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OPERADS & GROTHENDIECK-TEICHMULLER GROUPS

DRAFT DOCUMENT

BENOIT FRESSE

ABSTRACT

This preprint is an extract from a research monograph in preparation on the
homotopy of operads and Grothendieck-Teichmiiller groups. The ultimate objective
of this book is to prove that the Grothendieck-Teichmiiller group is the group of
homotopy automorphisms of a rational completion of the little 2-discs operad.

The present excerpts include a comprehensive account of the fundamental con-
cepts of operad theory, a survey chapter on little discs operads as well as a detailed
account on the connections between little 2-discs, braid groups, and Grothendieck-
Teichmiiller groups, until the formulation of the main result of the monograph.
Most concepts are carefully reviewed in order to make this account accessible to
a broad readership, which should include graduate students as well as researchers
coming from the various fields of mathematics related to our main topics. This
preprint will serve as reference material for a master degree course “Operads 20127,
given by the author at université Lille 1, from January until April 2012. See:

http://math.univ-1illel.fr/~operads/2012courses.html#Lille

This working draft will not be updated, and the given excerpts should signifi-
cantly differ from the final version of the monograph in preparation. Nevertheless,
a copy with annotated corrections will be made available on the above web-page.

This work has mostly been written during stays at the Ecole Normale Supérieure
de Paris, at Northwestern University, and at the Max-Planck-Institut fiir Mathe-
matik in Bonn. The author is grateful to these institutions for outstanding working
conditions, and to numerous colleagues for their warm welcome which has greatly
eased this writing task.
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Foreword






Overall Introduction

The first aim of this book is to give an overall reference, starting from scratch,
on the application of fine algebraic topology methods to operads. Most definitions,
notably fundamental concepts of operad and homotopy theory, are carefully re-
viewed in order to make our account accessible to a broad readership, including
graduate students, as well as researchers coming from the various fields of mathe-
matics related to our core subject.

Ultimately, our objective is to explain, from a homotopical viewpoint, a deep
relationship between operads and Grothendieck-Teichmiiller groups. This connec-
tion, which has arisen from researches on the deformation quantization process in
mathematical physics, gives a new approach to understand internal symmetries of
structures occurring in various constructions of algebra and topology.

The definition of an operad is reviewed in the first part of the book. For
the moment, simply recall that an operad is a structure, formed by collections of
abstract operations, which is used to define a category of algebras. In our study,
we mainly consider the example of E,-operads, n = 1,2,...,00, used to model a
hierarchy of homotopy commutative structures, starting with E7, fully homotopy
associative but not commutative, and ending with F,, fully homotopy associative
and commutative. The intermediate FE, -operads represent structures, which are
more and more homotopy commutative when n increases, but not fully homotopy
commutative until n = oco. For the reader, we should mention that the notion of
an E7-operad is synonymous to that of an A..-operad, used in the literature when
one only deals with purely homotopy associative structures.

The notion of E,-operad formally refers to a class of operads, rather than to
a singled out object. This class consists, in the initial definition, of topological
operads which are homotopically equivalent to a reference model, the Boardman-
Vogt operad of little n-discs D,,. The operad of little n-cubes, which is a simple
variant of the little n-discs operad, is also used in the literature to provide an
equivalent definition of the class of E,-operads. The second part of the book is
devoted to detailed recollections on these notions. Nonetheless, as we explain soon,
the ultimate objective of the book is not to study F,-operads themselves, but
homotopy automorphisms groups attached to these structures.

Before explaining this goal, we survey some motivating applications of E,,-
operads, which are not our main matter (we only give short introductions to these
topics in the book), but illustrate our approach of the subject.

The operads of little n-discs D,, were initially introduced to collect operations
acting on iterated loop spaces. The first main application, which has motivated the
definition of these operads, was the Boardman-Vogt and May recognition theorems
asserting, in the most basic outcome, that any connected space equipped with an
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action of D,, is homotopy equivalent to an n-fold loop space Q"X (see [16, 17]
and [72]).

Recall that the set of connected components of an n-fold loop space Q"X is
identified with the nth homotopy group m,(X) of the space X, which is abelian
for n > 1. The action of D,, on Q"X includes, for any n > 0, a product operation
p Q"X x Q"X — Q"X which, at the level of connected components, gives the
composition operation of the group m,(X). The operad D,, carries the homotopy
making this product associative, as well as commutative for n > 1, and includes
further operations, representing fine homotopy constraints, which we need to form
a faithful picture of the structure of the n-fold loop space Q"X.

Since the initial topological definition, new applications of FE,-operads have
been discovered in the fields of algebra and mathematical physics, mostly after
the proof of the Deligne conjecture asserting that the Hochschild cochain com-
plex C*(A, A) of an associative algebra A inherits an action of an Es-operad. In
this context, we use a chain version of the previously considered topological little
2-discs operad Ds.

The cohomology of the Hochschild cochain complex C*(A, A) is identified in de-
gree 0 with the center Z(A) of the associative algebra A. In a sense, the Hochschild
cochain complex represents a derived version of this ordinary center Z(A). From
this point of view, the construction of an Es-structure on C*(A, A) determines,
again, a fine level of homotopical commutativity of the derived center, beyond an ap-
parent commutativity at the cohomology level. The first proofs of the Deligne con-
jecture have been given by Kontsevich-Soibelman [58] and McClure-Smith [73]. The
interpretation in terms of derived centers has been advertised by Kontsevich [56] in
order to formulate a natural extension of the conjecture in the context of algebras
associated to E,-operads, for any n > 1.

The verification of the Deligne conjecture has yielded a second generation of
proofs, promoted by Tamarkin [89] and Kontsevich [56], of the Kontsevich formality
theorem giving the existence of deformation quantizations. The new approach of
this problem also involves Drinfeld’s theory of associators, which are used to trans-
port the Fs-structure yielded by the Deligne conjecture on the Hochschild cochain
complex to the cohomology. In the final outcome, one obtains that each associator
gives rise to a deformation quantization functor. This result has hinted the exis-
tence of a deep connection between the deformation quantization problem and the
program, initiated in Grothendieck’s famous “esquisse” [49], aiming to understand
Galois groups through geometric actions on curves. The Grothendieck-Teichmiiller
groups are devices, introduced in this program, encoding the information which can
be captured through the actions considered by Grothendieck. The correspondence
between associators and deformation quantizations imply that a rational prounipo-
tent version of the Grothendieck-Teichmiiller group GT 1(Q) acts on the moduli
space of deformation quantizations. The initial motivation for our work was the
desire to understand this connection from a homotopical viewpoint, in terms of
homotopical structures associated to Fs-operads. The homotopy automorphisms
of operads come in at this point.

Recall again that an operad is a structure encoding a category of algebras. The
homotopy automorphisms of an operad P are transformations, defined at the operad
level, encoding natural homotopy equivalences on the category of algebras associ-
ated to P. In this interpretation, the group of homotopy automorphism classes
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of Fs-operads, which we actually aim to determine, represents the internal symme-
tries of the first level of homotopy commutative structures that FEs-operads encode.
In the rational setting, we establish that this group is isomorphic to the prounipo-
tent Grothendieck-Teichmiiller group G Tl(Q). This result is new and represents
the main outcome of our work. In a more general context, we formulate a conjecture
relating the group of homotopy automorphism classes of Es-operads to a Lie alge-
bra, defined over Z, underlying a graded version of the Grothendieck-Teichmiiller
group.

Let us focus on the rational case. In this context, we naturally have to consider
a rational version of Fs-operads. Thus, to reach our result, we have beforehand
to set up a new rational homotopy theory for topological operads and to give a
sense to the rationalization of topological operads. We actually define an analogue
of Sullivan’s model of the rational homotopy of spaces [88] for operads. We simply
use cosimplicial commutative algebras instead of Sullivan’s differential graded al-
gebras in order to bypass fundamental difficulties arising from the Eilenberg-Zilber
equivalence. We also consider cooperads, the dual structures of operads, when we
form our model. We precisely show that the rational homotopy of an operad in
topological spaces is determined by an associated cooperad in cosimplicial commu-
tative algebras (a cosimplicial commutative Hopf cooperad), and we give a small
model of this cooperad, involving the so-called Drinfeld-Kohno Lie algebras, in the
case of little 2-discs Ds.

The other main topics considered in our study include the application of Koszul
duality techniques, operadic deformation complexes and spectral sequences for the
computation of mapping spaces attached to operads. We explain these construc-
tions in details, in a general setting, and from scratch in order to make the methods
accessible to a broad readership, as promised at the beginning of this introduction.

In short, this book aims to provide a complete proof of new results together
with a transversal account of the background of current researches in operad theory.
This plan makes our work complementary of existing references on operads. From a
broad angle, our overall aim, as we mention at the beginning of this introduction, is
to examine the application of fine algebraic topology methods in the operad context.
No existing reference goes as far as we need into this subject, on the aspects we
aim to address. By filling this gap in the mathematical literature, we hope to give
a solid basis for new researches on applications of operads, and, as a follow-up,
for new effective and fruitful interplays between the various fields of mathematics
which we mention in this introduction.
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The ultimate goal of this book, as we explained in the overall introduction, is to
prove that the Grothendieck-Teichmiiller group represents, in the rational setting
at least, the group of homotopy automorphism classes of Fs-operads.

The definition of an operad is recalled with full details in the first part of the
book. In this introductory section, we only aim to give a rough idea of our main
result. Let us simply recall that an operad P in a base category Base consists
of a collection of objects P(r) € Base, r € N, which, intuitively, parameterizes
operations with r inputs, together with a multiplicative structure, which models
the composition of such operations. Together with this notion, we define an operad
morphism f : P — Q as a collection of morphisms in the base category f(r) :
P(r) — Q(r) preserving the internal structures of the operads. The category of
operads in a given base category Base is denoted by BaseOp. For short, we may
also use the notation Op = BaseOp, when the precision of the base category Base
can be omitted.

For technical reasons, we have to consider operads P equipped with a distin-
guished element x € P, (0) (whenever this makes sense), which represents an op-
eration with 0 input (a unitary operation in our terminology). In the set-theoretic
context, we moreover assume that P (0) is a one-point set reduced to this element.
In the module context, we assume that P, (0) is a one dimensional module over
the ground ring. In a general setting, we assume that P, (0) is the unit object of
a tensor structure associated with the base category Base. We coin the expression
of unitary operad to refer to this pointed situation. We also use the notation Op,,
with a lower-script indicating the operad first term added, to refer to the category
defined by unitary operads, where we restrict ourselves to morphisms preserving the
distinguished element *. We usually consider together both a unitary operad P4
and an associated non-unitary operad P, where the term P (0), spanned by the dis-
tinguished element *, is removed. We follow the convention to use a lower-script +,
marking the addition of such a term, in the notation of the unitary operad P..
We generally perform our constructions on the non-unitary operad P first, and we
extend the result to the unitary operad P, afterwards, by using the preservation of
the additional distinguished element (or unit term) of Py. We use the expression
of unitary extension to refer to this process.

In topology, an Es-operad usually refers to an operad in the category of spaces
which is equivalent to Boardman-Vogt’ operad of little 2-discs D5 in the homotopy
category of operads. The spaces Da(r) underlying this operad have a trivial homo-
topy 7« Da(r) = 0 in dimension * # 1, and we have 71 Do(r) = P, in dimension
* = 1, where P, denotes the pure braid group on r strands. Thus, the space Do (7)
is an Eilenberg-Mac Lane space K(FP,, 1) associated to the pure braid group P,.
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For our purpose, we consider a rational pronilpotent completion of the little 2-
discs operad 62. For this operad, we have 62 (r) = Igr, where ﬁT refers to the
Malcev completion of the group P,, so that each space 62 (r) is identified with an
FEilenberg-Mac Lane space K (]37., 1). The precise construction of this operad 62 is
addressed, in a general context, in the second part of the book. In applications, we
also use a simple model of 62, obtained by elaborating on the Eilenberg-MacLane
space interpretation, and which we explain soon.

Homotopy automorphisms can be defined in the general setting of model cat-
egories, which provides a suitable axiomatic framework to apply constructions of
homotopy theory in the operad context. To introduce our subject, we explain a
basic interpretation of the general definition of a homotopy automorphism in the
context of topological operads.

We consider a natural homotopy relation ~ attached to morphisms of operads
in topological spaces: first, to a topological operad Q, we associate the collection
of path spaces QAl(r) = Mapy,,([0,1],Q(r)), which inherits an operad structure
from Q and defines a path-object associated to Q in the category of topological
operads; then we formally define a homotopy between operad morphisms f, g :
P — Q as an operad morphism h : P — QAl satisfying doh = f, dih = g, where
do,dy : Q2" — Q are the natural structure morphisms (evaluation on origin and end
points) associated with the path-object QAl. Intuitively, the homotopy h amounts
to giving a continuous family of operad morphisms h; : P — Q going from hg = f
to hy =g.

In a first approximation, we can take the sets of homotopy classes of operad
morphisms to form the morphism sets of a homotopy category Ho(TopOp) asso-
ciated with the category of topological operads TopOp. The groups of homotopy
automorphism classes, which we aim to determine, are precisely the automorphism
groups of operads in this homotopy category Ho(TopOp). For a given operad P,
the so-defined automorphism group Auty,(g.p0p)(P) explicitly consists of homotopy
classes of morphisms f : P — P, admitting a homotopy inverse g : P — P, so that
fg ~ id and gf ~ id, where we consider, at each level, the operadic homotopy
relation ~.

Now, a topological operad P gives rise to an operad object in the homotopy
category of topological spaces Ho(Top), and we could also study the automorphism
group Auty,(gop)op(P) formed in this category of homotopical operads. But these
naive automorphism groups differ from our groups of homotopy automorphisms and
do not give the appropriate structure for the homotopy version of the usual con-
structions of group theory (like homotopy fixed points). Indeed, an automorphism
of the operad P in the homotopy category of spaces Ho(Top) is just a collection of
homotopy classes of maps f(r) € [P(r), P(r)], invertible in the homotopy category
of spaces, and preserving operadic structures up to homotopy, unlike our homotopy
automorphisms which preserve operadic structures strictly. Moreover, actual op-
erad morphisms f, g : P — Q define the same morphism of operads in the homotopy
category of spaces Ho(Top) as soon as we have a homotopy of maps (regardless of
operad structures) between f(r) and g(r), for each » € N. Thus, operad morphisms
f,9 : P — Q which are homotopic in the strong operadic sense determine the same
morphism of operads in the homotopy category of spaces Ho(Top) but the converse
implication does not hold.
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Finally, by associating the collection of homotopy classes of maps f(r) : P(r) —
P(r) to any homotopy automorphism f € Autgogopop)(P), we obtain a map-
ping Auty,(7opop)(P) — Autyo(gop)op(P), from the group of homotopy classes of
homotopy automorphisms towards the group of automorphisms of the operad in
the homotopy category of spaces, but this mapping is neither an injection nor a
surjection in general.

To apply homotopy theory methods, we associate to any operad P a whole sim-
plicial set of homotopy automorphisms hAutg,p0,(P) so that the group of homo-
topy automorphism classes Auty,(gopop)(P), which we primarily aim to determine,
is identified with the set of connected components of this space my(hAutsop0,(P)).
In the second chapter of the book, we explain the definition of these homotopy
automorphism spaces in the general context of simplicial model categories. For the
moment, we simply give a short summary of the definition for topological operads.

First, we extend the definition of the operadic homotopy relation, and we con-
sider, for each n € N, an operad PA" defined by the collection of function spaces
PA" (r) = Mapy,, (A", P(r)) on the n-simplex A"™. This operad sequence PA" in-
herits a simplicial structure from the topological simplices A™. In particular, since
we obviously have P = PAO, we have a morphism v* : PA" 5 P associated to
each vertex v of the n-simplex A™. The simplicial set hAutg,,0,(P) is given in
dimension n by the morphisms of topological operads f : P — P2" so that the
composites v* f form homotopy equivalences of the operad P = PAU, for all ver-
tices v € A™. From this definition, we immediately see that the 0-simplices of the
simplicial set hAutg,,0,(P) are the homotopy equivalences of the operad P, the 1-

simplices are the operadic homotopies h : P — P2 between homotopy equivalences,
and therefore, we have a formal identity Auty,(gopop)(P) = mohAutgepo,(P), be-
tween our group of homotopy automorphism classes Autyo(70p0p)(P) and the set of
connected components of hAutq,,0,(P).

In what follows, we adopt a common usage of homotopy theory to call space any
simplicial set regarded as a combinatorial model of a topological space. So, we use
the terminology of homotopy automorphism space for the simplicial set hAutg,p0,(P)
which we associate to an operad P.

The category of operads in topological spaces, like many categories of operads,
has a natural model category structure. The notion of a model category includes
the definition of a class of cofibrant objects, generalizing the cell complexes of
topology, and which are well suited for the homotopy constructions we aim to ad-
dress. To be more specific, recall that a map of topological spaces f : X — Y
is a weak-equivalence when this map induces a bijection on connected compo-
nents f, : m(X)=>mo(Y) together with an isomorphism on homotopy groups
fe s (X)) S 7, (Y), in every dimension * > 0, and for any choice of base point. We
define a weak-equivalence of operads as an operad morphism f : P — Q of which
underlying maps f(r) : P(r) — Q(r) are weak-equivalences of topological spaces.
In what follows, we use the standard notation of model categories = to mark the
weak-equivalences of any ambient model category. In the context of topological
spaces, a classical result asserts that any weak-equivalence between cell complexes
is homotopically invertible as a map of topological spaces. In the context of op-
erads, we similarly obtain that any weak-equivalence between cofibrant operads
f : PS5 Q is homotopically invertible as an operad morphism: we have an operad
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morphism in the converse direction g : Q — P so that fg ~ id and gf ~ id, where
we consider the operadic homotopy relation again (as in the definition of homotopy
automorphisms).

The proof of the model category axioms for operads includes the construction
of a cofibrant replacement functor, which assigns any given operad P to a cofibrant
operad Q equipped with a weak-equivalence Q = P. The definition of the homo-
topy category of operads in terms of homotopy class sets of morphisms is actually
the right one when we replace each operad P by such a cofibrant model Q = P.
In particular, when we form the group of homotopy automorphism classes of an
operad Autyo(gop0p)(P), we have to assume that P is cofibrant as an operad, other-
wise we tacitely consider that we apply our construction to a cofibrant replace-
ment of P. The general theory of model categories ensures that the obtained
group Auty,(gop0p)(P) does not depend, up to isomorphism, on the choice of this
cofibrant replacement. We have similar results and we apply similar conventions
for the homotopy automorphism spaces hAutg,,0,(P).

