cofibrant operad. The morphism Ug(f) : Up(A) — Ur(B)
induced by a weak-equivalence of R-algebras f : A = B defines a weak-
equivalence as long as A and B are E-cofibrant.
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By theorem this result is a corollary of the following theorem:

Theorem 17.4.C.
(a) IfR is a cofibrant operad, then R[-] forms a cofibrant right R-module.

(b) If ¥ : R — 8 is a weak-equivalence between cofibrant operads, then the
morphism 1, : Y R[-] — 8[-] defines a weak-equivalence between cofibrant
right S-modules.

The proof of proposition [I7.4.C|is deferred to a series of lemma. The result
holds in any cofibrantly generated symmetric monoidal model category C, but
we assume for simplicity that C is the category of dg-modules. We determine
the structure of the shifted object R[-] associated to a free operad R = F(M)
and we use that cofibrant cell operads are represented by quasi-free objects
to deduce our result.

By definition, the shifted object M|-] of a X,-object M forms a X.-object
in X,-objects, and hence comes equipped with an internal grading M[-] =
MTJ-](-). To distinguish the role of gradings, we call external (respectively,
internal) grading the first (respectively, second) grading of any X,-object in
Y.-objects T( -, —) = {T'(m,n) }m nen and we use always dots - (respectively,
hyphens —) to refer to external (respectively, internal) gradings. Recall that
the shifted operad R[-] forms an operad in right R-modules. The external
grading gives the operadic grading of R[-](—). The internal grading gives the
right R-module grading.

By definition, we have R[m|(n) = R(m + n). To have an intuitive repre-
sentation of the shifted operad R[], we identified the elements of R[m](n) =
R(m + n) with operations p € R(m +n) in two distinguished sets of variables
p =p(®1,..., Tm,Y1,...,Yn), referred to as the external and internal vari-
ables (or inputs) of p. The operad structure is given by operadic composites
on external variables x;, ¢ = 1,..., m. The right R-module structure is given
by operadic composites on internal variables y;, j =1,...,n.

The next lemma can easily be deduced from this intuitive representation:
17.4.1 Lemma. For a free operad R = F(M), we have the identity of right
F(M)(—)-modules

F(M)[-](=) =F(M)(=) @ F(T(-,—)) o F(M)(-),

where F(T'(-,—)) is a free operad in X, -objects generated by the X.-object in
X.-objects T(-,—) such that

0, if m =0,
M[m](n) = M(m+n), otherwise.

The composition product o on the right-hand side is applied to the internal
grading —.
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For a quasi-free operad R = (F(M),d), the shifted object R[-] forms a
quasi-free right R(—)-module such that

The twisting cochain 0 : F(T'(-,—)) — F(T(-,—))oF(M)(—) is determined
as follows. Let p € F(T)(m,n). Forget external and internal labeling of vari-
ables to identify p with an element of F(M) and take the image of p under
the twisting cochain of R = (F(M), d). The inputs of dp € F(M)(m + n) are
naturally in bijection with inputs of p € F(T)(m,n), and hence correspond
either to external or internal variables. Thus we can distinguish external and
internal variables in inputs of Op.

The operation dp € F(M)(m + n) is identified with a formal composite
of elements &, € M, whose inputs are either connected to inputs of dp, or
to other factors &, € M. The inputs of & € M which are connected to
internal variables of Op are identified with internal variables attached to the
factor &,. The inputs of £, € M which are connected to external variables
of dp and to other factors &, € M are identified with external variables. In
this way, we identify dp with a composite of elements &, € M[r,](s,). The
factors &, € M|r,](sy) such that r, = 0 can be moved outside the composite
so that we can identify dp with an element of F(T'(-,—)) oF(M)(—).

The next lemma is a straightforward consequence of this explicit descrip-
tion of the twisting cochain:

17.4.2 Lemma. IfR is a cofibrant cell operad, then the shifted objects R[m)],
m € N, forms a cofibrant cell right R(—)-module.

Proof. Recall that a cofibrant cell operad is equivalent to a quasi-free operad
R = (F(L),0) where L is a free X';-object in graded k-modules L = P keq, ®
F,, together with a basis filtration Ly = @, ., keq, ® F}., such that 9(Ly) C
F(L,\).

From our description of R[m] = (F(L)[m],d), we obtain readily that R[m]
has a filtration by subobjects

Ra[m](—) = R(-) ® Kx oR(-),)
so that 0(K») C Kx_1 C K oR(—): take the X, -object

0, if m=0,

Ly(m+n), otherwise,

Ty(m,n) = {
and set Kx(—) = F(T))(m, —). Check that K form free X,-objects in graded

k-modules to conclude. O

Since the cofibrant objects in a cofibrantly generated (semi-)model cate-
gory are retracts of cofibrant cell complexes, we conclude:
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17.4.3 Lemma. If R is a cofibrant operad, then the shifted objects Rm],
m € N, form cofibrant right R(—)-modules. O

This lemma achieves the proof of assertion@ of theorem[17.4.C| To prove
the other assertion of theorem [17.4.C| we observe further:

17.4.4 Lemma. If ¢ : R — S is a weak-equivalence and R is a cofibrant
operad, then the morphism v, : U\ R[-] — S[-] forms a weak-equivalence as
well. Moreover the object ¥\ R|-] is cofibrant as a right S-module.

Proof. By theorem the extension and restriction functors iy : My S
Ms : * define Quillen adjoint equivalences if ¢ : R — 8 is a weak-equivalence
of cofibrant (and hence C-cofibrant) operads.

The morphism ¥ : R — S defines obviously a weak-equivalence of right
S-modules 9y : R[m] — 9*8[m], for every m € N, and the object R[m] is
cofibrant as a right R-module by lemma [I7.4.3] By Quillen equivalence, we
conclude that the morphism v, : ¥y R[-] — S[-] adjoint to ¢4 is also a weak-
equivalence and ¢, R[] is cofibrant as a right S-module. O

This lemma achieves the proof of theorem and theorem O

We give a another example of applications of the realization of the en-
veloping operad Ug(A) by a right module over an operad. We study rather
the enveloping algebra Ug(A) = Ur(A4)(1).

Recall that an F-operad is a X,-cofibrant operad E equipped with an
acyclic fibration € : E — C where C refers to the operad of commutative
algebras. An A, -operad is a X -cofibrant operad K equipped with an acyclic
fibration € : K — A where A refers to the operad of associative algebras. An
FE-algebra is an algebra over some F.-operad. An A -algebra is an algebra
over some A..-operad.

We have an operad morphism € : A — C so that the restriction functor
€* 1 c& — ,& represent the obvious category embedding from commutative
algebras to associative algebras. We can take a cofibrant A.,-operad K and
pick a lifting

||
A——C

to equip every E-algebra A with an A..-algebra structure.

The morphism ¢y : E[-] — ¢*C[-] forms clearly a weak-equivalence. We
use this equivalence to transport properties of the enveloping algebra of com-
mutative algebras to algebras over F..-operads.

For a commutative algebra A, we have Ug(A) = A. For algebras over
FE.-operads, we obtain:

17.4.5 Theorem. Let E be a cofibrant Eo-operad. Pick a lifting
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K E
A C

to equip every E-algebra A with the structure of an algebra over some cofibrant
Ao -operad K.

If A is an E-cofibrant E-algebra, then we have functorial weak-equivalences
of K-algebras

_—

Ug(A) & - = A
that connect the enveloping algebra of A to the Ao, -algebra underlying A.

Proof. By theorem the object E[1] forms a cofibrant right E-module.

For the commutative operad C, we have an isomorphism of associative
algebras in right C-modules C[1] ~ C that reflects the relation Ug(A) ~ A
for commutative algebras. The operad morphism ¢ : E — C defines a weak-
equivalence of associative algebras in right E-modules ¢y : E[1] — ¢* C[1].

The operad E forms an K-algebra in right E-modules and the morphism
¢ : E — C defines a weak-equivalence of K-algebras in right E-modules ¢y :
E — ¢*C.

Finally we have weak-equivalences of K-algebras in right E-modules

E[l] & 7 Cll] = 6" C < E

from which we deduce the existence of weak-equivalences

~

E[1] < - = E,
where the middle term consists of a cofibrant K-algebra in right E-modules.
Since cofibrant K-algebras in right E-modules are cofibrant in the underly-
ing category, we deduce from theorem §15.1.A| that these weak-equivalences

yield weak-equivalences at the functor level. Hence we obtain functorial weak-
equivalences of K-algebras

as stated. O






Bibliographical comments on part [[V]

This part gives the first systematic and comprehensive study of the relation-
ship between the homotopy of modules over operads and functors. Neverthe-
less, we note that another model structure for right modules and bimodules
over operads is defined in [54] in the context of simplicial sets and simpli-
cial modules. A version of theorem also occurs in [54], but the other
unifying homotopy invariance result, theorem is completely new for
modules over operads. Recall however that theorem has already been
proved for certain very particular instances of modules (see . The ho-
motopy invariance of the relative composition product is proved in the dg-
context in [I4] by using spectral sequence arguments, and in the context of
spectra in [23].

The homotopy of extension and restriction functor has already been stud-
ied in various situations: in the context of simplicial sets and simplicial mod-
ules, [64, §3.6]; for certain operads in differential graded modules, [26]; in the
context of spectra, [2I, Theorem 1.2.4] and [23]; under the assumption that
the underlying model category is left proper, [4].

The ideas of are original, though certain results already occur in the
literature. In particular, theorem[I7.4.A] the homotopy invariance of envelop-
ing operads (algebras) on cofibrant algebras, is proved in [26] and [5] by other
methods. On the other hand, the parallel case of cofibrant operads, stated in
theorem [I7.4.B] is completely new.

263






Part V
Appendix: technical verifications
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Foreword

The goal of this part is to achieve technical verifications of §12.3|and §15.2]

— we check condition of theorem to prove that the category of
algebras over an operad R is equipped with a semi model structure,

— we prove that the bifunctor (M, A) — Sg(M, A) associated to an operad R
satisfies an analogue of the pushout-product axiom of tensor products in
symmetric monoidal model categories.

As usual, we address the case of R-algebras in any symmetric monoidal cate-
gory &€ over the base category C.

The bifunctor (M, A) — Sg(M, A) does not preserves all colimits in A.
Therefore we can not apply the argument of lemma to prove the re-
quired pushout-product axiom.

To handle the difficulty we introduce right R-modules Sg[M, A] such that
Sr(M, A) = Sg[M, A](0) and we study pushout-products on the bifunctor
(M, A) — Sg[M, A]. The same method is used in the proof that R-algebras
form a semi model category.






Chapter 18

Shifted modules over operads
and functors

Introduction

The purpose of this chapter is to define the functor Sg[M] : A — Sg[M, A]
used to determine the image of pushouts of R-algebras under the functor
Sr(M) : A S(M, A) associated to a right module over an operad.
The explicit construction of the functor Sg[M] : A — Sg[M, A] is carried
out in The categorical features of the construction are studied in
In this chapter we address only categorical constructions and we do not
use any model structure.

18.1 Shifted modules and functors
to modules over operads

To define Sg[M, A], we use the shifted objects M [n] associated to M and the
associated functors S[M, —](n) = S(M|n], —), defined in The idea is
to substitute S[M, —] to the functor S(M, —) in the definition of Sg(M, A).

The purpose of the next paragraph is to review the definition of the shifted
objects M[n] and to study the structure of the functor S[M, —] in the case
where M is a right R-module. The definition of Sg[M, A] comes immediately
after these recollections.

18.1.1 Shifted modules over operads. The shifted objects M[m] are
defined in §4.1.4]by M[m](n) = M (m+n). We use the morphism X, — Xy, 4y,
yielded by the natural action of X, on {m+1,...,m+n} C {1,...,m+n}
to determine a X,-action on the object M[m](n), for each m,n € N, so that
every collection M[m] = {M[m](n)},en forms a Y.-object.

For any object X € &, we set S[M, X|(m) = S(M[m], X). For short, we
also use the notation M[X]|(m) = S[M, X](m). By definition, we have the
relation S[M, X](0) = S(M, X).
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By the symmetric group X, acts on the collection M[m] =
{M[m](n)}nen by automorphisms of X,-objects: we use simply the mor-
phism Y, — X4, yielded by the natural action of X, on {1,...,m} C
{1,...,m + n} to determine the X,,-action on the object M[m](n). As a
byproduct, we obtain that the collection S[M, X] = {S(M[m], X ) }men forms
a X,-object, for every X € £. Note that S[M, X] forms a ¥,-object in £ and
not in the base category C.

For a right R-module M, the operadic composites at last positions

M(r+s)®R(n1)® - @R(ng) > M(r+ni;+--+ng)

provide each M|[r] with the structure of a right R-module. This definition is an
obvious generalization of the right R-module structure of the shifted operad
R[-] introduced in §10.1.1] At the level of the functor S[M, X], the morphism

S(M[r),R(X)) = 8(M[r) o R, X) XL s(r[r], x),
induced by the right R-action on M|r] gives rise to a natural morphism
S[M,R(X)] = S[M, X,

for all X € €.
On the other hand, we can use operadic composites at first positions to
form morphisms

M(r+s)®@R(m1)®---QR(m,) — M(my + -+ m, + s).

These morphisms provide the collection M|[-] = {M|[r]},en with the structure
of a right R-module in the category of right R-modules. At the level of the
functor S[M, X|], we obtain a natural right R-module structure on S[M, X],
for every X € &, so that the composition products

S[M, X](r) @ R(m1) ® - - - @ R(m,.) — S[M, X](mq + - -- + m,.)

commute with the morphisms dy : S[M,R(X)] — S[M, E]. Equivalently, we
obtain that dy defines a morphism of right R-modules.

18.1.2 The construction. For an R-algebra A, the action of the operad on
A induces a morphism of right R-modules

S[M,R(A)] - S[M, 4],
parallel to the morphism

S[M,R(A)] 22 S[M, 4]
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defined in In the converse direction, the morphism n(A4) : A — R(A4)
induced by the operad unit n : I — R gives rise to a morphism of right
R-modules

S[M, A] 2% S[M,R(A)]

so that dosg = d1 8. The object Sg[M, A] is defined by the reflexive coequal-

izer
S0

£ ay N
S[M,R(A)] ——Z S[M, A] —— Sg[M, A]
dy
in the category of right R-modules.

For a fixed component Sg[M, A](r), this coequalizer is identified with the
coequalizer of the object Sg(M|[r], A) associated to the right R-module M|r].
Hence we have the relation Sg[M, A](r) = Sg(M][r], A). In particular, for
r =0, we have Sg[M, A](0) = Sz(M, A).

Note that Sg[M, X] forms a right R-module in £ and not in the base cate-
gory C.

18.2 Shifted functors and pushouts

In this section, we study the image of pushouts

R(X) —— A
R(i)l f
v

R(Y) o> B

under the functor Sg[M] : A — Sg[M, A] associated to a right module M over
an operad R. Our aim is to decompose the morphism Sz[M, f] : Sg[M, A] —
Sr[M, B] into a composite
S[M, A] = Sa[M. By - - -
= Sa[M, Bla—1 2 Sa[M, Bl — - -
-+ — colim Sy[M, B],, = Sg[M, B]

so that each morphism j, is obtained by a pushout

SalLn M[Y/X], A] —> S3[M, Bl

|

SalTuM[Y/X], A] - = Sa[M, Bl



272 18 Shifted modules over operads and functors

in the category of right R-modules. In §I9] we use this construction to analyze
the image of relative cell complexes under functors associated to right R-
modules.