We go back to the little 2-eubes operad. We aim to determine the homo-
topy groups of the homotopy automorphism space hAutg'opop(62+) associated to
the rational completion of D2, and in the unitary context, which we mark by the
addition of the lower-script + in our notation. Recall that the connected com-
ponents of this space hAutj‘op(‘)p(62+) correspond to homotopy classes of operad
homotopy equivalences f : (32+ = (32+, where (32 denotes a cofibrant model of the
rationalized little 2-discs operad 52. In our study, we just focus on the subspace
hAut‘lyopOp(/[sH) formed by the connected components of hAutqopop(62+) corre-
sponding to morphisms f which induce the identity on homology groups. The whole
group o hAut:yopop(/[ngr) is actually a semi-direct product of mg hAut%—opop(BQJr)
with a copy of the multiplicative group Q*. Our result reads:

THEOREM A. The automorphism space of the rational pro-nilpotent completion
of the little 2-discs operad Doy satisfies

GTY(Q), forx=0, @
otherwise,

1 —~
T hAut‘J'opOp(DQ-l‘) = {0
)

where GTl(Q) denotes the rational pro-unipotent version of the Grothendieck-Tei-
chmdiller group, defined by V. Drinfeld in [28].

The identity established in this theorem is a new result. The main goal of this
book precisely consists in proving this statement.

The superscript in the notation GT* (Q) refers, as in the expression of the homo-
topy automorphism space hAut%ropo p(62+), to a version of Drinfeld’s prounipotent
Grothendieck-Teichmiiller group where a scalar factor Q™ is removed (see [28] for
details).

At the beginning of this survey, we explained that the operad of little 2-discs Do
consists of Eilenberg-Mac Lane spaces K (FP,, 1), where P, denotes the pure braid
group on r strands, and the associated rationalized operad 62 consists of Eilenberg-
Mac Lane spaces K (13T, 1), where we now consider the Malcev completion of P,.
We have a standard model of the Eilenberg-Mac Lane spaces K (P, 1), given by the

discs
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classifying spaces of the groups P,.. But these spaces do not form an operad. Never-
theless, we can adapt this classifying space approach to give a simple model of Fs-
operad. Instead of the pure braid group P,, we consider the classifying space of a
groupoid of parenthesized braids PaB(r) with, as morphisms, braids on r strands
preserving a given coloring on input and output points. The parenthesization refers
to an extra structure, added to the input and output sets of braids, which represent
the source and target objects of morphisms in our groupoid. Unlike the pure braid
groups P, the collection PaB(r) forms an operad in the category of groupoids,
and the associated collection of classifying spaces B(PaB)(r) = B(PaB(r)) forms an
operad in topological spaces. We check, following an argument of Z. Fiedorowicz,
that this operad B(PaB) is a model of Es-operad.

For the rationalized operad of little 2-discs 62, we also have a simple clas-
sifying space model B(ﬁc—z\B) obtained by applying a Malcev completion to the
groupoids PaB(r). The operad structure associated with this model B(}gc-z\B) is still
defined at the groupoid level since the collection of completed groupoids obviously
inherits an operad composition structure from the uncompleted ones.

The Grothendieck-Teichmiiller group GT*(Q) can actually be identified with
an automorphism group associated with (a unitary extension of) this operad in
groupoids PaB. Consequently, any element ¢ € GT"(Q) induces an operad auto-
morphism on classifying spaces ¢, : B(ﬁiﬂ?ﬁ = B(}%\Bp. This automorphism
lifts to a homotopy automorphism on any chosen cofibrant model of Fs-operad, so
that we have a well-defined homotopy automorphisms of Es-operad associated to
each ¢ € GT*(Q). Our main theorem precisely asserts that, in the rational setting,
this mapping gives exactly all homotopy automorphism classes of Ey-operads.

Most of the book is devoted to the setting up of general theories from which
we establish this result.

In short, we gain our result at the level of a category of cosimplicial Hopf
cooperads ¢ HopfOpS, which we introduce as a suitable analogue of Sullivan’s model
of rational homotopy for operads. The theorem obtained in this context is also
worth recording in view towards algebraic applications of Es-operads.

The superscript ¢ in the notation of this category ¢ HopfOpS refers to cooper-
ads. The subscript * refers to an adaptation of the definition of unitary structures
in the cooperad context. The prefix ¢ marks cosimplicial structures. Simply say, for
the moment, that cooperads are structures dual to operads. Basically, a cooperad D
consists of a collection of objects of the base category D(r) € Base together with
a comultiplicative structure dual to the multiplicative structure of an operad. The
cosimplicial Hopf cooperads D, which we consider in our study, are cooperads in the
category of cosimplicial unitary commutative algebras over Q, with an underlying
collection D(r) consisting of objects of this category Base = ¢ Com.

In the usual Sullivan’s model for the rational homotopy of topological spaces,
we deal with differential graded commutative algebras rather than cosimplicial com-
mutative algebras. In the operadic context, we delay the application of differential
graded structures in order to sort out difficulties arising from the Eilenberg-Zilber
equivalence.

To an operad in topological spaces P, we can associate the collection of singu-
lar complexes Sing, (P(r)) of the topological spaces underlying P, which forms an
operad in cosimplicial cocommutative coalgebras Sing,(P). To define our model
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for the rational completion of P, we take k = Q as coefficient ring for the singular
complexes, and we form a dual construction assigning a cosimplicial Hopf cooperad
Sing®(P) to P. The mapping Sing®(—) : P — Sing®(P) defines a contravariant
functor Sing®(—) : TopOp¥ — c¢HopfOp;, on the category TopOp, formed by
unitary operads in topological spaces. We define a functor in the converse direction
G(—) : cHopfOpS — TopOp2?, and we prove that, under mild finiteness assump-
tions, the image of the cosimplicial Hopf cooperad Sing®(P) under a left derived
functor of G(—) returns a topological operad P = L G(Sing®(P)) connected to P
by a morphism (in the homotopy category of operads) inducing the rationalization
on homotopy groups. Thus, the composite construction pP= LG(Sing®(P)) gives
a functorial model for the rationalization process in the category of topological
operads.

From this result, we essentially retain that the rational completion of a topolog-
ical operad is naturally built on its Hopf cooperad counterpart, and this gives our
actual reason to address rational homotopy problems about operads in the Hopf
cooperad context.

The category ¢ HopfOps inherits a model structure, like the category of topo-
logical operads, so that we can apply the general theory of model categories to
define groups of homotopy automorphism classes Autyo(cscopfope)(D), as well as
homotopy automorphisms spaces hAut, s¢oprope (D), for the objects of that cate-
gory D € cHopfOpS. In the case of a topological operad P, our results imply that
we have an isomorphism between the group of homotopy automorphisms attached
to the Hopf cooperad model Sing®(P) and the group of homotopy automorphisms
attached to the rational completion of P. Besides, we have a homotopy equivalence
at the homotopy automorphisms space level inducing this group isomorphism on
connected components. Hence, we obtain that homotopy automorphisms of ratio-
nalized operads are computable at the level of Hopf cooperads.

For the little 2-discs operad P = Do, the object Sing®(Ds) gives a reference
model of Es-cooperad in cosimplicial commutative algebras. But, for our study,
we consider another model. Indeed, we can use the already considered groupoids
of parenthesized braids PaB(r) to form a cosimplicial Hopf Es-cooperad C'(FT(J? )
on which the Grothendieck-Teichmiiller group acts (contravariantly). In short, this
cooperad is formed by taking continuous duals of the simplicial complexes naturally
associated to the groupoids PaB(r). Related to this construction is a cooperad
formed from the Drinfeld-Kohno Lie algebras, of which we mentioned the existence
in the overall introduction of the book.

In any case, by using this model, we obtain:

THEOREM B. Let Qy = C'(@) be our model of cosimplicial Hopf Es-cooperad,
formed from the groupoids of parenthesized braids PaB(r). The homotopy automor-
phism space associated to this cooperad has trivial homotopy groups

@ ﬂ-*(hAutiﬂfopfOpi (QQ)) =0

in dimension x >0, and the action of the Grothendieck-Teichmyiiller group GTl(Q)
on parenthesized braids lifts to an isomorphism

GTl (Q)op E_> WO(hAutﬁ HopfOp§ (QQ))

in dimension x = 0.
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In dimension *>1. The action of SO(2) on little 2-discs still gives a non-trivial homotopy group (Q,+) in dimension 1 (as in the topological setting).


MATHEMATICAL OBJECTIVES XV

The assertions of this theorem have been foreseen by M. Kontsevich in [56].
First results in the direction of Theorem B also occur in articles of D. Tamarkin [90]
and T. Willwacher [94]. But these authors deal with operads within the category
of differential graded modules, forgetting about Hopf structures. Thus, the proof of
Theorem B is actually, a new result of this book, like Theorem A, which we essen-
tially deduce from Theorem B by using our rational homotopy theory of operads.

Recall that Es-operads only give the second layer of a full sequence of homotopy
structures, ranging from F1, fully homotopy associative but non-commutative, until
FE, fully homotopy associative and commutative. The methods of the present
work can easily be applied to determine the group of homotopy automorphism
classes of Ej-operads, but the result is trivial in this case. The group of homotopy
automorphisms of an F.-operad is essentially trivial too (and so does the group
of homotopy automorphisms of an E.,-cooperad). The open question is to define
analogues of the Grothendieck-Teichmiiller group for E,-operads when 2 < n < co.

To prove our theorem, we adapt constructions of [24, 22] in order to form a spec-
tral sequence E? = H°(HopfDim,(H*(A), H*(B))®*) = m.(Map, s¢oprope (A, B))
computing the homotopy of mapping spaces in the category of cosimplicial Hopf
cooperads Map,. 5¢,,r0p¢ (A,B) from the cohomology of a deformation complex of
graded Hopf cooperads. For the cohomology of the little 2-discs operad H*(Ds),
the cohomology of this Hopf deformation complex vanishes in degree * > 0 and
is identified with a graded version of the Grothendieck-Teichmiiller Lie algebra grt
in degree * = 0. We check that all classes of degree * = 0 in the E?-term of our
spectral sequence are hit by an actual homotopy automorphism, coming from the
Grothendieck-Teichmiiller group, to conclude that the spectral sequence degener-
ates at E%-stage and to obtain the result of our theorem.

As the reader sees, the proof of our result requires the complete set up of
new theories, like the definition of rational models for the homotopy of topological
operads. This issue was our first motivation to write a full book. Besides, for
mathematicians coming from other domains and graduate students, we have wished
to give a comprehensive introduction to our subject, heading to our main theorems
as straight as possible and with minimal background.

In a first stage, we heavily use the formalism of Quillen’s model categories [75]
which we apply to operads in order to form our model for the rational homotopy
of topological operads. For background material on Quillen’s model categories, we
rely on the modern references: Hirschhorn [51] and Hovey [52]. For rational homo-
topy theory, we mostly refer to Bousfield-Gugenheim’ memoir [23] which involves a
model category approach close to our needs. Naturally, we also refer to Sullivan’s
seminal article [88] for the study of homotopy automorphisms in rational homotopy
theory. Since we aim to give a self-contained account of the theory, we give a com-
prehensive introduction to all these subjects — operads, homotopical algebra, and
rational homotopy theory — from scratch, before tackling our own constructions.
We also fully explain the connection between little 2-discs operads, braided oper-
ads, and Grothendieck-Teichmiiller theory, arising from works of Fiedorowicz [34],
Tamarkin [90, 91], and Kontsevich [56].

In a second stage, we apply operadic deformation complexes to the homotopi-
cal study of operads. For our purpose, we need deformation complexes, mixing
cooperad and algebra structures. The present book is the first reference explicitly
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tackling applications of such mixed deformation complexes to the homotopy of op-
erads. Again, we aim to give a comprehensive introduction, from scratch, to these
constructions.



General Conventions

The reader is assumed to be familiar with the language of category theory and
to have basic knowledge about fundamental concepts, like adjoint and representable
functors, colimits and limits, categorical duality, which we will freely use through-
out this monograph. The reader is also assumed to be aware on the applications
of colimits and limits in basic examples of categories (including sets, topological
spaces, and modules). Nonetheless, we will review some specialized topics, like
reflexive coequalizers and filtered colimits, which concern applications of category
theory to operads.

We use single script letters (like €, M, ...) as general notation for abstract
categories. We use script expressions (like Mod, As, Op, ...) for particular in-
stances of categories (like modules, associative algebras, operads, ...). We also use
script expressions for abstract categories, assigned to a specific purpose, and used
as a parameter in our constructions. As an example, we use the notation Base
to refer to an unspecified base category in which we define our higher structures
(algebras, operads, ...). We soon explain that the formal definition of the higher
structures remains the same in any instance of base category and essentially de-
pends on a symmetric monoidal structure given with Base. We generally assume
that the category Base, to which we assign the role of a base category, is equipped
with enriched hom-bifunctors Homp 4s. (—, —). We give more detail recollections on
this notion in §§0.9-0.10.

In practice, we take our base category Base among the category of sets Set,
the category of simplicial sets Simp, the category of topological spaces Top, a
category of k-modules Mod (where k refers to a fixed ground ring), or a variant
of these categories. To be precise, besides plain k-modules, we have to consider
categories formed by differential graded modules dg Mod (we usually say dg-modules
for short), graded modules gr Mod, simplicial modules s Mod, and cosimplicial
modules ¢Mod. The first purpose of this preliminary chapter is to quickly recall
the definition of these categories (at least, in order to fix our conventions). By the
way, we also recall the definition of the category of simplicial sets Simp, which we
use along with the familiar category of topological spaces Top.

To complete our account, we will recall the general definition of a symmetric
mononoidal category, and we explain some general constructions attached to this
structure. The explicit definition of the monoidal category structure on dg-modules,
simplicial modules, cosimplicial modules, is put off until we tackle the applications
of these categories.

In the module context, we assume that a ground ring K is given and fixed once
and for all. In certain constructions, we have to assume that this ground ring K is
a field of characteristic 0.

xvii
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0.1. Graded and differential graded modules. The category of differential graded
modules dg Mod (dg-modules for short) consists of k-modules equipped with a
decomposition K = @, ., K, running over Z, and with a morphism ¢ : K — K,
the differential of K, such that 6% = 0 and §(K,,) C K,,_1, for all n € Z. Naturally,
a morphism of dg-modules is a morphism of k-modules f : K — L which commutes
with differentials and satisfies f(K,) C Ly, for all n € Z.

In textbooks of homological algebra (like [92]), authors mostly deal with the
equivalent notion of chain complex, of which components are split off into sequences
of k-modules K,, connected by the differentials ¢ : K,, — K, _1 rather than being
put together in a single object. The idea of a dg-module (used for instance in [64]) is
more natural for our purpose and is also more widely used in homotopy theory. Our
convention is to keep the terminology of chain complex for specific constructions,
like the normalized chain complex of simplicial sets, or the deformation complex
attached an algebraic structure.

The category of graded modules gr Mod consists of k-modules equipped with
a decomposition K = P, ., Ky, running over Z, but no differential. A morphism
of graded modules is a morphism of k-modules f : K — L such that f(K,) C Ly,
for all n € Z.

We have an obvious functor (=), : dg Mod — gr Mod defined by retaining the
single graded structure of dg-modules and forgetting about the differential. We
consider the underlying graded module of dg-modules, which this forgetful process
formalizes, when we address the definition of quasi-free objects. The other way
round, we can embed the category of graded modules gr Mod into the category of
dg-modules dg Mod, by viewing a graded module as a dg-modules equipped with a
trivial differential § = 0. We use this identification at various places.

Recall that the homology of a dg-module K is defined by the quotient k-module
H.(K) = kerd/im which inherits a natural grading from K. The homology de-
fines a functor Hi(—) : dg Mod — gr Mod. The morphisms of dg-modules which
induce an isomorphism in homology are the weak-equivalences of the category of
dg-modules. We generally use the notation — to distinguish the class of weak-
equivalence associated to a model category (see §III) and we will naturally use the
same convention in the dg-module context. The expression of weak-equivalence
actually refers to the general formalism of model categories. In most references of
homological algebra, authors use the terminology of quasi-isomorphism rather than
the expression of weak-equivalence when they deal with dg-modules.

0.2. Degrees and signs of dg-algebra. The component K,, of a dg-module (re-
spectively, graded module) K defines the homogeneous component of degree n
of K. To specify the degree of a homogeneous element = € K,,, we use the expres-
sion deg(x) = n. We adopt the standard convention of dg-algebra to associate a
sign (—1)dee(@)dee(¥) to each transposition of homogeneous elements (z,%). We do
not specify such a sign in general and we simply use the notation + to refer to it.
We explain soon that the introduction of these signs is forced by the definition of
the symmetry isomorphism of the tensor product of dg-modules.

We usually consider lower graded dg-modules, but we also have a standard
notion of dg-module equipped with a decomposition in upper graded components
K =@, K™ so that the differential satisfies §(K™) c K™*!. Certain construc-
tions (like the duality of k-modules and the conormalized complex of cosimplicial
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spaces) naturally produce upper graded dg-modules. In what follows, we apply the
relation K_,, = K™ to identify an upper graded with a lower graded dg-module.

0.3. Simplicial and cosimplicial objects, simplicial and cosimplicial modules.
The simplicial category A, which models the structure of simplicial and cosimplicial
objects, is defined by the collection of finite ordinals {0 < - -- < n}, n € N, as objects
together with the non-decreasing maps w : {0 < --- < m} = {0 < --- < n} as
morphisms. Formally, a simplicial object in an ambient category C is a contravariant
functor X : A°? — C that assigns an object X,, € € to each n € N and a morphism
u* : X, — X, to each non-decreasing map u. Dually, a cosimplicial object in € is
a covariant functor X : A — € which assigns an object X™ € € to each n € N and
a morphism u* : X™ — X" to each non-decreasing map u.

In general, we use the expression s € to denote the category of simplicial objects
in a given ambient category € and the expression ¢ € for the category of cosimplicial
objects in €. The only exception is the category of simplicial sets, which can be
defined as the category of simplicial objects in sets, but for which we prefer to use
the notation Simp rather than s Set.