The objects L,M[Y/X] and T, M[Y/X] are defined in §§18.2.6{18.2.10

A preliminary step is to reduce the construction of pushouts to reflexive
coequalizers of free R-algebras, because we have immediately:
18.2.1 Proposition.
(a) For a free R-algebra A = R(X), we have a natural isomorphism Sg[M,R(X)] =
S[M, X].

(b) The functor Sg[M,—] : R€ — My preserves the coequalizers which are
reflexive in E.

Proof. Since we have an identity Sg[M, A](n) = Sg(M[n], A), assertion [(a)] is
a corollary of assertion [(b)] of theorem assertion [(b)] is a corollary of
proposition [5.2.2] O

In any category, a pushout

S——A
T——1B

is equivalent to a reflexive coequalizer such that:

S0

PR

dy

Thus, by assertion @ of proposition [18.2.1] the object Sz[M, B] that we aim
to understand is determined by a reflexive coequalizer of the form:

S0

//—_0\
Sk[M,R(Y) VR(X) V A] d:; Se[M,R(Y) VvV A] —— Si[M, B] .

1

The motivation to introduce refined functors Sg[M, —] appears in the next
observations:

18.2.2 Lemma. For any X.-object M and any sum of objects X @Y in &,
we have identities

SIM, X ® Y] ~ S[M[X], Y] ~ S[M, Y][X].

Proof. Easy consequence of the decomposition of the tensor power:



18.2 Shifted functors and pushouts 273

(XoY)f" = P % @s,xz, XY
ptg=n

(we use a similar splitting in the proof of lemma |2.3.9)). O

Recall that M[X] is a short notation for M[X] = S[M, X].

18.2.3 Lemma. For all M € My, A € g€ and X € &, we have natural
isomorphisms

Sr[M,R(X) V A] ~ Sa[M[X], 4]
=~ SR[M7 A][X]7

where V' denotes the coproduct in the category of R-algebras.

Proof. Observe that the coproduct R(X) V A is realized by a reflexive co-
equalizer of the form

S0

/:1;\
R(X @R(A)) E——— R.(X D A) HR(X) VA.
dy

The morphism dj is defined by the composite

R(n(X)®id) R(R(ix),R(ia))
_ _—

XA
R(X®R(A)) R(R(X)©R(A)) RR(X®A)) 2222 p(X @A),
where g : RoR — R denotes the composition product of the operad R. The
morphism d; is the morphism of free R-algebras

R(X D)
_

R(X @ R(A)) R(X @ A)

induced by the operad action A : R(A) — A. The reflection s is the morphism
of free R-algebras

Xon(A))
_

R(X @A) X R(X ®R(A)),

where 7 : I — R denotes the unit of the operad R.
By proposition [18.2.1} the functor Sg[M, —] maps this reflexive coequalizer
to a coequalizer of the form

S0

/71—\
SIM, X ®R(A)] — = S[M, X @ A] —> Sg[M,R(X) V A] .
dy
The natural isomorphism S[M,X & Y] ~ S[M[X],Y] of lemma
transports our coequalizer to a coequalizer of the form
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S0

SIMIX], R(A)] Z = SIMIX]A] > Sa[MLR(X) v A]

A straightforward verification shows that this coequalizer is identified with
the coequalizer that determines Sg[M[X], A]. Hence we obtain the relation
Sk[M,R(X) Vv A] ~ Sg[M[X], A].

Similarly, we use the natural isomorphism S[M, X @& Y] ~ S[M,Y][X] to
obtain Sg[M,R(X) V A] ~ Sg[M, A][X]. O

18.2.4 The decomposition of Sy[M, B]. Thus we are reduced to study a
reflexive coequalizer of the form:

S0

/_do\
Se[M, Al[X @ Y] —Z Sg[M, A][Y] —— Sg[M, B] .
dy
The morphism
Sa[M, A|[X @ y] ZRLANGIDL o Al y]

induced by i : X — Y gives dy. The morphism

Sa[M, (id,w)][Y] Sq

Se[M, A][X © Y] ~ Sp[M, AV R(X)][Y] (M, AJ[Y]

determined by u : R(X) — A gives d;. The canonical embedding

Sa[M,A][(0,id)]

Sk[M, A][Y] Se[M, Al X @Y]

gives Sg.
The functor S(NV) : £ — £ associated to any Y,-object N has a canonical
filtration by subfunctors S(N),, : Y — S(N,Y),, defined by:

S(N,Y)n = @ N(m) @x,, Y.
m=0

The shifted functor S[N, Y] = S(N[-],Y) inherits a filtration from S(N[-],Y):

SIN, Y], = S(N[-],Y), = é N(m+ ) ®z, Y™

m=0

If N is a right R-module, then S[N,Y], forms a subobject of S[N,Y] in the
category of right R-modules.

To form the decomposition Sg[M, B] = colim,, Sg[M, B],, we use the se-
quence of reflexive coequalizers
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=S M AX @ Y], 1 —— Sa[M, A X B Y], — -

(T

e S ML A[Y ]y = Sy M, AV,

determined by the filtration of Sg[M, A][X ® Y| and Sg[M, A][Y] (note
that the morphisms dy,d;,sp preserve filtrations). We have Sg[M,B] =
colim,, Sg[M, B],, by interchange of colimits. We have moreover Sg[M, A][X &
Y]o = Sa[M, A|[V]o = Ss[M, Blo = Sa[M, A].

The coequalizers of Sg[M, B],,—1 and Sg[M, B],, can be reorganized to give:

18.2.5 Lemma. The morphism j, : Sg[M, B],—1 — Sg[M, B], fits a natural
pushout of the form:

@P‘J]‘gzn N(n + ) ®Ep><2q X®p ® Y®q SR[MfB]nfl )
\
Nint ) @s, YO oo (M, B,

where we set N = Sz[M, A].
Proof. Set

S = SR[Ma A][X 2] Y]nfly T= SR[M7 A][Y}n*h
and U= @ N(n+ ) ®z,xz, X @Y,

pt+g=n
qg<n

V=Nn+ ), Yo"
We have by definition

Se[M, Al X © Y], = Se[M, A][ X © Y], 10UV =SaUaYV,
Sa[M, A|[Y], = Sa[M, A][Y], 1 @V =TaV,

and the coequalizers C = Sy[M, B],,—1 and D = Sy[M, B],, fit a diagram of
the form:
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S——=SaUaV.
ol
T TeV
v v
O ~D

The morphisms dg,d; : SO U @V = T @V are the identity on V. The
summand U is mapped into V' by the morphism dy, into 7' by the morphism
dy. Accordingly, we have a commutative square

dy
U—=C.
\
Vo= D

By an easy inspection of the categorical constructions, we check that this
square forms a pushout and the lemma follows. a

18.2.6 Iterated pushout-products. Let T, = X, T} = Y. To improve
the result of lemma [18.2.5| we use the cubical diagram formed by the tensor
products T,, ® --- ® T¢, on vertices and the morphisms

Ty ®®i®OTe,

T, Q- QTy® - T, T,.Q T & - T,

on edges. The terminal vertex of the cube is associated to the tensor power
.Y/ X)=Th @ - @T, =Y,

The latching morphism A : L, (Y/X) — T,,(Y/X) associated to the diagram
T, ®---®T, is the canonical morphism from the colimit

L,(Y/X)= colim T, ® - ®T,

(e1,--6n)<(1,...,1)

to the terminal vertex T, (Y/X) = T} ® --- ® Ty. The next observation is
used in to determine the class of a latching morphism whenever i is
a cofibration (respectively, an acyclic cofibration) in a symmetric monoidal
model category:

18.2.7 Observation. The latching morphism
Lo(Y/X) 2 T, (Y/X) = V"

18 identified with the pushout-product
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Loa(V/X)eY @@ verlgy Ml yenlgy
L1 (Y/X)®X

of the previous latching morphism \ : L,(Y/X) — Y@L withi: X — Y.

This observation follows from an immediate interchange of colimits. Be-
cause of this observation, we also refer to the morphism A\ : L,(Y/X) —
T,(Y/X) as an n-fold pushout-product of i : X — Y.

18.2.8 Iterated pushout-products and functor decomposition. The
symmetric group X, acts naturally (on the right) on 7,,(Y/X) and L,(Y/X).
Moreover the latching morphism A : L,,(Y/X) — T,,(Y/X) is equivariant. For

a Y.-object N, we set

T,N[Y/X]|=N(n+)®s,T,(Y/X) and L,N[Y/X]=N(n+-)®s,L.(Y/X).

Note that T, N[Y/X] (respectively, L, N[Y/X]) inherits the structure of a
right R-module if N has this structure. By definition, we have

T.N[Y/X]=N(n+-)®s, Y
and the morphism of lemma [18.2.5| has an obvious factorization
Br+q=n N(n+ -) @5,x5, X @ Y®1
q<n ’
Nn+)®x, YO < L, NIY/X]

Furthermore:

18.2.9 Lemma. In lemma the base of the pushout can be replaced by
factorizations:

@I)-‘rq:n N(TL + - ) ®Z,‘p><2q xX®p ® y®q
q<n

|

Nn+ )®x, YO < o Ly N[Y/X] o= Sp [ML, Bl
Consequently, we have a pushout of the form.:

L,N[Y/X] —— SR[M,VB]H_l ,

J{ n
v

T, N[Y/X] > S[M, B,

where we set again N = Sg[M, A].
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Proof. The existence of factorizations follows from a straightforward inspec-

tion. To prove the identity of the pushout of lemma [I8:2.5] with the pushout

based on L, N[X/Y], use that the morphism @pt¢=n X @x, x5, X®r g
g<n

Y®4 — [, (Y/X) is epi, as well as the induced morphism

Nn+-)®s, x5, X @Y%
=N+ ) @5, { P Zn@s,xx, XY}

ptg=n
qg<n

— N(n+ -)®s, Ln(Y/X) = L,N[X/Y].

In §19.2] we also use:

18.2.10 Lemma. For the functor N = Sg[M, A], we have identities L,, Sg[M, A][Y/X] =
Se[L,M[Y/X], A] and T,, S[M, A][Y/X] = Sg[T,M[Y/X], A].

Proof. Immediate by permutation of tensors and interchange of colimits. O

To summarize:

18.2.11 Proposition. Let M be a right module over an operad R. Let

R(X) ——= A
o
\

R(Y) - > B

be a pushout in the category of R-algebras. The morphism Sg[M, f] : Sg[M, A] —
Sr[M, B] has a canonical decomposition
S[M, A] = Sa[M, By L -
oo = Sa[M, Bl 1 L% S3[M, B, — -+
-+ — colim Sy[M, B],, = Sg[M, B]
n
so that each morphism j, is obtained by a pushout
Se[L,M[Y/X], A] — Sg|M, B]n—1
sawnl ju

SR[T,M[Y/X],A] > SR[MV, Bl
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in the category of right R-modules, where A : L, M[Y/X]| — T,,M[Y/X] is de-
fined by the tensor product M(n+ -)®x, — with a certain latching morphism
AL, (Y/X) — YO, O






Chapter 19
Shifted functors and pushout-products

Introduction

In this chapter we assume that the base category C is equipped with a model
structure and satisfies axioms MMO-MM1 of Let R be any operad
in C. In principle we consider R-algebras in any symmetric monoidal model
category £ over C such that axioms MMO-MMI1 hold in £ and the canonical
functor n : C — & preserves cofibrations (see .

But we use constructions of which return Y,-objects in £ and right
R-modules in €. For this reason we do not assume necessarily that X,-objects
and right R-modules belong to the base category C. To simplify we use the
canonical functor n : C — &£ associated to £ to transport all objects in &£, and
we assume C = £. This operation makes sense because the canonical functor
n:C — & is supposed to preserves cofibrations and acyclic cofibrations.

9 Our results can be improved in the context of (reduced symmetric
monoidal categories) with regular tensor powers. These refinements are ad-
dressed in the note apparatus.

Say that a morphism of R-algebras f : A — B is a X, -flat cofibration if
the pushout-product

(is, fo) : Sa[M,B] €D Si[N,A] — Sy[N, B]
Sr[M,A]

forms a X.-cofibration of right R-modules (respectively, an acyclic X,-
cofibration) whenever i is so, for every morphism of right R-modules i : M —
N in €. Say that f : A — B is a Y.-flat acyclic cofibration if the same
pushout-product (i, fx) forms an acyclic X,-cofibration of right R-modules
for every X,-cofibration of right R-modules i : M — N in €.

Suppose that the operad R is X,-cofibrant. The goal of this chapter is to
prove that certain relative cell extensions of R-algebras are Y,-flat (acyclic)
cofibrations. The result is used in §12:3] to prove that R-algebras form a semi

281
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model category and implies that any (acyclic) cofibration of R-algebras such
that A is cofibrant is a X,-flat (acyclic) cofibration (see §20.1).

But we can not use the axiom of semi model categories for the moment.
For this reason we consider the class R(€.) (respectively, R(E,)) of morphisms
of free R-algebras R(¢) : R(X) — R(Y") such that ¢ : X — Y is a cofibration in
& (respectively an acyclic cofibration). The main result of this chapter reads:

Lemma 19.A. Every relative R(E.)-cell (respectively, R(E,)) complex f :
A — B whose domain A is an R(E.)-cell complex is a X.-flat cofibration
(respectively, a X.-flat acyclic cofibration).

q If £ has regular tensor powers with respect to a class of B-cofibrations.
then the lemma holds for (acyclic) B-cofibrations of X.-objects.

We prove lemma [19.A] by induction on the cell decompositions, using that:

(1) the pushout of a morphism of free R-algebras R(j) : R(X) — R(Y) forms
a XY,-flat cofibration (respectively, a X,-flat acyclic cofibration) if j is a
cofibration (respectively, an acyclic cofibration),

(2) the class of X.-flat cofibrations (respectively, X,-flat acyclic cofibrations)
is stable under (possibly transfinite) composites.

We check assertion in §19.2 assertion in §19.3 We recapitulate the

results and conclude in §I9.

The verification of (]I use the decomposition of and the latching
morphism A : L, M[Y/X] — T, M[Y/X] associated to morphisms j : X — Y
in &, for a X.-object M. To prove (1]}, we need first to determine the class of
the latching morphism X : L, M[Y/X] — T,,M[Y/X] when j is a cofibration
(respectively, an acyclic cofibration). This preliminary step is addressed in
the next section.

19.1 Preliminary step

The goal of this section is to prove:

Lemma 19.1.A. Let i : M — N be any morphism in £+, the category of
Y.-objects in £. Let j : X — Y be a morphism in E. The pushout-product

(ie, M) : TuMY/X] @ LoN[Y/X] — T,N[Y/X]
L,M[Y/X]

forms a cofibration in £+ if i is so and j is a cofibration in &, an acyclic
cofibration if © or j is also acyclic.

19.1.1 9 Remark. In the context of categories with regular tensor pow-
ers, we replace (acyclic) cofibrations in £+ by (acyclic) B-cofibrations. The
statement is nothing but axiom R1.
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Proof. By lemma we can assume that ¢ : M — N is a generating
(acyclic) cofibration of the category of X,-objects, and hence is given by a
tensor products k® F. : K ® F,. — L ® F,., where k : K — L is a generating
(acyclic) cofibration of &,

For a X,-object M, the latching morphism A : L, M[Y/X] — T, M[Y/X]
is defined by a tensor product

Mn+  )®@s, A\:Mn+ )®s, L,(Y/X)— Mn+ -)®s, T,(Y/X)

where T, (Y/X) =Y®" and X : L,(Y/X) — T,,(Y/X) is an n-fold pushout-
product of the morphism j : X — Y. Note that X,, operates on L, (Y/X)
and T, (Y/X) on the right.