The fundamental examples of simplicial sets, the simplices A", n € N, are
the simplicial objects defined by the representable functors Mora (—,n), where we
use the notation Mora(m,n) to refer to the morphism sets of the simplicial cate-
gory A. The collection of n-simplices A™, n € N, forms itself a cosimplicial object
in the category of simplicial sets, with the covariant action of non-decreasing maps
Uy : A™ — A™ defined by the composition on the target in the morphism set repre-
sentation of A™. The standard model of n-simplices in the category of topological
spaces

AL ={(to,...,ta)|0<t; <Land to+ - +1, =1}

also gives an instance of a cosimplicial object in the category of topological spaces.

The category of simplicial modules s Mod is just the category of simplicial
objects in the category of k-modules Mod. The category of cosimplicial modules
cMod is defined similarly as the category of cosimplicial objects in k-modules.
We will consider the functor k{—} : 8imp — sMod which maps a simplicial set
X to the simplicial module k{X} defined in dimension n by the free k-modules
k{X,} generated by the sets X,,, n € N. We take the obvious induced action of
the morphisms of the simplicial category on these free k-modules k{X,,} to define
the simplicial structure of k{X}. We also have a contravariant functor k=
8imp°? — ¢Mod which maps a simplicial set X to the cosimplicial module kX
defined in dimension n by the collection of maps u : X,, — K.

0.4. Faces and degeneracies in a simplicial object. The maps d* : {0 < --- <
n—1} > {0<---<n},i=0,...,n, such that

. f ]
(a) dz(w) _ x, or r < z.,
r+1, forax>1,

and the maps s/ : {0 <---<n} - {0<---<n+1},j=0,...,n, such that

. f < 4
(b) Fa)y=4" =g
xz—1, forz>j,

generate the simplicial category in the sense that any non-decreasing map u : {0 <
co-<m} = {0 < --- < n} can be written as a composite of maps of that form.
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Moreover, any relation between these generating morphisms can be deduced from
generating relations

ddt=d'd L, fori < j,
dis’=1, fori< j,
(c) sTdt =< id, fori=j,j+1,
di=1si, fori>j,
slst = sisjﬂ, for ¢ < j.

As a consequence, the structure of a simplicial object is fully determined by a
sequence of objects X,, € € together with morphisms d; : X;, - X,,_1,i=0,...,n,
and s; : X;, = X414, j = 0,...,n, for which relations opposite to (c) hold. The
morphisms d; : X,, = X, _1, ¢ = 0,...,n, which represent the image of the maps
d’ under the functor defined by X, are the face operators of the simplicial object
X (in general, we simply say the faces of X). The morphisms s; : X,, = X,41,
j =0,...,n, which represent the image of the maps s; are the degeneracy operators
of X (or, more simply, the degeneracies of X).

The structure of a cosimplicial object is also fully determined by a sequence of
objects X™ € @ together with morphisms d’ : X"~ ! — X", i =0,...,n, and s’ :
X+l X" j = 0,...,n, for which relations (c¢) hold. The morphisms d* :
Xnl 5 X" i =0,...,n, are called cofaces and the morphisms s/ : X™ — X"+,
7 =0,...,n, codegeneracies.

0.5. Topological realization of simplicial sets and singular complex of topolog-
ical spaces. Recall that a topological space |K]|, traditionally called the geometric
realization of K, is naturally associated to each simplicial set K € S8imp. This
space is defined by the coend

A
|K| :/ K, x Af,,.

where each set K, is viewed as a discrete space and we consider the topological n-
simplices Af,, (of which definition is recalled in §0.3). The coend process amounts
to performing a quotient of the coproduct [[,, Kn x A% = [T, {[1,cx {0} x AL}

under relations of the form

(u*(0), (to, - tm)) = (o, us(to, - -, tm)),

for u € Mora(m,n), ¢ € Ky, and (to,...,tn) € A}, The definition of the
map w1 Ay, — Af, associated to each u € Mora(m,n) involves the cosimplicial
structure of the topological n-simplices A} . One easily checks that the realization
of the n-simplex A" = Mora (—, n) is identified with the topological n-simplex Af, .
In the converse direction, we can use the singular complex construction to
associate a simplicial set Sing,(X) to any topological space X. This simplicial set
Sing,(X) consists in dimension n of the set of continuous maps o : A}, — X
going from the topological n-simplex A}, to X. The composition of simplices
o Af,, — X with the cosimplicial operator u. : Ajp, — AF, associated to any
u € Mora(m,n) yields a map u* : Sing, (X) — Sing,,(X) so that the collection of
sets Sing, (X) = Morg,,(Af,,, X), n € N, inherits a natural simplicial structure.
The geometric realization | — | : K — |K| obviously gives a functor | — | :

S8imp — Top. The singular complex construction gives a functor in the converse
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direction Sing, : Top — 84mp, which is actually a right adjoint of the geometric
realization functor | — | : Simp — Top (see [48, §1.2]).

0.6. Symmetric monoidal categories and the structure of base categories. In
the introduction of this chapter, we mention that our base categories Base =
Set,Top,Mod, ... are all instances of a symmetric monoidal categories.

By definition, a symmetric monoidal category is a category M equipped with a
tensor product ® : M x M — M satisfying natural unit, associativity and symmetry
relations. These relations are expressed by structure isomorphisms which have to
be given along with the category:

(a) The unit is given by an object 1 € M together with a natural isomorphism
A®1~A~1R®A, associated to each A € M.

(b) The associativity relation is given by a natural isomorphism (A ® B) ®
C ~ A® (B ® C), associated to every triple of objects A, B,C € M,
satisfying a pentagonal coherence relation (Mac Lane’s pentagon relation)
and two additional triangular coherence relations with respect to the unit
isomorphism (we refer to [65, §X1.1] for the expression of these constraints).

(¢) The symmetry relation is given by a symmetry isomorphism AQB ~ BRA,
associated to every pair of objects A, B € M, satisfying hexagonal coher-
ence relations (Drinfeld’s hexagon relation) and two additional triangular
coherence relations with respect to the unit isomorphism (see again [65,
§X1.1] for details).

In the case of k-modules Mod, the monoidal structure is given by the usual ten-
sor product of k-modules, taken over the ground ring, together with the ground ring
itself as unit object. The definition of the tensor product of dg-modules, simplicial
modules, cosimplicial modules is reviewed later on, when we tackle applications of
these ground categories. In the category of sets Set (respectively, topological spaces
Top, simplicial sets 8imp), the tensor product is simply given by the cartesian prod-
uct ® = X together with the one-point set 1 = pt as unit object. In what follows,
we also use the general notation * for the terminal object of a category, and we may
write pt = % when we want to stress that the one point-set actually represents the
terminal object of the category of sets (respectively, topological spaces, or simplicial
sets).

The unit object and the isomorphisms that come with the unit, associativity
and commutativity relations of a symmetric monoidal category are part of the
structure. Therefore, these morphisms have, in principle, to be given with the
definition. But, in our examples, we can assume that the unit and associativity
relations are identities, and usually, we just make explicit the definition of the
symmetry isomorphism ¢ = ¢(4,B): AQ B = B® A.

In many constructions, we consider symmetric monoidal categories M equipped
with colimits and limits and so that the tensor product of M preserves colimits on
each side. To be explicit, we use:

(d) The canonical morphism colimyeg(A, ® B) — (colimyeg A,) ® B associ-
ated to a diagram A, € M, a € J, is an iso for all B € M, and similarly as
regards the canonical morphism colimgeg(A ® Bg) — A ® (colimgey Bg)
associated to a diagram Bg € M, 8 € §, where A is now a fixed object
of M.

This requirement is fulfilled by all categories which we take as base categories and
is required for the application of categorical constructions to operads and algebras
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over operads. The category of coalgebras, of which we recall the definition soon,
satisfies (d) whenever the base category does, because colimits of coalgebras are
created in the underlying base category (see §11.0.3). On the other hand, we will
also consider instances of categories which do not satisfy this colimit condition (d).

Therefore, when we use the notation Base (referring to a base category), we
assume, by convention, that we deal with a symmetric monoidal category satisfy-
ing the base axioms (a-c), as well as the colimit requirement (d). On the other
hand, when we use abstract variable notation M, N, ... (referring to any category),
we only assume that the base axioms (a-c) are satisfied, otherwise we will give
additional precisions on the internal structures of the considered categories.

0.7. Symmetric groups and tensor permutations. We use the notation X, for
the group of permutations of {1,...,r}. Depending on the context, we regard a
permutation s € 3, as a bijection s : {1,...,7} — {1,...,r}, or as a sequence
s = (s(1),...,s(r)), equivalent to an ordering on the set {1,...,7}. In any case,
we will use the notation id = id, for the identity permutation in X,.. We drop the
lower-script r, indicating the permutation cardinal, when we do not need to specify
this information.

In a symmetric monoidal category equipped with a strictly associative tensor
product, we can form r-fold tensor products T = A; ® --- ® A, without care, and
drop unnecessary bracketings. Then we also have a natural isomorphism

A1®®Ari>As(1)®®As(r)7

associated to each permutation s € ¥,., and so that the standard unit and associa-
tivity relations id* = id and t*s* = (st)* hold. To construct this action, we use
the classical presentation of ¥,., with the transpositions t; = (i ¢ + 1) as generating
elements, and the identities

(a) t? =id, fori=1,...,n—1,
(b) tit; = tt;, fori,j=1,...,n—1, with |Z—]|22,
(C) titi+lti = ti+1titi+1, for 7 = 1, ey, — 2,

as generating relations. To begin with, we assign the morphism
A1®"'®A1®Ai+1®"’®ArE’>A1®"'®Ai+1®Ai®"‘®Ar,

induced by the symmetry isomorphism c(A;, A;11) : Ai ® Aiqq = A1 ® Ay, to
the transposition ¢; = (i ¢ + 1). The axioms of symmetric monoidal categories
imply that these morphisms satisfy the relations (a-c) attached to the elementary
transpositions in ¥,.. Hence, we can use the presentation of 3. to coherently extend
the action of the transpositions ¢; € ¥, on tensor powers to the whole symmetric
group.

0.8. Tensor products over arbitrary finite sets. In our constructions, we often
deal with tensor products ®“ er A;,, running over an arbitrary set r = {41,...,%,}
(not necessarily equipped with a canonical ordering). In fact, we effectively realize
such a tensor product ), ., A;, as an ordered tensor product A,y ® -« ® Ay,

ip€r
which we associate to the choice of a bijection w : {1,...,r} =5 r. The tensor
products associated to different bijection choices w,v : {1,...,7} = r differ by a

canonical isomorphism s* : A, 1) ® -+ @ Ay = Ayl ® - ® Ay(ry which we
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determine from the permutation s € ¥, such that v = u - s, by using the just
defined action of symmetric groups on tensors.

In principle, the tensor product ®ik€r A;, is only defined up to these canonical
isomorphisms. However, we can adapt the general Kan extension process to make
this construction more rigid, at least, when we work in a symmetric monoidal cat-
egory M equipped with fixed colimit functors. Formally, we define the unordered
tensor product as the colimit ) A;, = colim Ay) @ -+ @ Ay

i Er Tk u:{l,...,r}i)[

running over the category formed by the bijections u : {1,...,7} = r as objects,
and the permutations s € ¥, such that v = u - s as morphisms. The colimit pro-
cess automatically performs the identification of the tensors associated to different
bijection choices.

This construction can be regarded as an instance of a Kan extension process
which we will apply to structures, called symmetric sequences, underlying operads
(see §A.4).

%}).9. Enriched categories. The morphism sets of a category € will always be

enoted by More(X,Y). But many categories that we consider €, including the base
categories themselves, come equipped with a hom-bifunctor Home(—, —), with values
in one of our ground categories Base = Set, Top, Mod, ..., and which provides C
with an additional enriched category structure. In the case of the base categories, we
just consider, as we explain soon, an internal hom-bifunctor obtained by adjunction
from the tensor product of the category. In the case Base = Set, we actually
have Homge;(—,—) = Morse:(—,—). In the case Base = Top, the hom-objects
Homg,, (X, Y") are given by the morphism sets Mors,, (X, Y") equipped with the usual
compact-open topology. In the case Base = Mod, the hom-objects Homygoq (A, B)
are similarly given by the morphism sets of the category Mora,q(A, B), which come
naturally equipped with a module structure (the usual one). In the remaining usual
cases Base = 8imp, dg Mod, . . ., the morphism sets are identified with subsets of the
hom-objects. The explicit definition of the hom-objects attached to these categories
will be given along with the definition of their monoidal structures.

In general, we deal with two structures, of a different nature, attached to our
category C: the underlying plain category structure, with morphism-sets denoted by
More(X,Y), and an enriched category structure, of which hom-objects are denoted
by Home (X, Y), for any pair of objects (X,Y) € €. Let us recall the pure definition
of an enriched category structure for the moment (we will address the connection
between morphism sets and hom-objects with more details in the next paragraph).

In the standard setting of categories, the units of the composition are given
by identity morphisms idx € More(X, X) associated to all objects X € €. In the
enriched category context, we suppose given morphisms

(a) idx : 1 — Home(X, X),

for all objects X € €. and composition products

(b) - : Home (Y, Z) ® Home(X,Y) — Home(X,Y),

for all XY, Z € €, satisfying obvious analogues of the unit and associativity re-

lations of the composition of morphisms in plain categories. These relations are
expressed by the commutativity of diagrams.
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The definition of internal-hom as an adjoint is required for the construction of endomorphism operads.
But an appendix section in chapter 3 might be a more appropriate place for the introduction of the enriched category formalism in full generality.
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In the case of a symmetric monoidal category M, the enriched hom-objects
come usually equipped with an additional tensor product operation

(c) Homy( (A, B) ® Homp(C, D) 25 Homp (A ® C, B® D),

where we form the tensor products of the objects (A4,C) and (B, D) within M,
and the tensor product of the hom objects Homy((A, B) and Homy(C, D) in Base.
This tensor product operation on homomorphisms defines a natural transformation
that fulfills natural unit, associativity and symmetry relations involving the unit,
associativity and symmetry isomorphisms of Base and M. In the case Base =
Set,Top,Mod, ..., the existence of this structure (as we explain in the next para-
graph) automatically follows from the adjunction between tensor products and
homomorphisms.
%}].10. Hom-objects extending morphism sets in enriched categories. The cate-
ries that we consider C, are usually equipped, as we just explain, with both a

plain category structure, and an enriched one. Recall that we use the notation
More(X,Y) for the morphism sets of the underlying plain category structure and
the notation Home (X, Y") to refer to the hom-objects of the enriched category struc-
ture. In usual cases, we can identify the actual morphisms of € with particular
elements of the hom-objects Home (X,Y). The latter f € Home(X,Y') can be iden-
tified with maps f : A — B satisfying some mild requirements. In this context,
we use the terminology of homomorphism to refer to the general elements of the
hom-objects Home (A4, B), in order to distinguish them from the actual morphisms
in €. We may also use the map style notation f : A — B when we want to regard
such a homomorphism f € Home(X,Y") as a map and not as an abstract object.

We proceed as follows to formalize connections between morphisms and homo-
morphisms in a general setting.

We first temporarily forget about enriched category structures. We assume
that € is any plain category-in—sets. We consider the objects

fMore(X,V)}= € 1L

fEMore (X,Y)

defined by the coproduct of copies of the unit object of Base, one for each f €
More(X,Y). These objects 1{More(X,Y)} define the hom-objects of an enriched

category structure, naturally associated to C: the unit morphism 1 ddx, 1{More(X, X)},
associated to any X € C, is given by the embedding of the term 1 associated

to the identity morphism idx in 1{More(X,X)}; the composition operations - :
1{More(Y, Z2)} @1{More(X,Y)} — 1{More(X,Y)} are defined termwise by the iso-
morphism 1® 1 = 1 between the copies of 1 associated to (f,g) on the source and

the copy of 1 associated to the composite f - g on the target.

In the case of an enriched category, we precisely assume the existence of mor-
phisms ¢ : 1{More(X,Y)} — Home(X,Y), given for every (X,Y) € €, so that the
enriched unit and composition structure on hom-objects Home(X,Y") extends the
unit and composition structure of the enriched morphism sets 1{More(X,Y)}. We
then have a morphism ¢y : 1 — Home(X,Y), associated to any f € More(X,Y),
The morphisms ¢4, agrees with the enriched unit idyx : 1 — Home(X,Y) by as-
sumption on ¢. We can combine the morphism ¢y with the enriched composition
structure of hom-objects to define morphisms f, : Home(—, X) — Home(—,Y) and
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f* : Home (Y, —) — Home (X, —), associated to any f € More(X,Y), so that our
hom-objects naturally form a bifunctor Home(—, —) : €7 x € — Base.

In the fundamental examples C = Set, Top, Mod, ..., the morphisms can be
regarded as particular homomorphisms and we can use this basic identification to
obtain all these structures on hom-objects.

11, Closed symmetric monoidal categories. The base categories considered in

this book Base = Set, Top, Mod, ... are examples of closed as symmetric monoidal
categories: in each case, we have an internal hom-bifunctor Homg gse(—, —), with
values in the category Base itself, together with a natural isomorphism

(a) Morsase (A ® B, C) =~ Morsase (A, Homp g5 (B, C)),

for every A, B,C € Base. In good cases (for instance, when we take a category
of modules over a field as ground category), we can establish that the category of
augmented cocommutative coalgebras Com¢ , inherits an internal hom as well, and
hence, forms another instance of symmetric monoidal category. Nonetheless, in the
sequel, we do not really use the closed monoidal structure in this example.

The hom-objects Homs g5 (A, B) defined by an internal hom-finctor naturally
inherit an evaluation morphism

(b) Homsp gsc (A, B) ® A 5 B,

representing the augmentation of the adjunction (a), and which generalizes the
usual evaluation of maps in the category of sets. In addition to the evaluation
morphism, we have a morphism

(c) A 5 Homp s (B, A ® B)

giving the unit of the adjunction (a).

The internal hom-objects of a closed symmetric monoidal category always in-
herit a composition operation §0.9(b) and a tensor product operation §0.9(c) which
satisfy all expected relations. The composition operation §0.9(b) is given by the
right adjoint of the composite evaluation morphism

Homgp 4s5¢ (B, C) @ Homp g5 (A, B) @ A d D, Homsp s (B, C) ® B 5 C.
The composition unit §0.9(a) is given by the right adjoint of the unit isomorphism
1®A =5 A of the symmetric monoidal structure. The tensor product opera-
tion §0.9(c) is given by the adjoint of the morphism

Homgp 4s5¢ (A, B) ® Homp 4. (C, D) @ AR C
~ Homp gs¢ (4, B) ® A ® Homp 45 (C, D) @ C

4 Be D,

where we apply the symmetry operator of Base and we form the tensor product of
the evaluation morphisms associated to the hom-objects.