Let T be any object equipped with a right X,-action. Recall that

Fo(s) 1%,], ifr=s,
r(S) =
0, otherwise.

According to this definition, we have F.(n+s) ® s, T =0if n+ s # r and

F.(n+r—n)@s, T=1%]®s, T
~SN\S T
~ Y, XX \Zr T @ Frpp(r — n)

otherwise. Hence we obtain an isomorphism
(F?”(n + - ) ® T)Zn ~T® (Hr,n & Fr—n),

where I, , = X, x X,_,\X,, and the latching morphism A : L, F,.[Y/X]| —
T, F.[Y/X] is identified with a tensor product

NSy @ Fr_p) s Ly (Y/X) @ (I @ Fr_yy) = To(Y/X) @ (I, © Fr_).
For a morphism of the form
i=kF KQF — L®F,
the pushout-product

(is,js) :SK@ F Y] @ S[L&F, X]—S[L®F,Y]
SIKQF,,X]

is identified with the tensor product of the object II,.,, ® F;._,, € M with the
pushout product in £

(b M) K@To(Y/X) @ LOLy(Y/X) > LT, (Y/X).
KQ®L,(Y/X)
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The pushout-product (k., As) forms a cofibration in £ if k¥ and A\ are so,
an acyclic cofibration if & or A is also an acyclic cofibration. Since A :
L, M[Y/X] — T,M[Y/X] is defined by an n-fold pushout-product in &,
we obtain that A forms a cofibration (respectively, an acyclic cofibration) if
j is so. The conclusion follows. a

19.2 Pushouts

In this section, we study the morphism f : A — B obtained by a pushout

R(X) LN ,
R(i)l f
\
R(Y) v B

where R(j) : R(X) — R(Y) is a morphism of free R-algebras induced by a
morphism j: X — Y in £. Our goal is to prove:

Lemma 19.2.A. Let A be an R-algebra. Suppose that the initial R-algebra
morphism n : R(0) — A forms a X.-flat cofibration. If j is a cofibration
(respectively, an acyclic cofibration) in &, then the morphism f : A — B
obtained by a pushout of R(j) : R(X) — R(Y) is a X«-flat cofibration (respec-
tively, a X.-flat acyclic cofibration).

We begin the proof of lemma by an observation:
19.2.1 Lemma. If7n:R(0) — A is a X.-flat cofibration, then the morphism

Srli, A] : Sg[M, A] — Sg[N, A] forms a X.-cofibration (respectively, an acyclic
Y-cofibration) whenever i : M — N is so.

Proof. For the initial algebra R(0), proposition gives an identity
Sk[M,R(0)] = S[M,0] = M. Hence the pushout-product (i.,7.) is identi-
fied with the morphism Sg[M, A]@,; N — Sg[N, A] induced by Sy[i, A] and
the natural morphism N — Sg[N, A]. The pushout

M

Sr[M, A]

v
N s > Sp[M, A] @MN

returns a Y,-cofibration (respectively, an acyclic X,-cofibration) if 7 is so.
Hence, if n : R(0) — A is a X,-flat cofibration, then we obtain that the
composite
Sr[M, A] — Sg[M, AJEP N — Sy[N, A]
M
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forms a X,-cofibration (respectively, an acyclic X,-cofibration) as well. O

In the next proofs, we use the following independent lemma repeatedly:

19.2.2 Lemma. For all S,T € Mg, the functor —@PT : Mg — My
defined by the relative sum M — M @ ¢ T in the category of right R-modules
preserves (acyclic) X.-cofibrations.

Proof. The operation —@¢7T : A — A preserves (acyclic) cofibrations in
any model category A.

The lemma is an immediate corollary of this assertion and of the fact
that the forgetful functor U : Mg — M from right R-modules to X,-objects
creates colimits. a

For the remainder of this section, we suppose given a pushout

RG)
l ty
R(Y) o >B

and we assume that 7 : R(0) — A forms a ¥,-flat cofibration. We aim to
prove:

Claim (claim of lemma [19.2.A). The pushout-product

(is f) : Sa[M, B] €D SN, A] = Sx[N, B]
Sr[M,A]

forms a X -cofibration if i is so and j is a cofibration in £, an acyclic X, -
cofibration if i or j is also acyclic.

Hence the morphism f forms a X,-flat cofibration (respectively, X.-flat
acyclic cofibration) if j is a cofibration (respectively, an acyclic cofibration),

as asserted by lemma
Our arguments are based on the decomposition of proposition [18.2.11]

Explicitly, for any right R-module M, we have a natural decomposition
S[M, A] = Sg[M, By 25 - .-
- = Sa[M, Bl 1 2% Sa[M, Bl — -+
- — colim Sg[M, B),, = Sg[M, B]

of the morphism Sg[M, f] : Sg[M, A] — Sg[M, B] so that each morphism j,
is obtained by a pushout
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Sx[LnM[Y/X], A] —> Sg[M, Bln_1
SRM,A]l

SR[T,M[Y/X],A] > SR[MV, Bln

in the category of right R-modules. By naturality of the decomposition, any
morphism of right R-modules i : M — N, gives rise to a morphism Sg[i, B],, :
Sk[M, B],, — Sg[N, B],, which can also be determined by the pushout of
morphisms
Sr[TM[Y/X], A] =<— Sg[L,M[Y/X], A] —— Sg[M, B],,—1
SR[Tnf[Y/X]vA]l SR[Tnf[Y/X]vA]i \Lsﬁ[va]n—l
Se[T.N[Y/X], A] <— Sg[L,N[Y/X], A] —— Sg[N, B]n-1
induced by f.
The proof of the claim is achieved by the next lemmas. The idea is use

the categorical decomposition to split the pushout-product of the claim into
(acyclic) cofibrations.

19.2.3 Lemma. The pushout-product

((Sli, Bln)s, (jn)+) : Sa[M, Bl @D S[N, Bln—1 — Sa[N, B,
Sr[M,B]n—-1

forms a X, -cofibration if i is so and j is a cofibration in £, an acyclic Y-
cofibration if i or j is also acyclic.

Proof. We use a categorical decomposition of the pushout-product
. . 1
(Safi: Bln)e: (o)) : SsM,Bla - €@ SalN, Blat <2 Si[N, Bl
SR[MaB]n—l

to check that ((Sg[é, Bln)s, (jn)«) forms a X,-cofibration (respectively an
acyclic X, -cofibration) under the assumptions of the lemma.
Throughout this proof we adopt the short notation

LnM[Y/X] =L, M, TnM[Y/X] =T,M,

and so on. Hence proposition [18.2.11] gives natural isomorphisms
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Se[M, Bl = To[M,A] @ Sa[M,Bln 1
L,,[M,A]
and Sk[N, B],, = T,[N, A EB Sk[N, Bln_1
L, [N,A]

and morphism (1) is identified with the morphism of pushouts

TM Al @ SN Blaot TN A P SilN. Bl

L, [M,A] L,[N,A]

induced by the morphisms

T.[M, Al <— L,[M, A] —— Sg[N, B],—1 -

Tn [z’,A]\L Ln[i,A]\L \L—

T.[N, Al <—— L,[N,A] —— Sg[N, B],,—1
Since

T,[M,A] @ SulN,Bln1~{Tu[M,A] @ Lu[N,Al} €@ SulN,Bln
L,[M,A] L,.[M,A] L,[N,A]

morphism (2) is also equal to the image of the natural morphism

TM Al @ LaN, A T[N, 4]
L, [M,A]

under the relative sum operation

— & SN, Bl

L, [N,A]

Recall that we use short notation T,M = T,M[Y/X], T,[M,A] =
T, Sk[M, A][Y/X], and so on. Since the functor Sg[—, A] preserves colimits,
lemma [18.2.10 implies that morphism (3) is the image of the morphism

.M @ L.N Do N
Lo M

under the functor Sg[—, A].
By lemma [19.1.A] morphism (4) forms a X.-cofibration if i is so and j
is a cofibration in &£, an acyclic X,-cofibration if ¢ or j is also acyclic. So

does morphism (3) by lemma [19.2.1} morphism (2) by lemma[19.2.2] and the

conclusion regarding morphism (1) follows. O

19.2.4 Lemma. If each pushout-product
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((SR[laB]n)*v(]n)*) : SR[Mv B]n @ SR[N7 B]n—l - SR[N7 B]n
Sr[M,B]n—-1

forms a X.-cofibration (respectively, an acyclic X.-cofibration), then so does
the pushout-product

(is, fo) : Sa[M,B] €D Sk[N,A] — Sy[N, B].
Sr[M,A]

Proof. The pushout-product

(ies f) : SAM. B] @D SalN, A] L Se[N, B]
SR[M,A]

can be decomposed into:

Se[M,B] €D SN, Al=Si[M,B] €P Su[N,Blo—

Sr[M,A] Sr[M,Bl]o
= S[M, B P SaN,Blu1— Sa[M,B] € SN, Bl
SR[MxB}nfl SR[M B]
- colim{SR[M, B @ sV, B]n} ~ Sx[N, B.
Sr[M,B],

The morphism

Se[M,B] €D  Sk[N,Bl. ), Su[M, B] ] € S:N.Bl.
SR[M,B]7171 SR[M B]n

is also identified with the image of

3
SeM.Bl, @D SN Blao1 <L SN, Bl,
Sr[M,B]n—-1

under the relative sum operation

Se(M.B] @ -

Sk[M,B],

By lemma morphism (2) forms a Y,.-cofibration (respectively, an
acyclic cofibration) if morphism (3) is so. Since the class of (acyclic) cofi-
brations in a model category is closed under composites, we conclude that
morphism (1) forms a Y,-cofibration (respectively, an acyclic cofibration) if
every morphism (3) is so. O

This proof achieves the proof of lemma a
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19.3 Third step: composites

In this section, we prove:

Lemma 19.3.A. A morphism f : A — B that decomposes into a (possibly
transfinite) composite of X.-flat (acyclic) cofibrations

A:Bof—°>~~~—>B,\,1f—A>B,\—>~~—>co}\imBA:B

forms itself a X.-flat (acyclic) cofibration.
We deduce this lemma from formal categorical constructions.

Proof. Leti: M — N be a fixed morphism in the category of right R-modules.
Recall that functors of the form Sg(M) : A +— Sg(M, A) preserve filtered
colimits in A. So do the extended functors Sg[M, —] : A — Sg[M, A] since we
have Sg[M, A](m) = Sg(M[m], A), for any m € N.
As a consequence, for any sequential colimit

A:BOf—°>---—>B>\i—A>B,\—>--~—>co£imB>\:B,
we have
Sk[M, B] = (zol\imSR[M7 By, SV, B] = cogimSR[N, B,\]
and the pushout-product

(i f) : Sa[M, B] @D SalN, A] L Su[N, B]
Sr[M,A]

can be decomposed into a colimit

Se[M,B] @ SalN,Al=S[M,B] € SalN,Bo] — -

Sk[M,A] Sr[M,Bo]
= S[M,B] @  SalN,Bra] = Sk[M,B] @ SulN,By] -
Sr[M,Bx_1] Sr[M,Bx]
.._>c0}\im{SR[M,B] an SR[N,BA]}:SR[N,B].
Sr[M,B,]

The morphism
2
SeM, Bl P SuN.Bii] s, B @ Sk, By
Sk[M,Bx_1] Sa[M, B

is also identified with the image of
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SeM, By @ SV, Bri] L SulN, By
SR[M,BA,l]

under the relative sum operation

Ss(M,B] P -

Sk[M,Bx]

If i : M — N is a Y,-cofibration and fy : By_1 — B) is a X,-flat
cofibration, then (3) forms a X,-cofibration, and so does morphism (2) by
lemma [19.2.2] Since the class of cofibrations in a model category is closed un-
der composites, we obtain that morphism (1) forms a X,-cofibration whenever
1: M — N is a X,-cofibration and every f : By_1 — B, is a X,-flat cofibra-
tion. We prove similarly that morphism (1) forms an acyclic ¥,-cofibration
if 7 or every fy is also acyclic. O

19.4 Recapitulation and conclusion

By definition, a relative R(E.)-cell (respectively, R(&,)-cell) complex is a mor-
phism of R-algebras f: A — B which can be decomposed into a composite

A:Bof—°>Bl—>~--—>B,\,1f—k>B,\—>-~-—>co}\imB,\:B
so that the morphisms f) : By_1 — B, are obtained by cobase extensions

R.(X,\) —— By_1,

R(ix)l I
\
R(Y)) oo > B)

where iy : X — Y) is a cofibration (respectively, an acyclic cofibration).

Lemmas imply by induction that a relative R(&.)-cell com-
plex f : A — B is a Y,-flat cofibration as long as the initial morphism
n : R(0) — A is so. Observe that the identity morphism 7 : R(0) — R(0) is
trivially a X,-flat cofibration to conclude that any relative R(E.)-cell complex
f:A— B, where A is an R(E.)-cell complex, is a X,-flat cofibration.

Lemmas imply further that a relative R(&,)-cell complex
f: A — Bisa X,flat acyclic cofibration as long as the initial morphism
n:R(0) — Ais a X,-flat cofibration. We conclude that any relative R(&,)-cell
complex f : A — B, where A is an R(E.)-cell complex, is a X,-flat acyclic
cofibration.

This conclusion achieves the proof of lemma [T9.A] O



Chapter 20

Applications of the pushout-products
of shifted functors

Introduction

The purpose of this chapter is to check lemma|12.3.1]and lemma whose
verification was put off in §12.3|and §15.2] Both statements are applications
of the results of

20.1 The semi model category of algebras
over an operad

The purpose of this section is to check the following lemma announced
in

Lemma 20.1.A (see lemma . Suppose P is a X, -cofibrant operad in
a base model category C. Let £ be a symmetric monoidal category over C.
Let P(E.) denote the class of morphisms P(i) : P(C') — P(D) so that i is a
cofibration in ..

For any pushout

P(j)
"
P(Y) > B

such that A is a P(E.)-cell complex, the morphism f forms a cofibration (re-
spectively, an acyclic cofibration) in the underlying category € ifi : X — Y
18 S0.

In the context of a (reduced) symmetric monoidal category with regular
tensor powers, the proposition holds if the operad is C-cofibrant.

291
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Proof. The proof of lemma[20.1.A]relies on an easy applications of the results
of 197

The initial morphism of the P-algebra A is a X,-flat cofibration since we
assume that A is a P(&.)-cell complex and lemma implies that the
morphism f : A — B forms a Y,-flat cofibration (respectively, a X,-flat
acyclic cofibration) if j is a cofibration (respectively, an acyclic cofibration)
in £. The trivial morphism 0 : 0 — P forms a X, -cofibration by assumption.
Therefore the pushout-product

(0, f) : Se[0, B] €D Sp[P, A] — Se[P, B]
Sp[0,A4]

forms a Y,-cofibration (respectively, an acyclic X.-cofibration) if j is a cofi-
bration (respectively, an acyclic cofibration) in &.

Since Sp[0, —] = 0, the pushout-product (0., f.) is identified with the mor-
phism Sp[P, f] : Sp[P, A] — Sp[P, B] induced by f. Since Sp(P, —) = Sp[P, —](0)
is identified with the forgetful functor U : p€ — &, we conclude that the mor-
phism f: A — B forms a cofibration (respectively, an acyclic cofibration) in
& if j is so. O

The verification of lemma achieves the proof of theorem the
category of P-algebras in £ forms a semi model category. a

20.2 Applications: homotopy invariance of functors
for cofibrant algebras

Lemma gives as a corollary:

Lemma 20.2.A (see lemma . Suppose R is a X, -cofibrant operad in
a base model category C. Let € be a symmetric monoidal category over C.