Note that a category M which fails to satisfy the colimit requirement of §0.6
can not have internal hom-objects. Indeed, the adjunction relation (a) immediately
implies that the tensor product of Base preserves colimits in A (and hence in B as
well by symmetry of the tensor product), as stated in §0.6(d).

In general, the enriched hom-objects Homg 45 (—, —) that we attach to the base
category Base are the internal hom-objects arising from the closed monoidal struc-
ture. Later on, we introduce examples of symmetric monoidal categories for which
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we do not take an internal hom-bifunctor as enriched structure, but an external
hom-bifunctor with value in one of our base categories.



Synopsis

Part 0. The theoretical background. This preliminary part provides an
introduction to basic concepts of operad theory and homotopical algebra.

Chapter I. Operads and algebras over operads. In this first chapter, we give
an overall introduction to the definition of an operad and of an algebra over an
operad (§1.1); we then survey the application of usual categorical constructions
to operads (§1.2), and algebras over operads (§1.3); finally, we examine apart the
definition of operads associated to algebras equipped with unitary operations (§I.4).
An appendix section (§1.5) is devoted to recollections on particular colimits, namely
filtered colimits and reflexive coequalizers, which we need in applications to operads.

Chapter II. Operads in monoidal categories. In this second chapter, we examine
the definition of operads in general symmetric monoidal categories (§11.1), and we
examine in more detail the particular case of operads in augmented cocommutative
coalgebras (§I1.2). The Hopf cooperads, considered in the description of the book
objectives, are actually defined as the dual structures of operads in cocommutative
coalgebras. A preliminary section (§11.0) is devoted to recollections on the defini-
tion of algebras and coalgebras in general symmetric monoidal categories and an
appendix (§I1.3) to recollections on the definition of functors preserving symmetric
monoidal structures. “hird

Chapter I1I. Homotopical algebra methods. This fourth preliminary chapter in-
cludes introductory sections on: the problem of defining homotopy categories (§2-0);I1T.0
the structure of a model category (§III.1); the homotopy category of a model cate-
gory (§I11.2); mapping spaces and homotopy automorphisms (§111.3); and the defini-
tion of model categories associated with operads (§111.4). To conclude this chapter,
we also briefly outline the application of operadic homotopy automorphism groups
to the study of natural equivalences on homotopy categories of algebras.

Part 1. Models of E,-operads and Grothendieck-Teichmiiller groups.
In this part, where we start with our main matter, we aim to explain, with all
necessary recollections, the definition of our mapping between the Grothendieck-
Teichmiiller group and the group of homotopy automorphisms classes of Fs-operads.
To reach this objective, we also introduce models of the rational homotopy of oper-
ads in the specific case of Es-operads first, by using a Malcev completion process,
and in the general case afterwards.

Chapter 1. Introduction to E,-operads. This chapter includes: an introductory
section on the definition of little n-discs operads and E,-operads (§1.1); and a
survey section on the computation of the cohomology and homology of the little
n-discs operads (§1.2). An appendix section (§1.3) is devoted to the statement of
our conventions on graded modules.

xxvii


Benoit Fresse
Barrer

Benoit Fresse
Barrer

Benoit Fresse
Machine à écrire
third

Benoit Fresse
Machine à écrire
III.0


xxviii SYNOPSIS

Chapter 2. Braids and the recognition of Es-operads. This chapter includes:
an introductory section on basic concepts of Artin’s braid theory (§2.0); an ac-
count of Fiedorowicz’s definition of models of Fs-operads from contractible oper-
ads endowed with an action of braid groups (§2.1); the definition of the colored
braid operad, yielding our working model of Es-operad (§2.2); a section on the
fundamental groupoid of topological operads (§2.3), where we reinterpret the just
results obtained; and a concluding section on the recognition of F,-operads for
n > 2 (§2.4).

Chapter 3. Malcev completion of Eg-operads and Grothendieck-Teichmiiller
groups. We begin this chapter with a preliminary section on the Malcev comple-
tion of operads in groupoids (§3.1), which we conclude with the definition of a
rational model of the little 2-disc operad. We then explain the definition of the
prounipotent Grothendieck-Teichmiiller group, the main object of our study, as a
group of automorphisms of the Malcev completion of an operad in groupoids (§3.2).

In our study of homotopy automorphisms, we consider another categorical
model of Es-operad, yielded by the Malcev completion of a chord diagram operad,
of which we also review the definition (section to be added in the final version of this
chapter). The notion of chord diagram, in our context, actually refers to a graphical
representation of the already mentioned Drinfeld-Kohno Lie algebras. The proof
that the enriched categories of colored braids give a rational model of Es-operad
follows from Fiedorowicz’s theory of braided operads. To prove the analogous result
for chord diagrams, we use the theory of Drinfeld’s associators which, by borrowing
an idea of Tamarkin, we interpret as isomorphisms of categorical operads between
the colored braid and chord diagram operads. By the way, we also recall the def-
inition of a graded version of the Grothendieck-Teichmiiller group as a group of
operad automorphisms arising from the chord diagram model (section to be added
in the final version of this chapter).

For technical reasons, which we explain in this chapter, we consider braid and
chord diagrams equipped with an additional structure, a parenthesization, given
at the level of the objects of the considered categories (see the previous outline).
Because of this refinement, we refer to our categorical operads as the operad of
parenthesized braids and the operad of parenthesized chord diagrams respectively.
This idea of parenthesization is borrowed from Bar Natan’s approach of the theory
of Drinfeld’s associators. On the other hand, one can observe that the operad of
colored (unparenthesized) braids governs the structure of a strict braided monoidal
category (this statement is an operadic interpretation of a theorem of Joyal and
Street). In the course of our verifications, we establish that the addition of the
parenthesization simply gives an operad associated to (general) braided monoidal
categories, where associativity constraints are governed by (general) associativity
isomorphisms instead of strict identities.

At this stage, we have enough material to formulate our main new theorem:
in the rational setting, the identity between the Grothendieck-Teichmiiller group
and the automorphism group of the Malcev completion of the parenthesized braid
operad induces an isomorphism between this Grothendieck-Teichmiiller group and
the homotopy automorphism group of Fs-operads (§3.3). We conclude the chapter
with this statement, whose proof is the matter of the next parts.
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Chapter 4. Cochain models of operads. This chapter will include: preliminary
technical recollections on the definition of model categories by adjunction; an in-
troduction to cooperads and Hopf cooperads; and the proof that the category of
cosimplicial Hopf cooperads gives a suitable model for the rational homotopy theory
of operads. By the way, we give the detailed definition of the model categories which
we technically need for our study: cosimplicial cocommutative algebras, cosimplicial
cooperads, and cosimplicial Hopf cooperads.

Part 2. Operadic deformation complexes. This second core part of the
book is devoted to a study of deformation complexes. These objects give an ap-
proximation of the operadic mapping spaces which we aim to understand. To be-
gin with, we explain the definition of cosimplicial operadic deformation complexes,
which naturally occur in cosimplicial decomposition of our mapping spaces. Then
we explain a general reduction process with the aim of computing the homology of
these complexes.

For the rational homotopy theory of operads, we are naturally lead to study
deformation complexes of Hopf cooperads. But we will review more basic instances
of deformation complexes before tackling this case: in each chapter, we examine the
deformation complex of commutative algebras first, we address the case of operads
and cooperads afterwards, and we only give the case of Hopf cooperads, where both
structures are mixed together, at the end of our study. The deformation complexes
of commutative algebras, operads, cooperads, are well-known. In contrast, the
present book is the first work explicitly dealing with the application of deformation
complexes to Hopf cooperads.

Chapter 5. Cosimplicial deformation complexes. In this chapter, we will ad-
dress the definition of cosimplicial deformation complexes: for commutative alge-
bras; for operads; for cooperads; and, at last, for Hopf cooperads. The deformation
complex of Hopf cooperads is obtained by putting together the commutative algebra
and cooperad constructions.

Chapter 6. Differential graded reductions. In this chapter, we will address the
definition of deformation complexes in the differential graded setting. We proceed
in the same order as in the previous chapter: we introduce differential graded de-
formation complexes for commutative algebras first, for operads and for cooperads
afterwards, and for Hopf cooperads at last. In each case, commutative algebras, op-
erads, cooperads, and Hopf cooperads, we define a comparison morphism inducing
an isomorphism in homology between the cosimplicial and the differential graded
versions of our deformation complexes. This comparison morphism provides a first
reduction of the cosimplicial deformation complexes which we aim to compute.

Chapter 7. Koszul reductions and applications to E,-operads. The deforma-
tion complexes of the Hopf cooperads considered in this book inherit fine weight
decompositions since the commutative algebras forming our Hopf cooperads are
naturally graded, with homogeneous generators in degree 1, and we have an analo-
gous homogeneous structure when we regard the cooperad as a whole. The purpose
of this chapter is to explain that, in good cases, the homology of the deformation
complexes is located in certain top homogeneous components with respect to the
extra weight grading. In this situation, the computation of the homology of our de-
formation complex reduces to the computation of the homology of a small complex,
which is precisely formed from the top components of our weight decomposition.
Basically, we explain this process in the context of commutative algebras, operads
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and cooperads first, and again, we get the case of Hopf cooperads afterwards, by
putting together the commutative algebra and cooperad constructions.

As we mentioned in passing, the reduction to the small homogeneous complex
does not give the right result in all cases. The class of good algebras (respectively,
operads, cooperads) to which we apply our constructions are called Koszul algebras
(respectively, operads, cooperads) in the literature. Therefore, we coin the term of
Koszul reduction to refer to this second step of our reduction process, occurring after
the differential graded reduction examined in the previous chapter. The cohomology
of an E,-operad gives an instance of a Hopf cooperad formed by a sequence of
Koszul commutative algebras, and which is also Koszul as a cooperad.

In the concluding section of the chapter, we prove, by applying the Koszul
reduction, that the deformation complex of the cohomology of little 2-discs, viewed
as a Hopf cooperad, completely collapses in degree > 0. In the next part, we will
use intermediate results on deformation complexes of Fs-operads rather than this
latter outcome, because we need fine information to finish the determination of the
homotopy automorphism space of the little 2-discs operad. On the other hand, the
result obtained in the next part implies that all degree 0 classes in the deformation
complex correspond to actual homotopy automorphisms of the little 2-discs operad
over the rationals, and this observation is worth recording.

Part 3. Spectral Sequences for operadic mapping spaces. In general,
the deformation complexes studied in the previous part only give, as previously
mentioned, approximations of the mapping and automorphism spaces that one
would aim to determine. In this third part, concluding our main matter, we ex-
plain processes, encoded in spectral sequences, to determine the homotopy of au-
tomorphism spaces from the computation of deformation complexes. The general
background of these constructions is not new, but again, the present book is the
first work explicitly dealing with the application of such spectral sequences to Hopf
cooperads.

Chapter 8. General obstruction theory for operads in spaces. To begin with,
we review a general theory, due to Bousfield and Kan, for the construction of set-
theoretic spectral sequences from cosimplicial spaces. By applying this general
construction in the operad context, we obtain spectral sequences computing the
homotopy of operadic mapping spaces from the cohomology of the operadic de-
formation complexes considered in the previous part. Recall that our homotopy
automorphism spaces consist of invertible connected components of such mapping
spaces.

In the case of an FEs-operad, this spectral sequence collapses at the second stage,
because the cohomology of the operadic deformation complex vanishes in degree
> 0 when we take the full Hopf cooperad structure into account, and we can check
that all classes of degree 0 correspond to actual morphisms. This latter verification
requires a technical analysis of the correspondence between classes on the E'-page
of the spectral sequence and morphisms on the abutment. For this aim, we need
another spectral sequence construction which returns, from the second page, the
same outcome as our general spectral sequence. But this construction gives the
matter for a new chapter.

In fact, the study of the general spectral sequence can be completely bypassed
in the case of Es-operads, and we could directly proceed with the construction of
the next chapter. On the other hand, the general spectral sequence is naturally



SYNOPSIS XXX1

functorial, and hence, can more easily be used when we study actions of homotopy
automorphisms rather than homotopy automorphisms themselves.

Chapter 9. The Drinfeld-Kohno tower and the associated spectral sequence.
In §3, we explain the definition of models of an Fs-operad from categories of colored
braids. In the rational context, we can use a rationalized version of the lower central
series of braid groups to form a tower of operads with the Malcev completion of the
little 2-discs operad as limit term. This tower of operads gives rise to a new spectral
sequence, which we analyze completely, and we finish the proof of our result on the
homotopy of the space of homotopy automorphisms associated with Es-operads.

Outlook. The initial motivation for the study of connections between Gro-
thendieck-Teichmiiller groups and Fs-operads has been provided by works of D.
Tamarkin and M. Kontsevich on the deformation quantization problem. To con-
clude the book, we will give a short survey of applications of Fs-operads in de-
formation quantization, following the work of these authors, and we will revisit
Tamarkin’s and Kontsevich’s approaches, based on the theory of Drinfeld associ-
ators, for the construction of an action of the Grothendieck-Teichmiiller group on
the moduli space of deformation quantizations. To be more specific, we will give
a homotopy theoretic interpretation of this group action by using our result on
the homotopy automorphisms of Fs-operads, and parallel results obtained by T.
Willwacher [94] in a purely algebraic setting. Then we will give new motivations,
arising from our own works on the cohomology of iterated loop spaces, for further
researches on the homotopy automorphisms of F,,-operads, where we now consider
any n > 2.

Appendices. The appendices are devoted to the study of structures that are
used all through the book: free operads and cofree cooperads (§§A-D); universal
enveloping algebras and group algebras from the viewpoint of Hopf algebra theory
(SE).

Appendiz A. The definition of operadic composition structures revisited. The
definition of an operad in §I is perfectly well suited for studying categories of alge-
bras associated to operads, but to work with operads themselves, we need another
definition, giving more insights into the internal structure of operads. The main
purpose of this appendix chapter, reached in §A.1, is precisely to give a working
definition of the notion of operad. In §§A.2-A.3, we use the approach introduced
in this chapter to give a reduced description of the structure of operads associated
to algebras equipped with unit operations.

In the definition of §I, we consider that an operad consists of a sequence of terms
P(r) indexed by non-negative integers € N. In §A .4, we also explain an extension
of this background, where terms P(r) indexed by arbitrary finite sets r = {i1, ..., i}
are considered, the non-negative integers of the initial definition corresponding to
the sequence of ordinals r = {1 < --- < r}. This extension enables us to perform
constructions invariantly, avoiding the choice of bijections {1,--- ,r} = {i1,... 4.}
when we face general indexing sets {i1, ..., }, of which elements are not necessarily
canonically ordered (this situation occurs in the construction of free operads for
instance). By the way, along the chapter, we explain a graphical representation
of operads, related to the finite-set indexing extension, and which we heavily use
afterwards in order to illustrate our constructions.
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Appendixz B. The construction of free operads. This appendix includes: a com-
prehensive account on the formalism of trees (§B.1), which is heavily used in operad
theory; the introduction of treewise tensor constructions associated with operads
(§B.2); the construction of free operads, in the general case first (§B.3), in the case
of connected operad structures (§B.4). and unitary operads (§B.5) afterwards.

Appendiz C. The connected free operad monad. In this appendix, we study
composition structures associated with the free operad functor. To simplify, we
restrict our analysis to connected operads. In §C.1, we first introduce a notion
of tree morphism, which we use next, in §§C.2-C.3, to give a description of the
two-fold composite of the free operad functor. The free operad functor inherits a
monad structure, which, in abstract terms, consists of an associative monoid object
structure in the composition category of functors. In §C.4, we give a description
of this monadic multiplication, by using the result of the previous section, and
we prove that the notion of an operad can be defined in terms of the free operad
monad. In the language of category theory, this result asserts that the category of
operads is monadic.

Appendiz D. The construction of cofree cooperads. In this appendix, we exam-
ine a dualization of the constructions of §§B-C with the aim of giving an explicit
definition of cofree objects in the category of cooperads. In categorical terms, the
dualization process implies the replacement of colimits by limits. This process cre-
ates difficulties since the tensor product, involved in all structure definitions, does
not commute with all limits, and this problem can hardly be overcome in general.
But, under our general connectedness assumption, we still have a simple construc-
tion of the cofree cooperad. In short, we observe that the categorical dualization
can be performed incompletely when we deal with connected structures: we con-
struct our cofree cooperad with the same underlying functor as the free operad, and
with colimits yet, but we provide the obtained object with a cooperad coproduct
structure instead of an operadic composition structure. The crux of our argument
line lies in the observation that the colimits occurring in our construction reduce
to finite coproducts. To be precise, this statement implies that our construction
of the cofree cooperad returns the obvious cofree object when the ground category
is additive. In general, we still get a structure, which can serve to define cofree
objects, but we do not get a cooperad in the obvious sense of the term.

In order to achieve our construction, we devote a first section to a thorough
analysis of operadic decomposition of trees, which we use in a second section to
define the coproduct structure of the cofree cooperad. Then, to complete our results,
we study a natural comonad structure on the cofree cooperad, dual to the monad
structure considered in §C for the free operad, and we establish the dual of the
result of §C.4: the category of cooperads is comonadic.

Appendiz E. The structure of Hopf algebras. In this appendix, we will survey
classical results on the structure of cocommutative Hopf algebras and universal
enveloping algebras, notably: the equivalence between Lie algebras and cocommu-
tative Hopf algebras given by the Milnor-Moore theorem; and the bijection between
primitive and group like elements in complete Hopf algebras. In addition, we will
review the definition of the rational completion of groups from the viewpoint of
Hopf algebras. The definition of the prounipotent version of the Grothendieck-
Teichmiiller group, which we consider in this book, heavily relies on this completion
process. The structure theorem of cocommutative Hopf algebras are also heavily
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used in our study of deformation complexes in Part 2, and in our study of the
Drinfeld-Kohno tower in Part 3.
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CHAPTER 1

Operads and Algebras over Operads

The main purpose of this chapter is to explain the general definition of an
operad, and of an algebra over an operad. We achieve this program in several
stages. We first provide an overall survey of the basic definitions of the theory, and
we introduce some fundamental examples of operads which enable us to illustrate
the general concepts (§I.1). Afterwards, we explain the application of standard
constructions of category theory (like free objects, colimits, limits) to operads (§1.2)
and to algebras over operads (§1.3). We use these constructions to identify the usual
categories of algebras (associative algebras, commutative algebras, Lie algebras)
with categories of algebras associated to operads. We address apart, in a separate
section (§1.4), the case of operads associated to algebras equipped with unitary
operations. An appendix (§1.5) is devoted to a short survey of the definition of
particular colimits (reflexive coequalizers and filtered colimits), which we use in
applications to operads.

The basic definition of an operad (and the definition of an algebra over an op-
erad similarly) makes sense in the general setting of symmetric monoidal categories,
where we only assume the existence of a tensor product satisfying the fundamental
unit, associativity and symmetry axioms §0.6(a-c). This subject, the definition of
operads in general symmetric monoidal categories, and the application of symmetric
monoidal category concepts to operads, will be examined in the next chapter.

For the moment, we work within a base category Base, which we take among
the category of sets Base = Set, simplicial sets Base = Simp, topological spaces
Base = Top, modules over the ground ring Base = Mod, or among a variant of
these categories. The categories of cocommutative coalgebras, which we introduce
soon, in §I1.0.3, provide other examples of categories to which we can apply all re-
sults and constructions of the present chapter, at least when we deal with coalgebras
defined over a field, otherwise technical restrictions are needed.

In fact, we essentially use in this chapter that Base is equipped with a tensor
product ® : Base x Base — Base preserving colimits on each side, and with an
internal-hom Homgp 4. (—, —) : Base®” x Base — Base providing Base with a closed
symmetric monoidal category structure (see §§0.6-0.11).

The preservation of colimits by the tensor product is heavily used in §§1.2-1.3,
when we examine the application of categorical constructions to operads and to
algebras over operads. Recall that the preservation of colimits is also a necessary
condition for the existence of the internal-hom (see §0.11). Therefore, as soon as
we deal with internal hom-objects (in §§1.1.10-1.1.14) we implicitly assume that the
colimit requirement is fulfilled.

We need to specify some conventions regarding limits and colimits. We gener-
ally use the notation 0 for the initial object of the ground category Base and the
notation @ for coproducts. (We do not assume however that the ground category is

3
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additive.) We only go back to set theoretic notation () and IT when we specifically
address constructions within the category of sets, topological spaces, or simplicial
sets. On the other hand, we use the notation * to refer to the terminal object of
categories, except in particular situations where we explicitly assume that our base
category has a zero object.

In §81.2-1.3, we explain that the category of operads and the categories of
algebras associated to an operad have all limits and colimits. The limits of operads
and algebras are created in the underlying ground category in general, as well as
some particular colimits, but not coproducts (see §§1.2-1.3). Therefore, we keep
the notation of the ground category for limits in the category of operads and in
categories of algebras over operads, but we will adopt another style of notation (the
base set notation V) for coproducts.

This chapter does not include any original idea, apart from our definition of free
unitary operads in §[.4. Our purpose is to provide a survey of the existing literature
on operads. Besides the monograph [72], we should cite Boardman-Vogt’ work [17],
leading to another approach of operads, and Ginzburg-Kapranov’ work [46], from
which we borrow the definition free operads and the definition of operads defined
by generators and relations in the non-unitary setting. Reference books, emphasiz-
ing various aspects of operads, include [38] (about modules and algebra categories
associated to operads), [60] (about operads and higher categories), [63] (focusing
on algebraic operads and the Koszul duality theory), [69] (providing an overall in-
troduction to operads and to the Koszul duality), alongside monographs on more
focused topics which we will cite when appropriate.

I.1. The definition of an operad and algebras over operads

The purpose of this section, as we just explained, is to introduce the definition of
an operad and of an algebra over an operad. We have several approaches available.
In this introductory chapter, we mostly deal with May’s definitions [72], which has
the advantage of giving a direct and simple interpretation of operadic structures in
terms of operations acting on algebras. In §§A-C, we will explain the equivalence
between May’s approach and more combinatorial definitions of operads, involving
an interpretation of operadic composition structures in terms of trees. To prepare
this subsequent revision of the definition, we give a first introduction to the tree
representation of operads in this section. We will more heavily use the formalism
of trees in our study of deformation complexes of operads.

Intuitively, an operad P consists of a collection of objects P(r) collecting ab-
stract operations of r variables p = p(x1,...,x,) with a variable number r running
over N. The notion of an operad is formally defined as a structure given by such
a collection together with composition products modeling the composition of op-
erations. From this viewpoint, an operad can be regarded as a particular instance
of analyzer, a notion introduced by Lazard in [59] in order to generalize the power
series operations used in the theory of formal Lie groups.

In the literature, the number of variables r in an operation p = p(z1,...,z,)
(not necessarily related to an operad) is sometimes referred to as the arity of p.
Therefore, in the operadic context, we use the term of arity to refer to the number r
indexing the terms of an operad and of any related structure. In §A.4, we consider
an extension of the definition of an operad where terms P(r) indexed by all finite
sets r = {i1,...,4, are considered. In this setting, we use the term of arity to refer
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to the cardinal of the set r = {iy,...,i,} (either regarded as a non-negative integer,
or as a class of finite sets in bijection to each other). But for the moment, we focus
on operad terms P(r) indexed by non-negative integers r € N, which correspond to
finite ordinals r = {1 < --- < r} in this finite set indexing.

The explicit definition of an operad, beyond the intuitive approach, is quite
intricate. In fact, this definition is recursive in nature, because it implicitly relies
on a primitive operad structure on permutations. In the logical order, we should
explicitly define the operations underlying the composition structure of the permu-
tation operad first, and introduce the general definition of an operad afterwards.
But, we will proceed differently in order to bring out the ideas underlying the def-
inition. In a first stage, we only define the shape of the structure of an operad.
This incomplete account is enough to fully explain the intuitive interpretation of
the operad formalism, which we do next. Then we give the missing part of our defi-
nition, which amounts to the definition of the alluded-to primitive operad structure
on permutation groups.

1.1.1. The axiom efinition of an operad. Formally, an operad in a base
category Base consists T a sequence of objects P(r) € Base, r € N, where P(r) is
equipped with an action of the symmetric group on r letters ¥, together with

(a) a unit morphism 7 :1 — P(1),
(b) and a composition structure, defined by morphisms

P(r)®@P(ny) @ --- @ P(n,) & P(ny + - +n,),

for r > 0 and nq,...,n, >0,

so that natural equivariance, unit and associativity relations, expressed by the
commutativity of the diagrams of Figure 1.1, 1.2, and 1.3, hold. The definition of
the permutations t; @ --- @ t,. and s.(ni,...,n,), occurring in the equivariance
relations (Figure I.1), is put off until §I.1.6.

The morphism 7 is referred to as the unit morphism of the operad, and the
morphisms u as the composition products. In what follows, we also use the termi-
nology of full composition product to distinguish these morphisms p from partial
composition operations which we introduce later on.

In general, we specify an operad by the notation of the underlying collection
P, and we use the letters n and p as generic notation for the corresponding unit
and product morphisms. We simply add a lower-script n = np (respectively, u =
up) specifying the operad to which this unit (respectively, product) morphism is
attached when necessary.

We have a natural notion of morphism attached to operads. An operad mor-
phism ¢ : P — Q consists, to be precise, of a sequence of morphisms in the base
category ¢ : P(r) = Q(r), r € N, commuting with the action of symmetric groups
and preserving the unit and the composition structure of the operads. Accordingly,
the operads in a fixed base category Base form a category, for which we adopt
the notation Op. In what follows, we will simply add a prefix to this notation
Op = BaseOp when we need to specify the base category in which our operads are
defined. As an example, we may use the notation TopOp to refer to the category
of topological operads (corresponding to the case of operads in topological spaces).

[.1.2. Miscellaneous remarks on the definition of an operad. In the case r = 0,
the composition product of §1.1.1(b) involves an empty set of factors P(n;) and
reduces to an endomorphism of P(0). The (right) unit axiom of Figure 1.2 forces this
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id ®(t1®-®t,)

P(r)@P(n1)®-@P(n,) P(r)@P(n1)®-@P(n,)
H H
P(ni+---+n,) PaE—— P(ni+---+mn,)
s®(id ®---®1id)

P(r)®P(n1)®®P(n,) P(r)®P(n1)®®P(nr)

id @s™ | ~

m
P(r)®@P(ns(1))® - ®@P(ng(r))

P(ni+---+nr)
\ /

5« (n1,...,mp)
)

P(nsy+-+nser)

FiGURE I.1. The equivariance axioms of operads, required to hold
for all arities r > 0, nq,

..,n, > 0, and all permutations s € X,
and t; € Xp,,...,t € X, .
d L ar
1®P(n)$>P(l)®P(n) P(r)®1®rzd$>P(r)®P(1)®r
\ ill \ iﬂ
P(n) P(r)

FIGURE 1.2. The unit axioms of operads, required to hold for
all » >0 and all n > 0.

{P(r) ® P(51)®-®@P(s:)} ® {P(n])®-®P(ni")} L P(r) ® {P(s1)®P(n})®--®P(n;")}
® - — ® -
® {P(n})®®P(ns")} ® {P(s7)®P(n,)®--@P(ni")}

n®id ®---®z‘dl

iid QU

P(si++s.) ® P(n})®-®P(n5!) P(r) ® P(nj++ni")
® ® -

® P(nl)®--®@P(nir)

Sl A

P(ny+e g+ dnptotnln)

® P(ngt--+n)r)

FIGURE 1.3. The associativity axiom of operads, required to hold
for all arities r > 0, s1,...,s, >0, and all n] > 0.

endomorphism to be the identity. Thus, the consideration of a composition product
for » = 0 does not add anything to the structure. Nevertheless, the formulation
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sQ(t1®---®t;)

P(r)®P(n1)®-®P(n,) P(r)®P(n1)®-®P(nr)
id ®s*i"‘ ip’
P(r)@P (1)) ®®P(ny(r) P(nit-tnr)

P(ngy+-+ngsey)

FIGURE 1.4. The equivariance axioms of operads, put in a single

diagram, where s(t1,...,t,) € X, +...4n, is actually an operadic
composite of the given permutations s € ¥, and t; € ¥,,,,...,t, €
S

of the associativity axiom in full generality in Figure 1.3, requires to integrate this
degenerate case in the definition of the composition structure of an operad.

The equivariance axioms of Figure I.1 can also be put together in a single equiv-
alent commutative diagram, displayed in Figure 1.4. The permutation s(t1,...,%,)
occurring in this diagram is given by the composite s(ty,...,t,) =1 & -+ D t, -
S«(n1,...,n,) of the permutations t; & - - - @t, and s.(nq,...,n,), occurring in our
initial equivariance axioms. Soon (in Proposition 1.1.8), we identify this composite
permutation s(ti,...,t.) as the outcome of an operadic composition product on
permutations.

Intuitively, the object P(r) collects abstract operations p = p(z1,...,2,) in a
given arity » € N (as we explain in the introduction of this section). The com-
position structure of §I.1.1(a-b) reflects a natural composition structure attached
to operations of this form, and the definition of our operations t; & --- ® t, and
$«(n1,...,n,) on permutations reflects this interpretation of the composition struc-
ture. Thus, we explain this interpretation first, from the shape of our axioms, and
we explicitly define the permutations t; @ - -- @ ¢, and s.(nq,...,n,) afterwards.

1.1.3. The interpretation of an operad structure. In a point set context, we may
use the notation p(¢i,...,¢.) € P(n1,...,n,) for the image of a tensor pR (g1 ®- - -®
qr) €EP(r)®P(n1)®---®P(n,) under the composition product §1.1.1(b). The unit
morphism of §I.1.1(a) is also equivalent to the definition of a distinguished element
1 € P(1), referred to as the unit of the operad. In many constructions, we consider
partial composition operations o; : P(m) ® P(n) — P(m + n — 1) determined from
the composition product by the formula po; ¢ = p(1,...,1,¢,1,...,1) where the
operation ¢ € P(n) is plugged in the ith input of p € P(m). Operad units are
assigned to the remaining inputs of p.

In the intuitive interpretation of elements p € P(r) in terms of abstract op-
erations p = p(z1,...,2,), the action of permutations s € 3, on P(r) models a
permutation of inputs

sp = p(ms(l)v oo >xs(r))7
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the operadic composition process models the definition of composite operations of
the form

Plqrs - qr) = 0(q1 (Thyt1, - - -y Thytmy )5

@2(Thyt 15+ » Thytna )
T(xkr+17 s ’Ikr"rn'r‘))?
where we set k; = ni + --- + n;_%. Thus, in the expression of the composite

p(q1,---,qr), the variables are split into groupings attached to each plugged op-
eration ¢;. Similarly, the operadic unit represents an identity operation (of one
variable) 1 = id(x1) and a partial composite po; ¢ = p(1,...,1,4,1,...,1) can be
identified with a composite operation of the form

poiq= p(xlv e axi—hq(xiv s 71'7;4_”_1), Titmny--- axm+n—1)'

In these point set representations, the unit axioms read 1(p) = p, p(1,...,1) = p,
and the associativity axiom reads

p(ql,...,qr)(gi,...,gil,...,gi,...,gﬁr) :p(ql(gi...,gfl),...,qr(g},,...@f*)),

where we assume p € P(r), ¢ € P(s1),...,¢. € P(s,) and ¢/ € P(n?). The
equivariance axioms come from the identities

p(thh e 7tqu)

=p(q (xk1+t1(1)a e 7xk1+t1(n1))a cee 7qr(xkr+tr(1)7 s 7$kr+tr(nr)))a
sp(qus---,qr)
= p(‘]su)(fﬂks(l)ﬂ, e axka.<1)+ns(1))7 <o ds(r) (xksmﬂa e 7=’Eks(7,)+ns(7,)))-

The permutations t1®- - - ®t, and s«(nq,...,n,), which we formally define in §I.1.6,
correspond to the input permutations occurring in these formulas.

Note that the composition product can be written in terms of partial compos-
ites. Indeed, the unit and associativity axioms imply that the composition product
satisfies p(q1,...,qr) = (- (P Ok 41 q1) Oko+1 ) Ok, 41 Gy, for any p € P(r) and all
q1 € P(n1),...,q € P(n,.), where we set k; =nq +---+mn;_1 for i =1,...,r. This
observation is fully developed in §A.1, where we give another definition, in terms
of the partial composition operations, of the composition structure of an operad.

1.1.4. The graphical representation of operad elements. To gain intuition, we
may also use a black box picture

to represent operations of the form collected by an operad p € P(r). The ingoing
edges of the box represent the inputs of the operation and the outgoing edge is used
to symbolize the output.
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In this picture, the composition products of an operad model composition pat-
terns of the following form

Ji

where we plug the outputs of the upper level operations ¢; € P(ny),...,¢- € P(n,)
in the inputs of the lower level operation p € P(r) to obtain a composite operation
p(q1,---,qr) € P(ny + -+ 4+ n,) with as much inputs as the upper level operations
together and one final output. In the sequel, we use the above picture to represent
the tensor p® (1 ® --- ® ¢r) € P(r) @ P(n1) ® - - - ® P(n,), to which the operadic
composition product is applied, instead of the outcome of the process.

For the moment, as long as we assume that operad terms are indexed by finite
ordinals, we can assume that the ingoing edges of a box in such a figure are arranged
in the plan according to the input ordering r = {1 < --- < r} of the corresponding
operation p € P(r). However, we can make a convenient use of indices attached to
ingoing edges of boxes in our figures. Namely, we can use the indices of ingoing edges
to mark operations on the inputs of operations. For this purpose, we take the con-
vention that edges represent a bijection, not necessarily the identity one, between
an indexing set and the input set of an operation. In the picture of composite oper-
ations for instance, we associate the indices j,i =ni+---+ni1+k, k=1,...,n4
corresponding to the input indexing of the composite operation p(qi,...,q.), with
the ingoing edges of the box ¢;, i =1,...,7.

To identify equivalent indexings, we simply apply the relation

Gy e ir

when we apply a permutation s € ¥, to the inner operation p € P(r). This formal-
ism is fully explained in §A.4, where we consider operad components associated to
all finite sets.

1.1.5. The graphical representation of an operad structure. The representation
of the previous paragraphs can be applied to operad components (instead of ele-
ments), and under our conventions, the composition products of an operad can be
depicted as morphisms

Ji X | ,
i~ jnl\ . /]I ...... ‘7:747"
Mo |P(n1 _|_ . + nr) ,

where the tree-wise arrangement of operad components formally represents the
tensor product of these objects.
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The unit and associativity relations of operads correspond in the tree-wise rep-
resentation to the composition schemes of Figure 1.5-1.6. In these representations,
we identify the application of operadic units and operadic composition products
with internal operations on factors forming our tree-wise tensor product. In gen-
eral, we use the notation 7, and u., symbolizing the performance of internal oper-
ations on tree-wise tensors, for these mappings. The factors to which we apply the
operation can in principle be identified from the internal structure of the source
and target tree of our mapping.