Leti: M — N be a morphism of right R-modules. Let f : A — B be a
morphism of R-algebras in . The pushout-product

(v, fo) : Sa(M,B) @5 Sr(N,A) — S(N,B)
Sr(M,A)

forms a cofibration in £ if i defines a X.-cofibration, the morphism f is a
cofibration of R-algebras, and A is a cofibrant R-algebra, an acyclic cofibration
if © or f is also acyclic.

Proof. Asin we use the notation &, (respectively, £,) to refer to the class
of cofibrations (respectively, an acyclic cofibrations) in €. Let Z C &, (respec-
tively, J C &,) be the set of generating cofibrations (respectively, acyclic
cofibrations) of £. By construction, the semi model category of R-algebras is
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cofibrantly generated, with R(Z) = {R(¢),? € Z} as a set of generating cofi-
brations and R(J) = {R(7),? € Z} as a set of generating acyclic cofibrations.
Any cofibrant R-algebra A forms a retract of an R(Z)-cell complex in the cat-
egory of R-algebras. Any cofibration of R-algebras f : A — B such that A is
cofibrant forms a retract of a relative R(Z)-cell complex.

Lemma [19| asserts that the pushout-product

(iv, f.) : Ss[M, B] €D Sa[N,A] — SN, B]
Sr[M,A]

forms a X,-cofibration if ¢ defines a Y,-cofibration, the object A is an R(&,)-
cell complex and the morphism f is a relative R(E,)-complex, an acyclic X,-
cofibration if 4 is also acyclic or f is a relative R(&,)-complex. The result
can be extended to morphisms f which are retracts of relative R(&;)-cell
(respectively, R(E,)-cell) complexes with a domain A which forms a retract
of a R(&;)-cell complex.

By applying this result to the term Sg(—,—) = Sg[—,—](0) of the X,-
objects Sg[—, —], we obtain that the morphism

(s, fo) : Sa(M,B) @D Sr(N,A) - S(N,B)
Sr(M,A)

forms a cofibration (respectively, an acyclic cofibrations) in £ under the same
assumptions on ¢ and f. The conclusion follows. O

The verification of this statement, put off in §15.2] achieves the proof of
theorem [15.2.Al O
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Quillen adjunction in a semi-model category,

associative operad, §3.1.8] §3.1.9]

algebras over the associative operad, §3.2:4]
(co)homology of algebras over the associative operad, §13.1.5 §17.3.5
enveloping algebra of algebras over the associative operad, §410.2.3

[10.2.4
Kahler differentials of algebras over the associative operad, §4.4.6] §§10.3.2}

10.0.9f
representations of algebras over the associative operad,

algebras over an operad, §3.2]
free algebras over an operad, §3.2.13|
in X,-objects,
in functors,
in right modules over an operad,
semi-model category of algebras over an operad,

g

bimodules over operads, §9.1]
extension of structures for,
functors associated to, §9.2]
restriction of structures for, §9.3|

Brown’s lemma, §11.1.18] §12.1.6
C-cofibrant objects, §11.1.17]

in the category of X,-objects, §11.4.1]
in the category of right modules over an operad, §14.1.2]
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C-cofibrations, §11.1.17]
in the category of X,-objects, §11.4.1]

in the category of right modules over an operad, §14.1.2)

cell complexes
cofibrant cell complexes,
cofibrant cell complexes in dg-modules, §11.2
cofibrant cell complexes in dg-operads, §§12.2.1H12.2.3
cofibrant cell complexes in algebras over dg-operads, §§12.3.6H12.3.§|
cofibrant cell complexes in right modules over dg-operads, §14.2]
relative cell complexes in cofibrantly generated model categories,

coequalizers

reflexive,

cofibrations,
B-cofibrations, §§I1.1.T611.1.17]
C-cofibrations: see the entry “C-cofibrations”
E-cofibrations: see the entry “£-cofibrations”
enlarged class of, §§IT.1.T611.1.17|
generating (acyclic) cofibrations: see the entry “generating (acyclic) cofi-
brations”
XY .-cofibrations: see the entry “X,-cofibrations”

cohomology of algebras over operads, q17.3]

commutative operad, §3.1.8]
algebras over the commutative operad, 43.2.5

(co)homology of algebras over the commutative operad, §13.1.5, §17.3.5
enveloping algebra of algebras over the commutative operad, §410.2.1

Kahler differentials of algebras over the commutative operad, §4.4.5]
representations of algebras over the commutative operad,

composition products
of X,-objects, §2.2.9]
relative, §5.1.5|

connected

X .-objects, §2.1.3
right modules over an operad,

constant
X .-objects, §2.1.2)
right modules over an operad,

cotriple construction in operads, §13.3



Index 303

differential graded modules (dg-modules for short), §1.1.4]
the model category of dg-modules, §11.1.9] §11.2]
the semi-model category of algebras in dg-modules, §12.3.6

endomorphism operads
for right modules over operads, §9.4]
in enriched symmetric monoidal categories,
of functors, §3.4.4]

endomorphism module of a pair, §2.3.1] §8.1.1]
enlarged class of cofibrations, §§11.1.16

enveloping
operads,
algebras, §4.3] {74

enriched
category of X,-objects, §2.1.11
category of functors,

functor, §1.1.15
symmetric monoidal category over a base category, §1.1.12

symmetric monoidal model category over a base category, §11.3.4
extension of functors, §7.2.3

extension of structures
of algebras over operads, §3.3.5]
of left modules over operads,

of right modules over operads,
of bimodules over operads, §9.3

E-cofibrant objects in algebras over operads, §12.3.2
E-cofibrations of algebras over operads, §12.3.2]

free
algebra over an operad,
left module over an operad, §3.2.13|
operad,
right module over an operad,

functors
associated to bimodules over operads,
associated to left modules over operads, §3.2.15)
associated to right modules over operads, §5.1.3]
associated to X,-objects, §2.1.1]
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functors

in the enriched sense, §I.1.15|
of symmetric monoidal categories over a base, §1.1.8]

generating
Y .-objects, §§2.1.12}{2.1.15
right modules over an operad, §§7.1.2)

generating (acyclic) cofibrations
in a cofibrantly generated model category,
of algebras over an operad, §12.34]
of dg-modules, §11.1.9
of right modules over an operad,
of X.-objects,
of simplicial sets, §11.1.11]
of topological spaces,

homology of algebras over operads, 3]

hom-objects
of a symmetric monoidal category over the base category,
of the category of X.-objects,
of the category of right modules over an operad,

of the category of functors, §2.1.11

Kahler differentials, §4.4]
module of Kahler differentials over an operad, §10.3

left modules over an operad, §3.2.9] 99
extension of structures for, §3.3.6|

free objects in,

functors associated to, §3.2.15
model category of, §12.3
restriction of structures for, §3.3.6