[.1.6. Fundamental operations on permutations. We now define the permuta-
tions t; @ -+ @ t. and s«(nq,...,n,) occurring in the equivariance relations of
Figure I.1. We use the notation k; = ny + - -+ + n;_1 +=1 introduced in the previ-
ous paragraphs. To make our definition more explicit, we use that a permutation
of (1,...,r) is equivalent to an ordered sequence w = (w(1l),...,w(n)) in which
each value k = 1,...,r occurs once and only once. In some cases, we can also use
the standard table representation

(1 n
w= <w(1) . w(n)> '
The direct sum of permutations ¢; € %,,,...,t, € X, is the permutation
of {1,...,n1+---+n,} given by the action of ¢; on the interval {k;+1,... k;+n;} C
{1,...,n1 + -+ + n,} through the canonical bijection of ordered sets {1 < --- <
n;} = {k;i+1<--- <k;+n;}. This permutation is represented by the sequence

tl@"'@tr:(kl +t1(1),...,k’1 +t1(n1)7---7kr+tr(1)a'--akr+tr(nr))

formed by the concatenation of the sequences t; = (¢;(1),...,t;(n;)) associated to
the permutations t;, i = 1,...,r, together with the index shifts k;. For instance, in
the case of a pair of permutations s € ¥,,, and ¢t € X,,, we obtain the identity:

. 1 .- m m+1 - m+n
GO sty .t = () T L A,
s t
The block permutation s.(ni,...,n,) associated to a permutation s € X,
where ny,...,n, > 0 is any collection of natural numbers, is given by the permu-

tation, under s, of the intervals

ﬂi:(ki+1,ki+2,-.-,ki+nz‘)

in the ambient set {1,...,n1 +---+n,}. In the sequence representation of permu-
tations, the block permutation s.(ni,...,n,) is defined by the sequence
s*(nla s 7n7”) = (ns(l)v cee 7ns(r))

formed by the concatenation of the blocks n; ordered according to the permuta-
tion s. For instance, the block permutation t.(m,n) associated to a transposition
t = (1 2) € 33 has the form:

(m+1,...,m+n71,...7m):( 1 n a4l o n-l—m)'

m+1 -+ m+4n 1 m

t«(m,n)

The following proposition follows from easy verifications:
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[P(ad) [Pyt | [P(d) | [P () i
0
H\
0

FIGURE 1.6. The tree-wise representation of the associativity re-
lations of operads, where, to shorten notation, we set n; = n} +
cefniifori=1,...,r,and s=814+ -+ s, n=n1 4+ +n,.
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ProposITION 1.1.7. Let ny,...,n, > 0. In the symmetric group Xy, +...4n,,
we have the relation

51@"'@3r't1€9"'@tr:(Sltl)@"'@(srtr)
for all r-tuples of permutations (s1,...,8r), (t1,...,ty) € Xy, X -+ X By, , the rela-
tion
Se(n1, .oy np) LNy, -+ o () = (88)w (01,00 ).
for every s,t € ¥, as well as the relation
L@ Dty se(ne, ., np) = 5u(N1, 000, 0p) ~Lg1) @ DLy

for every s € ¥ and all (t1,...,t) € Xy, X -+ X 3y . O

Then we obtain:

PRrOPOSITION 1.1.8. The collection of symmetric groups X,, n € N, forms an
operad in sets so that:

(a) the action of the symmetric group on each ¥, is given by left translations;
(b) and the composition product pn : Xp X (Zp, X - X Bp ) = Tpigeogn,

maps a collection s € By, (t1,...,t;) € Ly X -+ X By, to the product
permutation s(ty,...,t,) =t1 B Dty su(n1,...,np).
PROOF. Easy verification from the relations of Proposition 1.1.7. O

This proposition explains our remark that the operations t; ® --- @ ¢, and
$«(n1,...,n,), which occur in the general definition of an operad, come themselves
from a primitive operadic composition on the collection of symmetric groups. The
definition of the composite s(t1,...,t,) in Proposition I1.1.8 is forced by the equiv-
ariance axioms of operads and the requirement id, (idy,,...,id,, ) = idn, 4 ..n,,
where we use the notation id,, for the identity permutation, with the lower-script
indicating the cardinal of the permutation set (see §0.7). In this sense, the result
of Proposition 1.1.8 expresses the internal coherence of the definition of an operad.

To give another (more) simple example, we can readily see that:

PROPOSITION 1.1.9. The collection of one-point sets pt(r) = pt form an operad
in sets. In this case, the symmetric group action is trivial in each arity, and we
take identities of one-point sets to define the composition unit and the composition
products of the operad. (Il

In §II, we define a generalization of this one-point set operad in the context of
symmetric monoidal categories.

Soon (see §§1.1.15-1.1.17), we explain that the permutation operad, as defined in
Proposition 1.1.8, is identified with the operad of associative monoids, and the one-
point set operad is identified with the operad of commutative monoids. But before
studying operads associated to basic algebraic structures, we explain the definition
of universal operads End4 associated to the objects A of the base category Base.

[.1.10. Endomorphism operads. The operad Endy associated to an object A €
Base is called the endomorphism operad of A. The definition of this endomorphism
operad involves the internal hom-bifunctor of the base category Hompgse(—, —) :
Base x Base — Base. To simplify the writing, we use the notation Hom(—, —) =
Homg 45 (—, —) for this hom bifunctor throughout this paragraph.
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Basically, the endomorphism operad of A € Base is defined by the collection
of hom-objects
End(r) = Hom(A%", A),
where we form the tensor powers of A in the base category Base. By functoriality,
the hom-objects End 4 (r) = Hom(A®", A) inherit an action of symmetric groups from
the tensor powers A®" and this gives the symmetric structure of the endomorphism

operad.
By adjunction, the composite evaluation morphisms

Hom(A®", A {®Hom (A®m™ A )}®A®"

=, Hom(A®", A {®Hom (A%, A) @ A®”i}

< Hom(A®", A) @ A®" 5 A

yield operadic composition operations
Hom(A®" A {® Hom(A®"™ | A )}i> Hom(A®" A),

forall» > 0, ny,...,n, > 0, and where we write n = ny+- - -+n,.. These operations
define the composition structure of the endomorphism operad. By adjunction too,
the symmetric monoidal unit 1 ® A ~ A gives a morphism

1 % Hom(A, A)

providing the collection End 4 with an operadic unit.

The reader can easily check that the axioms of §1.1.1 are fully satisfied in End 4,
and hence we have a well defined operad structure on End 4.

[.1.11. Endomorphism operads in basic ground categories. In the basic example
of sets Base = Set, the endomorphism operad of an object X € Set consists of the
map sets Endx (r) = {f : X*” — X} and we have the pointwise formula

Sf(xlv s ,iL’n) = f(xs(1)7 s 7$9(n))

for the action of permutations, where the variables z; now refer to actual elements
of X, as well as the pointwise formula

flars s 90) (@, Ty in,) = FO1( Tk 415+ Thy oy ),
gQ(xk2+1; e 7xk2+n2)7
Gr(Thpt 15+ -5 Thepgn, )

for the composition (where we still set k; = ni+---+n;_1). The unit is the identity
of X.

In the context of topological spaces Base = Top, we have the same identification
of the endomorphism operad Endx since the map sets Endx(r) = {f : X*" — X}
are also equipped with a topology which identify them with the internal hom-objects
of the category of spaces Top.
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In the module context Base = Mod, the terms of the endomorphism operad
Endg, K € Mod, consist of morphisms f : K®" — K by construction of hom-
objects in Mod. Such morphisms f : K" — K are equivalent to r-linear maps
f i (x1,...,20) = f(x1,...,2,), and the action of permutations and operadic
composition structures on such maps are given by the same pointwise formulas as
in the context of sets.

[.1.12. The structure of an algebra over an operad. An algebra over an operad P
(a P-algebra for short) is an object of the ground category A € Base together with
morphisms

(a) P(r) @ A®" 2 A,

given for all » > 0, and such that equivariance, associativity and unit relations,
formalized by the commutative diagrams of Figure 1.7-1.9, hold. In applications
of this definition, we usually say that the morphisms (a) define the action of the
operad P on the object A € Base. Once an object A is provided with a fixed P-
action, we also say that these morphisms (a) are the evaluation morphisms attached
to the P-algebra A.

In general, we refer to a P-algebra by the expression of the underlying object
A and we use the letter A\ as a generic notation for the morphisms (a) defining the
action of the operad on A. As in the operad case (see §I.1.1), we simply add the
expression of the algebra as a lower-script to this notation A = A4 when we need
to specify it.

The P-algebras form a category with, as morphisms, the morphisms of the
ground category f : A — B which preserve the P-actions on A and B. In what
follows, we usually convert the notation of the operad P into calligraphic letters
P in order to get the notation of the category of algebras associated to P. If
necessary, then we specify the base category Base by adding a prefix to this notation
P = BaseP.

1.1.13. The interpretation of the structure of an algebra over an operad in the
point set context. In the point set context, we use the notation p(aj,...,a.) € A
for the image of a tensor p ® (a1 ® -+ ® a,) € P(r) ® A®" under the evalua-
tion morphism §I.1.12(a). In the interpretation of operads given in §I.1.3, this
evaluation morphism §I.1.12(a) amounts to the evaluation of abstract operations
p =p(z1,...,2,) on actual elements aq,...,a, € A.

In the point-set representation, the unit axiom reads 1(a) = a for a € A, the
associativity axiom reads

p(q1,...,q)(al, ... salt, ... cat o a™) = p(qu(al,. .. sait), ... Lqr(al,... asr))
for p € P(r), ¢1 € P(n1),...,q- € P(n,) and ag € A, and the equivariance axiom
reads

sp(a, ..., ar) = plag), - as(r))

for p € P(r) and ay,...,a, € A.

The graphical representation of §I.1.4 can also be applied to depict the action
of operads on algebras. In short, we mark the ingoing edges of our black-boxes
with algebra elements aq,...,a, € A, which we take as inputs for the operation
represented by the black-box, and we mark the outgoing edge with the result of the
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o s®id o FIGURE 1.7. The equiv-
rVe— T . .
P(neA Pne4 ariance axiom for operad
id ®s* l~ l A actions, required to hold

o for all » > 0, and all per-

P(neA A A mutations s € X,..
n®id FIGURE 1.8. The unit axiom
tod PeA for operad actions.
\ l)\
A
{P(r) ® P(n1)®-®P(n,)} ® A®" — > P(r) @ {P(n))®A®™ }@--@{P(n,)@A®""}
u®id®”i J{id RAR- QA
P(ni+-+n,) @ A®™ P(r) @ A®"

Fi1cURE 1.9. The associativity axiom for operad actions, required

to hold for all » > 0, nq,...,n, > 0, and where we set n = ny +
e + Ny
operation b = p(aq,...,a,). Thus, we get the following picture:
a/l . o aT
b

In the context of a closed monoidal category, the morphisms §1.1.12(a), defining
the action of an operad P on an object A € Base are, by adjunction, equivalent to
morphisms

¢:P(r) — HomBase(A(@r,A)

defined for all » > 0. The equivariance, unit and associativity axioms of operad
actions in §[.1.12 are actually equivalent to the observation that these morphisms
define an operad morphism from P towards the endomorphism operad associated
to A. Hence, we obtain the following result:

ProrosiTiON 1.1.14. The action of an operad P on an object A € Base is
equivalent to an operad morphism ¢ : P — End 4, where Endy is the endomorphism

operad of A. O
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The evaluation morphisms € : Homp s, (A%7, A) @ A®" — A actually give an
action of the endomorphism operad End4 on A. In the equivalence of Proposi-
tion I.1.14, this action corresponds to the identity morphism of End 4. The assertion
of the proposition can be interpreted as the claim that the endomorphism operad
End 4 represents the universal operad acting on A in Base.

In a point-set context, the morphism ¢ : P — End 4 associates a map p : A®" —
A to any operation p € P(r). In the formalism of §1.1.13, we are simply considering
the map p : (a1,...,a,) = p(aq,...,a,) associated to a fixed element p € P(r).
The mapping ¢ is usually omitted in the notation of that map since the expression
p: A®" — A already specifies that we consider a map associated to p € P(r) and
not the abstract operation itself p = p(z1,...,2,).

[.1.15. Ezamples of operads associated to basic algebraic structures in sets.
In §1.2, we prove that many usual algebraic structures, including associative al-
gebras and commutative algebras, are governed by operads. Our constructions
work in any base category, including sets and k-modules as most basic examples.
The associative operad, the one which we associate to associative algebras, will be
denoted by As. The commutative operad, the one which we associate to (associative
and) commutative algebras, will be denoted by Com. In general, we do not assume
that an algebra is equipped with a unit (unless we explicitly assert the contrary),
and, to be precise, we use this notation As (respectively Com) for the version of the
associative (respectively, commutative) operad governing the category associative
(respectively, commutative) algebras without unit. To refer to the operads govern-
ing algebras with unit, we add a lower-script + to the notation and we say that
we deal with a unitary version of the operad. The connection between the oper-
ads governing the unitary and the non-unitary version of a structure is studied in
details in §1.4. For the moment, simply say that As and As; agree in arity r > 0,
but differ in arity » = 0, where we have As(0) = 0 (the initial object of the base
category) in the non-unitary case, and As; (0) = 1 (the tensor unit) in the unitary
case. In the case of the commutative operad, we obtain the same relation.

We soon give a general and conceptual definition, by generators and relations,
of such operads (see §1.2.6, §1.2.8). Nevertheless, we prefer to give a first direct
construction of the operad associated to associative (respectively, commutative)
algebras in order to complete this introductory account with simple examples. For
the moment, we focus on the set-theoretical context, and then we rather use the
terminology of associative (respectively, commutative) monoid for the associative
(respectively, commutative) algebras. The case of k-modules, which provides our
second basic examples of symmetric monoidal categories (after the category of sets)
will be addressed in the next sections.

Previously, we have observed that the collection of symmetric groups %, r €
N, forms an operad in sets, as well as the collection of one-point sets pt(r) =
pt. In the next propositions, we precisely prove that the permutation operad has
the associative monoids as associated algebras, and the one-point set operad is
associated to commutative monoids. In each case, we get structures with or without
unit, depending on our choice as regards the term of arity 0 of the operad.

PROPOSITION 1.1.16. The category of associative monoids with unit is isomor-
phic to the category of algebras over the permutation operad. The category of as-
sociative monoids without unit is isomorphic to the category of algebras over the
operad formed by dropping the term of arity 0 in the permutation operad.
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By dropping the term of arity 0, we mean that we consider a sub-operad of the
permutation operad such that As(0) = 0 and As(r) = X, for r > 0.

PROOF. Let A be an associative monoid with unit. To a permutation w € X,

we can associate the operation w : A*™ — A such that w(ay,...,a,) = aya) - .. -
@y (ry- In plain terms, this operation is formed by the r-fold product of the sequence
of elements @y (1), .-,y in the monoid A. In the case r = 0, we use the unit

morphism 71 : pt — A (equivalent to an empty product) to define the operation
assigned to the degenerate permutation idy € ¥y. The verification of the axioms
of §1.1.12 is the matter of an easy understanding exercise. This process obviously
gives a functor between the category of associative monoids with units and the
category of algebras over the permutation operad.

In the converse direction, when A is an algebra over the permutation operad,
we consider the unit operation n : pt — A associated to the degenerate permutation
idg € %o and the binary operation i : A x A — A associated to the identity permu-
tation idy € ¥ in arity r = 2. The identity permutation in arity one 1 = id; € ¥
defines the unit of the permutation operad and, as such, is supposed to act as the
identity operation on A. The unit operation 7 : pt — A is naturally equivalent to
an element e € A which represents the image of the point pt under . The identities
idg(ido,id1) = ’Ldl = idg(idl,ido) and ng(idg,idl) = Zd3 = idg(idhidQ) in the
permutation operation are respectively equivalent to the unit u(e,a) = a = pu(a,e)
and associativity relation p(u(ai,as),as) = p(ar, p(az,as)) in A. Hence, we have
a monoid with unit naturally associated to each algebra over the permutation op-
erad. This correspondence obviously gives a functor which is strictly inverse to the
previously considered functor, from associative monoids with units to algebras over
the permutation operad. This assertion finishes the proof of the first assertion of
the proposition.

The second assertion follows from the same verification (simply drop the con-
sideration of the degenerate permutation id, corresponding to the unit operation
7 : pt — A from our line of arguments). ]

ProproOSITION 1.1.17. The category of commutative monoids with unit is iso-
morphic to the category of algebras over the one-point set operad. The category of
commutative monoids without unit is isomorphic to the category of algebras over
the operad formed by dropping the term of arity 0 in the one-point set operad.

By dropping the term of arity 0, we mean again that we consider a sub-operad
of the one-point set operad such that Com(0) = §) and Com(r) = pt for r > 0.

In the next section, we establish a generalization of this proposition in the
context of symmetric monoidal categories.

PROOF. The arguments are the same as in the case of algebras over the permu-
tation operad (Proposition 1.1.16). The only difference is the following: the identity
(1 2)-pt = pt in the one-point set operad implies, according the equivariance axiom
of operad actions (diagram of Figure 1.7), that the element pt € pt(2) represents
a symmetric operation p: A x A — A, for any algebra over the one-point set op-
erad. This explains that the structures associated to the one-point set operad are
commutative. ]
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1.1.18. Connected operads. In subsequent constructions, we have to consider
operads P satisfying P(0) = 0 (where 0 denotes the initial object of the base cate-
gory) and P(1) = 1 (the tensor unit of the base category). We say that the operad
P is connected when these conditions are satisfied. We adopt the notation Opg,;
(with the lower-scripts hinting the operad first terms) for the category of connected
operads, regarded as a full subcategory of the category of operads Op.

The unitary versions of the associative As; and commutative operads Com
are not connected since we have As; (0) = Com,(0) = pt in the point set context
(considered in this section), and As; (0) = Com(0) = 1 in the more general setting
of symmetric monoidal categories. On the other hand, we immediately see that the
non-unitary associative operad As, as well as the non-unitary commutative operad
Com, formed by dropping these arity 0 terms, are connected.

We go back to connected operads at the end of the next section.

I1.2. Categorical constructions on operads

In this section, we explain the definition of free objects in the category of
operads, as well as the definition of operads by generators and relations. We also
examine the definition of usual categorical constructions, like colimits and limits,
in the context of operads.

For these purposes, we naturally have to consider the structure, underlying an
operad, formed by a sequence M = {M(r)},en such that each M(r), r € N, is an
object of the base category equipped with an action of the symmetric group X,.
We adopt the terminology of symmetric sequence and the notation Seq to refer to
this category of objects M = {M(r)},en (another noun occurring in the literature is
Y,-object). A morphism of symmetric sequences f : M — N is obviously a sequence
of morphisms in the ground category f : M(r) — N(r) commuting with the action
of symmetric groups.

We have an obvious forgetful functor w : Op — Seq mapping an operad P to
the underlying sequence P = {P(r)},en, where only the symmetric group actions
of the operad structure are retained. The definition of free operads arises from the
following theorem:

THEOREM 1.2.1. The forgetful functor w : Op — Seq, from the category of
operads to the category of symmetric sequences, has a left adjoint O : Seq — Op
mapping any symmetric sequence M € 8eq to an associated free operad O(M).

This theorem is formally established in §B.3 in an equivalent setting where
the category of symmetric sequences Seq is replaced by the category of symmetric
collections Coll.

Intuitively, the free operad is the structure formed by all formal operadic com-
posites of generating elements £ € M(n) with no relation between them apart from
the universal relations which can be deduced from the axioms of operads. In §B.3,
we use an extension of the tree representation of §§1.1.4-1.1.5 to give an explicit
construction of such structures.

By definition of an adjunction, the free operad is characterized by the existence
of a functorial bijection

*) Morp,(O(M),P) =~ Mors.q(M, P),

given for any pair (M, P), where M € 8eq and P € Op. Together with the adjunction
relation, we have:
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— a morphism of symmetric sequences ¢ : M — O(M), the unit of the ad-
junction, naturally associated to any M € Seq, which corresponds to the
identity of the free operad id : O(M) — O(M) under (*);

— an operad morphism A : O(P) — P, called the adjunction augmentation,
naturally associated to any operad P € Op, and which, under (*), corre-
sponds to the identity of the operad P, viewed as an object of the category
of symmetric sequences.

Intuitively, the adjunction augmentation A is the morphism which applies the formal
operadic composites of the free operad O(P) to their evaluation in P.

In §B.3, we give the explicit construction of the free operad O(M) and of the
morphism ¢ : M — O(M) before establishing the adjunction relation. Indeed, our
correspondence {a) is defined by associating the composite ¢-¢ € Morg.q(M, P) with
any operad morphism ¢ € Morg,(0(M), P), and the proof that this mapping defines
a bijection amounts to the following result:

PROPOSITION 1.2.2. Any morphism of symmetric sequences f : M — P, where
P is an operad, admits a unique factorization

such that ¢y is an operad morphism.

This proposition, proved in §B.3, expresses the adjunction relation of Theo-
rem 1.2.1 in terms of an equivalent universal property, which is usually given in the
literature as the definition of a free object (we refer to [65, §IV.1] for the relationship
between adjunctions and universals).

1.2.3. The unit operad. The purpose of the next paragraphs is to examine the
definition of colimits and limits in the context of operads.

To start with, we consider the symmetric sequence

I(T):{l, ifr=1,

0, otherwise,

which reduces to a unit object in arity » = 1. This symmetric sequence inherits an
obvious operad structure: the unit morphism 1 I1 = I(1) is the identity morphism
of 1; the composition products are forced by the unit axiom of Figure 1.2.

For a given operad P, we have one and only one operad morphism from | to
P, which is simply given by the operadic unit I(1) = 1 — P(1) in arity 1. (The
preservation of operad unit forces the definition of such a morphism.) Thus, the
object |, which we call the unit operad in what follows, defines the initial object
of Op. In general, we adopt the notation of the operadic unit 7 for the initial
morphism 7 : | — P attached to this object since this initial morphism essentially
reduces to the unit morphism of the considered operad P.

The category of operads has a terminal object too, given by the terminal object
of Base in each arity.

The category of symmetric sequences, like any category of diagrams, has col-
imits and limits of any kind, which are formed termwise in the ground category. In
the context of operads, we obtain the following general proposition:

—
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PROPOSITION 1.2.4.

(a) The forgetful functor from operads to symmetric sequences creates all kinds
of small limits, the filtered colimits, as well as the coequalizers which are
reflexive in the category of symmetric sequences.

(b) The category of operads admits coproducts too and, as a bypreduct, all
kinds of small colimits, though the forgetful functor from operads to sym-
metric sequences does not preserve colimits in general.

We refer to the appendix section §1.5 for recollections on filtered colimits and
reflexive coequalizers.

PROOF. Let {Py}acg be any diagram in the category of operads. The collection
lim P, = lim(Py(r)),
(lim Po)(r) = lim(Pq(r))
defined by the termwise limits of the diagrams {P,(r)}4ecg in the ground category,
inherit a natural operadic composition product
{lim Po(r)} ® {lim P (n1)} @ - @ {lim Po(nr)} — lim{Pa(n1 + - + 1)},
for any » > 0 and ny,...,n, > 0, which is given by the composite of the morphism
lig{Pa(T) ®@Py(n1) @ @Py(n.)} — lig%{Pa(nl +-+n.)}
induced by the composition products of the operads P, with the natural morphism
{22% Pa(r)} @ {Bg} Pa(n)}®@---® {gg Pa(nr)}
— lig}]{Pa(r) QR Pqy(n1) @ - @Py(n,)}
«
deduced from the universal property of limits. The operad units 7 : 1 — P4(1)
yield a unit morphism on the limit too. We readily deduce from the uniqueness
requirement in the universal property of limits that the axioms of operads are ful-
filled in lim,ecqg P+, and we also easily check that this operad, formed by a termwise
limit, represents the limit of the diagram {P,},cg in the category of operads.
In the case of colimits, we can not adapt this construction to provide the

termwise colimit
(colim Py )(r) = colim(Py(r))
a€d ael

with an operadic composition structure, at least in general, because the natural
morphism goes in the wrong direction:

{Cgleign Pa(r)} ® {Cgleign Pa(ni)} @ - ® {Cgleign Pa(n,)}
— Colign{Pa(r) ®@Pa(n1) ® -+ @ Ps(ng)}.
ac

Nevertheless, the results of Proposition 1.5.2 and Proposition 1.5.4 imply that this
morphism is iso when the diagrams {P,(n)}4c5 are shaped on a filtered category
or form reflexive coequalizers in the ground category. Hence, in these situations,
we can form natural composition products

{colim P, (r)} ® {colimP,(n1)} ® - - - ® {colim P, (n,)} — colim{P,(n1 +---+n,)}
acd acd aed aecd
by composition of the morphisms

colign{Pa(r) ®@Pa(n1) @ - @Pu(n,)} — colign{Pa(nl +-o4n)}
(1S [e3S

consequence
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induced by the composition products of the operads P, with a colimit comparison
isomorphism. The unit morphisms 7 : 1 — P,(1), composed with the canonical
morphisms P, (1) — colim,eg P, (1), also give a canonical unit towards the colimit
colimyeg Py (1). Then we easily check again that the axioms of operad are fulfilled
in colimyeg P, and that this operad, formed by a termwise colimit, represents the
colimit of the diagram {P,}4c7 in the category of operads.

To realize a coproduct of a collection of operads P, a € J, we form a reflexive
coequalizer of the form

S0

4 T~

0
O(@aej O(Poe)) 4>d O(®aej Pa) >Q
1
where the morphisms (dp, d;) are determined on each generating summand O(P,,)
of the free operad Q; = O(@, 5 O(P4)) by:

— the morphism O(vq) : O(Py) — @,cyO(Pa) induced by the canonical
embedding to : Po — @, g Pa as regards do;
— the composite of the adjunction augmentation A\ : O(P,) — P, with the

canonical embedding ¢, : P, — ®a63 P, and the adjunction unit of the
free operad ¢ : @9 Pa — O(P ey Pa) as regards d;.

ac] '«

The reflection morphism sy is given by the adjunction unit of the free operad
t:Po — O(P,) on each generating summand of Qy = O(P ¢y Pa). By the result
established in the first part of the proposition, the existence of this reflection sg
implies the existence of the coequalizer coker(dy, d;) in the category of operads.

By the universal property of sums and free operads, any morphism ¢¢ : Qo — R
towards an operad R is fully determined by a collection of symmetric sequence
morphisms f, : P, — R. Moreover, we have ¢sdy = ¢sd; if and only if the
diagram

oO(P,) >—=P,

L

R

commutes for every o, where we consider the operad morphism ¢y associated to
fa. We readily see that this assertion amounts to the requirement that f, preserves
operadic composites and operad units, because A is given by the evaluation of formal
operad composites of the free operad in P, and maps the unit of the free operad
to the unit of P,. Hence we have ¢rdy = ¢¢d; if and only if each f, : P, — R is
an operad morphism, and this implies that the definition of an operad morphism
af : coker(dp, d1) — R is equivalent to giving operad morphisms f, : P, — R. We
conclude that our coequalizer Q = coker(dp,d;) represents the coproduct of the
operads P, (in the category of operads), which therefore exists, as claimed in the
proposition.

The last assertion of the proposition is an application of the observation of
Proposition 1.5.5. O

1.2.5. Operads defined by generators and relations. The existence of free objects
and coequalizers enables us to define operads by generators and relations. In this
paragraph, we explain this process in the context of sets. Thus, we take Base = Set
as base category.
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We start with a symmetric sequence M € Seq, whose elements £ € M(r) rep-
resents generating operations, and a collection of pairs (w§,w$) € O(M)(ny)*2,
o € J, in order to define generating relations w§ = w{ within the free operad
o(M).

We first form the free ¥,,-set R(n) =%, ® {ea, a€Jn, = n}, where each e,
denotes an abstract generating element associated to the indexing variable « € J.
The expression G ® K is our general notation for the free G-object associated to
any object K in a ground category. In the context of sets, we can identify G ® K
with the cartesian product of G and K.

We consider the symmetric sequence R formed by the collection R(n), n € N.
We have symmetric sequence morphisms pg, p1 : R = O(M) such that pg(eq) = w§
and p1(eq) = w§ respectively. We form the morphisms of symmetric sequences
00,01 : MIIR — O(M) induced by pg,p1 : R = O(M) on R and by the universal
morphism ¢ : M — O(M) on M. We consider the morphisms of free operads dy, d; :
O(MIIR) = O(M) induced by these morphisms dy and ;. We have an operad
morphism in the converse direction s : O(M) — O(MIIR), yielded by the composite
M < MIIR & O(MIIR), and such that dysg = dysg = id. The reflexive coequalizer

P = coker{O(MIIR) 2& O(M)}, created in the category of sets, defines the operad
P=0OM:w§=w, acl)

associated to the generating symmetric sequence M together with the generating
relations w§ = w{, a € J.

Intuitively, the formation of the reflexive coequalizer coker{O(MII R) 2{ oM)}
in the underlying category of sets amounts to identifying any formal composites
involving a subfactor of the form w§ with the same formal composite but where
wg is replaced by w{.

For an operad morphism ¢ : O(M) — Q, we have:

Gf-do =5 -dy
< bp-po= o5 p1
& ¢p(wg) = dp(wi), Ya el.

Hence, the definition of a morphism af :P—=QonP=0M:wj=uwf acl)
amounts to giving a morphism of symmetric collections f : M — Q so that the
extension of this morphism to the free operad ¢y : O(M) — Q maps the relations
w§ = wf, a € J, to actual identities in the target operad Q.

1.2.6. Basic examples of operads in sets. The most classical examples of op-
erads are actually defined by a presentation by generators and relations. To give
first examples of application of this process in the context of sets, we explain the
presentation of the associative operad As, and of the commutative operad Com, the
first instances of operad considered in the introductory sections §I.1. We focus on
the non-unitary version of these operads for the moment. As we explain in §1.2.8,
we will devote a subsequent chapter §A to the definition of unitary operads in a
general context, and therefore, we only give short indications on the presentation
of the unitary associative (commutative) operad in the present section.

To give a more intuitive interpretation of our construction, we define the gener-
ating symmetric sequence of our operads M by giving operations p = p(z1,...,z,)
which generate the terms of this sequence M(n) as ,,-sets. We use explicit variables
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to specify the arity of generating operations, unless this information has already
been specified by the context. We may also use variable permutations to denote
operations which correspond under the action of symmetric groups, but this indica-
tion may not be sufficient to determine the symmetric structure of our generating
collection. Hence, we may have to add this precision.

The associative operad admits a presentation of the form

As = O( pu(z1,z2), (e, 1) = p(p(w1, v2), ¥3) = p(w1, p(w2, 23)) ),

with a single generating operation u = p(x1,x2) in arity 2, on which the group X
operates freely, together with the associativity relation, expressed by the composite
identity u(u,1) = p(1, 1), as single generating relation. The commutative operad
admits a presentation of the form

Com = O( p(z1,z2) : p(p(zr,z2), x3) = p(x, plx2, z3)) ),

with a single generating operation g = u(x1,22) in arity 2, on which the group
Y, operates trivially, together with the associativity relation p(u,1) = p(1,u) as
generating relation again.

In §1.1, we observed that we can use the permutation operad (respectively,
the one-point set operad) to give a direct construction of an operad governing
associative (respectively, commutative) algebras. The next proposition establishes
the identity between this approach and the definition by generators and relations,
and gives, in a sense, an operadic counterpart of the result of Proposition 1.1.16-
[.1.17.

ProrosiTION 1.2.7.
(a) The set-theoretic operad As, as defined in §1.2.6, satisfies

As(r) {@, ifr=0,

-, otherwise,

and is identified with the permutation operad of Proposition 1.1.8, where
we have dropped the term in arity 0.
(b) The set-theoretic operad Com, as defined in §1.2.6, satisfies

Com(r) = {(D’ ifr=0,

pt, otherwise,

and is identified with the one-point set operad of Proposition 1.1.9, where
we have dropped the term in arity 0.

Proor. We focus on the example of the associative operad (a) as the case of
the commutative operad (b) follows from similar arguments. We use the temporary
notation I for the permutation operad. We consider, to be precise, the non-unitary
version of this operad with the term in arity 0 withdrawn (as specified in the
proposition).

To start with, we observe (as in the proof of Proposition 1.1.16) that the per-
mutation pu = id € Yo satisfies the generating relations of the associative operad
As in the permutation operad. Hence, we have a well-defined operad morphism
¢ : As — Il mapping the generating operation of As to this permutation. To prove
that this morphism is iso, we form a morphism in the converse direction by assign-
ing the composite operation ¥ (w) = w- pu(- -+ (u(y,1),1),...,1) to any w € £,. We
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immediately see that ¢v = id and we easily obtain that id = 1¢ from the relations
of As. The conclusion follows. ([

1.2.8. The presentation of unitary operads. To define unitary versions of the
commutative operad and of the associative operad, we may simply add a generating
operation e in arity 0 and relations of the form pu(e,1) = 1 = u(1, e), expressing the
neutral element identities, to our presentations. Thus, we may set

As; = O( e, (z1,x2), (w2, 1) © p(p, 1) = p(l,p), ple, 1) =1= M(Le) )s
Comy = O( e, pu(w1,22) + p(p, 1) = p(l, 1), ple, 1) =1=pu(l,e)),

to define these operads. The result of Proposition 1.2.7 also extends to the unitary
version of our operads, so that Asy(r) = X, (respectively, Com_ (r) = pt), for all r
(including r = 0), and similarly in the k-module setting.

From these identifications, we see that the generating unitary operation e is
special (at least in our examples). Indeed, in the outcome of the presentation
process, the terms of arity r» > 0 of the operad As; (respectively, Com ) agrees
with the terms of the non-unitary operad As, formed by dropping the unitary
operation e from the presentation.

We need to put arity 0 terms apart in certain constructions. We therefore do
not use the general approach of operads defined by generators and relations in the
unitary case, and we put off further studies of unitary operads until a subsequent
section (§1.4), where we will specifically devote to that subject.

1.2.9. Operad ideals and presentations of operads in module categories. The
construction of §1.2.5 has an analogue in the context of modules over a ground ring:
we simply have to replace the set {e,, o € J|n, = n} by the associated free k-
module k{e,, a € T|n, = n}, and we replace all set-theoretic constructions by their
analogue in k-modules. The purpose of this paragraph is to explain that, in the
setting of module categories, we can use an operadic version of the notion of ideal in
order to obtain another approach to the construction of operads by generators and
relations. In the next part of the book, we apply an extension of this construction
in the graded context. For the moment, we focus on the plain module environment.

In brief, an ideal of an operad in k-modules P is a collection of submodules
S(n) C P(n), each of which preserved by the action of the symmetric group on P(n),
and so that any composite p(q1,...,q.) € P(ny + -+ + n,) involving at least one
factor in S remains in S. Equivalently, the collection S forms a sub-object of P in
the category of symmetric sequences, and we have:

p(qis---,qr) € S(na+ -+ +ny),
for all p € P(r), and ¢1 € P(n1),...,q, € P(n,),

as soon as p € S(r) or g; € S(n;) for some 1.

We immediately see that the collection P /S(n) = P(n)/S(n) obtained by forming
the quotient of an operad P over an ideal S inherits an operad structure from P.
To a collection of elements z* € P(n,), a € J, in an operad P, we associate
the symmetric sequence < z% «a € J >C P generated by the composites of the
form p(1,...,2%(q1y.--,qn,)s---, 1), where the factors p and ¢, ..., g, runs over
the whole operad P. We easily check, by using the axioms of operads, that this
symmetric sequence S =< z% a € J > forms an ideal in P and is actually the
smallest ideal including the elements 2%, o € J. We can also easily check that an
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operad morphism ¢ : P — Q factors through the quotient P / < 2% « € J > if
and only if we have ¢(z%) = 0 in Q, for all @ € J. Accordingly, in the case of a
free operad P = O(M), any operad morphism af :OM)/ < 2%a €T >= Qs
uniquely determined by a morphism of symmetric collections f : M — Q so that the
extension of this morphism to the free operad ¢, : O(M) — Q cancels the generating
elements of the ideal z%, a € J. From this observation, we conclude that, in the
module context, we can define operads by generators and relations as quotients

OM:wi=wf, a€d)=0M)/<wi—w{,acd>,

where we rewrite the given relations as differences w§ = w{ & w§ —wf = 0 before
forming the ideal < w§ — w, a € J >.

1.2.10. Basic examples of operads in module categories. We can adapt the con-
struction of §1.2.6 to define the module version of the associative (respectively,
commutative) operad. We simply replace the generating sets of §1.2.6 by associ-
ated free modules (as explained in §1.2.9). We have

As = O( kpu(zy,z2) ®Kkpu(ze, x1) : plp(xr, z2),x3) = p(xy, p(ze, 3)) ),
Com = O( Ku(zr,r2) : M(M(wl’x2)’x3> = u(x17u(x27x3)) )a

with, regarding the notation of generating operations, the same conventions as in
the set-theoretic context.

Formally, the generating symmetric sequence of the associative operad is de-
fined by Mas(2) = k{u(z1,22), p(z2,21)} = k{X2} and Mas(n) = 0 for n # 2.
The generating symmetric sequence of the commutative operad in k-modules is
defined by Mcom(2) = K{p(z1,22)} = k and Mcom(n) = 0 for n # 2. Then,
according to §1.2.9, we can identify the associative operad and the commuta-
tive operad with quotients As = O(Mpas)/ < p(p,1) — pu(1,#) > and Com =
O(Mcom)/ < p(p,1) — p(1, ) >, where we consider the ideal generated by the
difference p(p(z1, 22), 23) — (21, p(ze, 23)) to implement the associativity relation.

The next classical example of operad which we consider is the Lie operad,
defined by the presentation

Lie = O(kA(z1,22) @ AA(z1,22), 23) + M A(z2, 23), 1) + A(A(z3,21),22) =0 ),

where we have a single generating operation A = A(z1,2) in arity 2 together with
the symmetric group action such that (1 2) - A\ = —A. Formally, the generating
symmetric sequence of the Lie operad is defined by Mie(n) = 0 for n # 2 and
Miie(2) = k{X(z1,22)} = k¥, where =+ refers to a twist of the action of permutations
by the signature. We can also realize this operad as a quotient of the free operad
O(MLie) under the ideal generated by the element A(A(z1, z2), 3)+A(A(z2, x3), z1)+
A(A(x3,1),22). This expression corresponds to the classical Jacobi identity of Lie
algebras and the quotient by the associated operadic ideal implements this relation
in the Lie operad.