Lie operad,
algebras over the Lie operad, §3.2.4]
(co)homology of algebras over the Lie operad,
enveloping algebra of algebras over the Lie operad, §410.2.5010.2.
Kihler differentials of algebras over the Lie operad, §4.4.7] §410.5.41{10.3.5
representations of algebras over the Lie operad,

model category

of dg-modules §I1.1.9] §11.2|
of modules over an associative dg-algebra, §§11.2.5]11.2.10]
of right modules over an operad, §14.1

of X.-objects,
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of simplicial sets,
of topological spaces, §11.1.10|
semi-model category: see the entry “semi-model category”

modules
bimodules over operads,
of Kéhler differentials, §4.4] §10.3|
left modules over an operad,
right modules over an operad,

monads associated to
an operad,
a non-unitary operad, §3.2.2]

natural transformation
of symmetric monoidal categories over a base, §1.1.8

non-unitary operad, §3.2.2]
right modules over a, §5.1.4

operad,
algebras over an,
bimodules over operads, §9.1]
endomorphism, §3.4] §9.4]
enveloping operads,
left modules over an,
monads associated to an,
non-unitary, §3.2.2]
right modules over an, §5.1.1]
semi-model category of operads,

pointwise tensors

principle of generalized,

properness axiom
in model categories, 114
in semi-model categories §12.1.2]
for operads, §12.2.B|
for algebras over cofibrant operads, §12.4.B|

pushout-products, §11.3.1] §11.5.1] 911.6.3] §15.2.C| §15.1.1]

pushout-product axiom of symmetric monoidal model categories, §11.3.3

quasi-free
algebras over dg-operads, §12.3.0]
dg-operads,
modules over a dg-algebra,
modules over a dg-operad,
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Quillen
adjunction in a model category, §I1.1.15|
adjunction in a semi-model category,
equivalence in a model category, §11.1.15
equivalence in a semi-model category,

reduced symmetric monoidal categories over a base, §1.1.17
with regular tensor powers, §11.6]

reflexive coequalizers, §1.2
in categories of algebras, §3.3

reflexive pairs of morphisms, §1.2]

regular tensor powers, §11.6
relative cell complexes, §11.1.6
relative composition product, §5.1.5 §9.2.4]

homotopy invariance, §15.3]

representations of algebras over operads, §4.2] §I3|
restriction of functors, §7.2.3

restriction of structures
of algebras over operads,
Q

of bimodules over operads, §9.3|
of left modules over operads, §3.3.6]

of right modules over operads, §7.2] §7.2.1]

right modules over an operad
connected, §5.1.4]
constant, §5.1.4]
extension of structures for,
free, §7.1]
functors associated to, §5.1.3
generating, §§7.1.27.1.5]
hom-objects of the category of, §6.3]
model category of,

restriction of structures for, 47.2.1]
tensor product of,
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semi-model category,

over a model category, §12.1.9]
semi-model category of algebras over a cofibrant operad, §12.4]

semi-model category of algebras over an operad,
semi-model category of bimodules over operads,
semi-model category of left modules over an operad,
semi-model category of operads, §12.2]

X,~cofibrant objects, §11.4]
X,~cofibrations, §11.4]

X,-objects, 2|
algebras over an operad in the category of,
composition product of,
constant,
connected,
functors associated to, §2.1.1]
generating, §§2.1.12}2.1.T7|
hom-objects of the category of,
model category of,
tensor product of, §§2.1.5]2.1.7]

symmetric monoidal category, §1.1.2]

of functors, §2.1.4]

of right modules over an operad, §6.1]
of X.-objects, §42.1.5]
over a base, §1.1.2)

symmetric monoidal categories over a base, §1.1.2]
adjunction of, §1.1.8
enriched,

functors of, §I.1.§]
natural transformations of, §1.1.8

reduced, §1.1.17]

symmetric monoidal model category, §11.3.3

enriched, §11.3.4]
of right modules over an operad,

of X,-objects, §11.4]
over a base, §11.3.3

symmetric sequences (also called X.-objects), §2)

tensor product

of X.-objects, §42.1.5]
of right modules over an operad,
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twisting cochains

of algebras over dg-operads, §12.3.0]
of dg-modules, §11.2.1] §11.2.8
of dg-operads, §12.2.1

of modules over a dg-operad, §14.2.1]
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A: the associative operad,

A, B: some (model) categories

Aa: the category of simplicial objects in a category A, §13.3]

C: the commutative operad,

C: the base symmetric monoidal category,

&: a symmetric monoidal category over the base category, §1.1.2]

E.: the class of cofibrations in £, when £ is equipped with a model structure,

{9

£Y: a reduced symmetric monoidal category over the base category, §1.1.17

p&: the category of P-algebras in a category &, for P an operad in the base

category,
End x: endomorphism operads, 43.4.1],
Endx y: the endomorphism module of a pair, §2.3.1} §8.1.1]

F: the category of functors F' : £ — &£, where £ is a fixed symmetric monoidal
category over a base category C,

F g: the category of functors F': g€ — &,
p F: the category of functors F : £ — &, §3.2.7] §3.2.3]

p F r: the category of functors F': € — p€,
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FO: the category formed by functors F : £ — £ which vanish on the initial

object 0 € &, 2.1.4

F,.: generators of the category of X.-objects,

F(A, X): the category of functors F': A — X

F(M): the free operad on a X,-object M,

I'(G): the X.-object associated to a functor G : &€ — &,

I'z(G): the right R-module associated to a functor G : € — &, for R an
operad,

dgk Mod: the category of differential graded k-modules over a ground ring

k, §T.1.4 I1.7.9] 11.2]

Homg(—,—): the hom-objects of a category £ enriched over the base cate-

gory C, §1.1.12
Homx(—,—): the hom-objects of the category of functors F, §2.1.11]

Homaq(—, —): the hom-objects of the category of X,-objects M, §2.1.11

Hompq, (—,—): the hom-objects of the category of right modules over an

operad R,

Z: the set of generating cofibrations in a cofibrantly generated (semi-)model

category, §411.1.5H11.1.8

J: the set of generating acyclic cofibrations in a cofibrantly generated

(semi-)model category, §§11.1.5H11.1.8

k: a ground ring

k Mod: the category of k-modules

L: the Lie operad,

M: the category of X,-objects, §2.1]

M g: the category of right modules over an operad R,

p M: the category of left modules over an operad P, or, equivalently, the

category of P-algebras in X,-objects, §3.2.9] §3.2.10

p My: the category of bimodules over operads P, R, or, equivalently, the cat-
S

egory of P-algebras in right R-modules, §9
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M": the category of connected Y,-objects, §2.1

./\/lg: the category of connected objects in right modules over an operad R,

.14

M[X], same as S[M, X|: the X,-object defined by shifting the X,-object M
in the construction (M, X) — S(M, X), §4.1.4] §18.1.1

M o N: the composition product of X,-objects, §2.2] §2.2.29]

M og N: the relative composition product between right and left modules over

an operad,

Mor 4(—, —): the morphism sets of a category A

O: the category of operads in the base category C,

Og¢: the category of operads in a symmetric monoidal category &, §3.1.1]
Ok: the category of operads in right R-modules, §4.1]

(23 : the module of Kéhler differentials over an operad,

23 (A): the module of Kihler differentials of an algebra A over an operad R,

.4 {103

1: the unit object
in a symmetric monoidal category,
in Y,-objects, §2.1.7|
in right modules over an operad,

P (and also Q,R, 8): any operad in the base category C
P(X): the free algebra over an operad P, §3.2.13

¢1: the functor of extension of structures associated to an operad morphism ¢
for bimodules,
for left modules, §3.3.6]
for right modules, §7.2]
for algebras, §3.3.5

¢*: the functor of restriction of structures associated to an operad morphism ¢
for bimodules,

for left modules, §3.3.6]
for right modules, §7.2

for algebras,

Rp(A): the category of representations of an algebra A over an operad P,
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S(M): the functor on a symmetric monoidal category £ associated to a X,-

object M, §2 2.1.1]

S(M, X): the image of an object X € £ under the functor S(M) : € — &€
associated to a X,-object M, §2] §2.1.1]

S[M, X], same as M[X]: the X,-object defined by shifting the X,-object M
in the construction (M, X) — S(M, X), §4.1.4] §18.1.1

Sr(M): the functor on R-algebras associated to a right R-module M, for R an
operad, 45.1.3

Sr(M, A): the image of an R-algebra A under the functor Sg(M) : € — g€
associated to a right R-module M, §5.1.3]

Sr[M, A]: the right R-module defined by shifting the right R-module M in the
construction (M, A) — Sg(M, A), §18.1]

Y. the symmetric group in r letters
X,: the sequence of symmetric groups

Ur(A): the enveloping operad (respectively, algebra) of an algebra over an

operad, §4.3] 410.1] 410.2 §17.4]

X, V: some (model) categories

X.: the class of cofibrations in a model category X,
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