In Proposition 1.2.7, we have established that the non-unitary associative (re-
spectively, commutative) operad in sets is identified with the non-unitary version
of the permutation (respectively, one-point set) operad. In §I1.1, we will explain
that the free k-module functor k{—} : Set — Mod induces a functor on operads,
and we can use this process to associate an operad in k-modules to any operad in
sets. We can adapt the arguments of Proposition 1.2.7 to identify the operad As (re-
spectively, Com), defined by generators and relations, with an operad in k-modules
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associated with the non-unitary permutation (respectively, one-point set) operad.
Consequently, we have
0, ifr=20,
As(r) = {

k{X,}, otherwise,

for the k-module version of the associative operad and

o
Com(r):{o’ ifr=0,

k, otherwise,

for the k-module version of the commutative operad. In the next paragraph, we
give another interpretation of these relations by going back to the representation
of operad elements p € P(r) as abstract operations p = p(a:l, ey ).

1.2.11. The underlying symmetric sequence of classical operads. The purpose
of this paragraph is to review the interpretation of operad elements as abstract
operations in the case of the usual operads As, Com, Lie. To simplify, we still focus
on the non-unitary version of the associative and commutative operads. The gen-
erating operations of these operads lie in arity » > 0, and similarly in the case of
the Lie operad. This implies Com(0) = As(0) = Lie(0) = 0. Thus we focus on the
terms of arity r» > 0.

In the case of the associative operad As, an element p(x1,...,x,) € As(r) is
obtained by a multiple composition of an associative product p(z1,z2) = 1 -2 to-
gether with an appropriate variable shift ensuring that each variable x; occurs once

in the expression of p(x1,...,x,). Consequently, the arity r term of the associative
operad As(r) is identified with the module spanned by all monomials p(x1, ..., )
of non-commutative variables (z1,...,2,) which have degree one with respect to
each variable x;, 7 = 1,...,r. In standard mathematical notation, such a monomial
is written p(z1,...,%,) = i, ...  z;,, and the degree requirement amounts to the
assumption that the sequence (iy,...,%,) forms a permutation of (1,...,r). Hence,
we obtain

As(r) = @ kK{zgay ... wsy } =k{Z,}, forallr >0,

SEX,

and we retrieve the observation that As(r) is the regular representation of the
symmetric group X,.

Similarly, the arity r term of the commutative operad Com(r) is identified with
the module spanned by all monomials p(z1,...,z,) formed from a formal com-
posite of products of commutative variables (z1,...,z,) so that each variable x;
occurs once and only once in p(z1,...,2,). In standard algebraic language, this
requirement amounts to assuming that p(z1,...,,) is a monomial of r commu-
tative variables (z1,...,x,) which has degree one with respect to each variable
x;, © = 1,...,r. In standard mathematical notation, such a monomial is written
p(z1,...,2.) =21 ... z,. Hence, we immediately obtain

Com(r) = k{xl oo xr} =k, forallr>0,

from which we retrieve the identity between Com(r) and the free k-module of rank
one equipped with the trivial action of the symmetric group.

In the case of the Lie operad Lie, we consider the module spanned by all
Lie monomials p(z1,...,2,) which have degree one with respect to each variable
x;. The determination of the module structure of Lie(r) is more intricate than in
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the case of the commutative and associative operads. Nevertheless one can prove
(see [78, §5.6.2] for instance) that Lie(r) has a basis of the form

Lie(r) = @ k{[ .- [[565(1), 138(2)], 135(3)], R ,.CES(T)}}, for all 7 > 0,
sEX,
s(1)=1
where we use the Lie bracket notation [—,—] for the generating operation of Lie.
Hence, the k-module Lie(r) is free of rank (r —1)!. In the case Q[e*"/"] C K, we also
have an identity between Lie(r) and the induced representation Lie(r) = Indg: X
where C,. denotes the cyclic group generated by the r-cycle (12 --- r) € ¥, and
x denotes the one-dimensional representation of C). associated to the character
X(12 -+ 1) = e/ (see also [78, §8.2] for an overall reference on this subject).
1.2.12. The example of the Poisson operad. To complete our examples, we ex-
amine the definition of the Poisson operad, of which a graded version plays a sig-
nificant role in the study of E,-operads. This operad is defined by the presentation

Pois = O( kpu(zy,x2) ® kA (z1,z2) :
p(p(@e, x2), w3) = p(w1, plae, v3)),
AA(z1, 22), 23) + M A(x2, 23), 1) + A(A(23,21),22) = 0,
Ap(zr, w2), w3) = p(A(@1, m3), 02) + p(1, M2, 3)) ),

where p = p(z1,22) is a symmetric generating operation, fixed by the action of
the transposition (1 2) - p = p, and A = A(z1,22) is an antisymmetric generating
operation, which the transposition carries to its opposite (1 2) - A = —A. From this
construction, we see that the Poisson operad is a combination of the commutative
operad Com = O( Ku(z1,22) : p(p(r,z2),x3) = p(z1, p(ze, 23)) ) and of the Lie
operad Lie = O( kA(z1,z2) : A(A(z1,22), 23) + A A(x2, x3), z1) + A(N(23,21), 22) =
0 ), together with an additional distribution relation

Ap(z1, 22), w3) = (A1, 23), 2) + p(z1, AM@2, 73)),
called the Poisson relation, mixing both operads.

The commutative operad (respectively, the Lie operad) can be identified with
the suboperad of the Poisson operad generated by the element p € Pois(2) (re-
spectively, A € Pois(2)). The Poisson relation implies that each composite of a
Lie operation with commutative operations (in that order) can be rewritten as
a composite of a commutative operation with Lie operations. One can prove by
elaborating on this remark that Pois(r) is identified with the k-module spanned by
formal products

p(xla"'wrr) :pl(xllwuvxlrl) e 'pm(xmlwnaxmrm)a

of which factors p;(z;1,...,x;r,) run over Lie monomials on r; variables x;;, each
variable x;;, occurring once and only once in p;(2;1, . . ., Zir,) (in other word, this Lie
monomial has degree one with respect to each variable), and so that the variable
subsets {x;1,...,%,} form a partition of the total set {z1,...,z,}. (Thus, each
variable z; also occurs once and only once in the complete expression p(x1, ..., x,).)

1.2.13. Connected operads. Recall that a connected operad in a base cate-
gory Base is an operad P such that P(0) =0 and P(1) = 1.

If the base category is pointed, in the sense that initial and terminal objects
coincide in Base, then any connected operad P inherits a natural augmentation
€ : P — |, given by the identity in arity 1 and the terminal morphism otherwise.
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This augmentation obviously defines a morphism in the category of operads, and
accordingly, the unit operad | gives a terminal object in the category of connected
operads, in addition to form the initial object. Thus, the category of connected op-
erads is pointed (unlike the whole category of operads) whenever the base category
is so.

To a connected operad P, we associate the symmetric sequence P such that

_ ifr=0,1
P(’/‘) — 0’ or ().’ Y
P(r), otherwise.

We call this symmetric sequence the augmentation ideal of P, because we can
identify it with the kernel of the augmentation morphism € : P — | when the
base category is pointed. We should mention, however, that we may consider
this symmetric sequence associated to an operad P outside the pointed category
context, where the above expression makes sense but not the augmentation ideal
interpretation.

The category of connected operads is denoted by Op,,, with added lower-
scripts to mark the operad first terms P(0) = 0, P(1) = 1. We similarly use the
expression 8eq, to denote the category formed by symmetric sequences such that
M(0) = M(1) = 0. We say that a symmetric sequence satisfying these conditions
is connected (as a symmetric sequence). The mapping @ : P — P gives a functor,
denoted by W : Opy; — Segqg, from the category of connected operads Op, towards
the category of connected symmetric sequences Seqy,. In the connected context,
we will use the following interpretation of the free operad construction:

THEOREM 1.2.14. The free operad O(M) associated to a connected sequence
M € 8eqqyy is connected as an operad and the map O : M — O(M) defines a left
adjoint of the functor @ : Opy, — Seqyy mapping a connected operads P € Opgy; to
its augmentation ideal P € Seqy.

This theorem, which is essentially a follow-up of Theorem 1.2.1, is formally
established in §B.4 (by using the notion of symmetric collection, equivalent to the
notion of symmetric sequence, again).

In general, an operad defined by generators and relations P = O(M : w§ =
w,«a € J) is connected (in our sense) if and only if the generating sequence M
vanishes in arity 7 = 0, 1, essentially because this result holds for free operads. We
retrieve (for instance) that the (non-unitary) associative operad As is connected,
like the (non-unitary) commutative operad Com, and the Lie operad Lie.

1.3. Algebras over operads

In the previous section, we focused on the application of categorical construc-
tions to operads. We now study the applications of such constructions at the level
of algebra categories associated to operads. We first explain, in the next paragraph,
that the construction of operads by generators and relations reflects the definition
of usual algebra categories in terms of generating operations £ : A®™ — A satisfying
given relations.

We also give the version of the standard categorical constructions of §1.2 (free
objects, colimits and limits) in categories of algebras associated to operads. We
will observe (following [72]) that the categories of algebras associated to operads
can be characterized as categories of algebras equipped which free objects of a
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particular form. One can use this observation to retrieve results of the previous
section concerning the terms of the usual operads. By the way, we establish that
any operad morphism give rise to adjoint extension and restriction functors at the
level of algebra categories. Examples include the standard functors connecting the
categories of associative, commutative, and Lie algebras.

1.3.1. Basic examples of algebra categories associated to operads. Recall (see
Proposition 1.1.14) that defining an action of an operad P on an object A € Base
amounts to giving an operad morphism ¢ : P — End4, where End4 denotes the
endomorphism operad of A. In the case of an operad defined by generators and
relations

P=0O(M:w§=wf, acl),

we deduce, from the observations of §1.2.5, that such a morphism ¢¢ : P — Endg4
amounts to giving a morphism of symmetric sequences f : M — End 4, mapping the
abstract generating operations £ € M(r) to actual maps & : A®" — A, and so that
the identities w§ = w{ hold in End 4.

For the basic examples of (non-unitary) operads P = Com, As, Lie, we obtain
(in the module context):

(a) an algebra over the commutative operad Com is a module A equipped with
a product p: A® A — A which satisfies the symmetry relation

pla, az) = p(az,ar),

for all a;,as € A, and the associativity relation

w(plar, az),az) = plar, p(az, az)),

for all a1,a9,a3 € A;
(b) an algebra over the associative operad As is a module A equipped with a
product i : A® A — A which satisfies the associativity relation

p(plar, az),a3) = plas, plaz, az))

for all a1, a2,a3 € A (but no symmetry requirement);
(c) an algebra over the Lie operad Lie is a module g equipped with an operation
A g®g — g which satisfies the antisymmetry relation

Ay, 22) = =2, 1),
for all x1,xo € g, and the Jacobi identity
)\()\(%1,1‘2),1‘3) + )\()\(Ig,l‘g),xl) + )\()\(l’g,xl),.’l?Q) =0,

for all x1,T2,T3 € 9.

We can similarly identify the category of algebras associated to the Poisson operad
from the presentation of §1.2.12.

In characteristic 2, we do not necessarily assume that the generating operation
of a Lie-algebra g satisfies the relation A(z,z) = 0 in contrast to the usual definition
of a Lie algebra. To associate a category of algebras satisfying this condition to
the Lie operad Lie, we have to modify the definition of an algebra over an operad
following a process explained in [37, §§1.2.12-1.2.16].

The result of Proposition 1.1.16-1.1.17 (in the non-unitary context) is equivalent
to the combination of the assertions of (a-b) with Proposition 1.2.7.
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1.3.2. The category of algebras associated to an operad and free algebras. Re-
call that the algebras associated to a given operad P form a category P with, as
morphisms, the morphisms of the ground category f : A — B which preserve the
P-actions on A and B. We have an obvious forgetful functor w : P — Base from
the category of P-algebras P towards the base category Base.

We can form a functor in the converse direction by considering a generalized
symmetric tensor object

(o ]
S(P,X) =P Pn) ® XE)s,,
n=0
associated to any X € Base, where the notation (—)x, refers to a coinvariant
quotient, identifying the natural ¥,-action on the tensor power X®" with the
internal X,,-structure of P(n). Let p € P(n) and z1 ® --- ® &, € X®". In the
point-wise context, we formally set

PR (Ts(1) @+ ®Ty(n)) =5 PR (71 @ ® ),

and (P(n) ® X®")y, is the quotient under these relations, where s € 3,,.

n

We have natural evaluation morphisms
P(r) @ S(P,X)®" 2 S(P, X)
given termwise by morphisms

P(r)® (P(n1) ® X®”1)zn1 ®- - (P(n,)® X®"T)gnr

— (P(m +- TLT) (9 X®n1+---+n,,,)2

ni4etng
induced by the composition products of the operad. We easily check that the axioms
of operads imply that these morphisms satisfy the equivariance, associativity and
unit axioms of operad actions. We therefore obtain that the object S(P, X) € Base
forms a P-algebra, naturally associated to X € Base, so that the mapping S(P) :
X — S(P,X) defines a functor S(P) : Base — P.

For a P-algebra A, the evaluation morphisms of A induce morphisms A : (P(n)®
A®mM)g5, — A for all n > 0 by equivariance. These morphisms can be patched into
a single natural morphism A : S(P, A) — A by the universal property of the sum
S(P,A) =D,°,(P(n) ® X®")5, . From the associativity axiom of operad actions,
we easily check that A : S(P, A) — A preserves P-algebra structures and hence,
defines a morphism in the category of P-algebras. In the converse direction, for any
X € Base, we have a natural morphism ¢ : X — S(P, X) given by the composite

X Z1ex L P e X = (P(1)© X)s, = @PPH) o X5, |
n=0

where 1 refers to the unit morphism of the operad P.
One checks that:

PRrOPOSITION 1.3.3. The functor S(P) : Base — P is left adjoint to the forgetful
functor w : P — Base. The morphism ¢ : X — S(P, X) (respectively, X : S(P, A) —
A) defines the unit (respectively, the augmentation) of this adjunction relation.

Explicitly, this proposition asserts the existence of a bijection
Morp(S(P, X), A) = Morg s (X, 4),
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for any X € Base and any A € P. In one direction, to a morphism of P-algebras
¢ : S(P,X) — A we associate the morphism f = ¢ - ¢ in the base category. In
the other direction, to a morphism in the base category f : X — A we associate
the morphism ¢y = A - S(P, f) in the category of P-algebras. The adjunction
augmentation itself A : S(P, A) — A is the morphism of P-algebras ¢;4 associated
to the identity of A, regarded as an object of the base category Base.

PROOF. By a general result of category theory (see [65, §IV.1]), we essentially

have to check that the composites
L A S(P,¢) A
A= SP,A) > A and S(P,X) —= S(P,S(P, X)) = S(P,X)

are both identity morphisms to conclude that our mappings are converse to each
other, and hence gives an adjunction relation well. This result follows from the unit
axiom of operad actions in the first case and from the unit axiom of operads in the
second one. O

The result of Proposition 1.3.3 has, like Theorem 1.2.1, an equivalent for-
mulation in terms of universal properties. In this point of view, the functor
S(P) : Base — P is defined by the mapping which associates a free object in
the category of P-algebras to any X € Base.

Basically, the morphism of P-algebras ¢ associated to a given morphism f in
the base category is characterized by the equation ¢ -+ = f since our adjunction
is a bijection. Thus, for a fixed X € Base, the result of Proposition 1.3.3 amounts
to the following proposition:

ProroSITION 1.3.4. Any morphism in the base category f : X — A, where A
is a P-algebra, admits a unique factorization

X ! B /A

S(P, X)

such that ¢y is a morphism of P-algebras. O

This statement gives the expression of the universal property of free object
satisfied by the P-algebra S(P, X).

1.3.5. Basic examples of free algebras. The structure of the basic operads P =
Com, As, Lie can be retrieved from known expansions of free objects in the categories
of algebras associated to these operads:

(a) The free commutative algebra (without unit) is identified with (the aug-
mentation ideal of) the symmetric algebra

S(K) = é(KW)zn

n=1

together with a commutative product yielded by the process of tensor con-
catenations. From this observation, we immediately retrieve the identity
Com(n) = k.
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A
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(b) The free associative algebra (without unit) is identified with (the augmen-
tation ideal of) the tensor algebra

T(K) = é Ko

together with an associative product defined by the concatenation of ten-
sors. We can retrieve the identity As(n) = k{X,} from this observation
since K€" = (k{¥,} ® K®")g_.
(¢) The structure of free Lie algebras is more intricate. Nevertheless, in char-
acteristic 0, we can apply the Milnor-Moore theorem to identify the free
Lie algebra L(K') with the primitive part of the tensor algebra T(K), where
we use the formula A(z) = 2®1+1®z to define the coproduct of any gen-
erating element x € K. Moreover, we have versions of the Milnor-Moore
theorem which enable us to deduce an expansion of the form
oo
L(K) = @D (Lie(n) & K5,
n=1
from the relation L(K) = PT(K). More details on this construction are
given in §E.
We keep focusing on non-unitary algebras, but the identifications of (a-b) obviously
extend to the unitary setting.

Proposition 1.2.4 has the following analogue for the category of algebras asso-
ciated to an operad:

PrOPOSITION 1.3.6. Let P be any operad.

(a) The forgetful functor from P-algebras to the ground category creates all
kinds of small limits, the filtered colimits, and the coequalizers which are
reflexive in the category of symmetric sequences.

(b) The category of P-algebras admits coproducts too and, as a byproduet, all
kinds of small colimits, though the forgetful functor towards the ground
category does mot preserve colimits in general.

Recall that we devote an appendix section §1.5 to recollections on filtered col-
imits and reflexive coequalizers.

PROOF. Same argument line as in the proof of Proposition 1.2.4. See also [38,
§3.3] or [79, Proposition 2.3.5] for this proposition. O

1.3.7. Restriction functors. If an operad morphism ¢ : P — Q is given, then we
can compare the category of P-algebras and the category of Q-algebras. First, we
immediately observe that any Q-algebra B inherits a natural P-algebra structure
since the operad P acts on B through Q by way of the morphism ¢ : P — Q.
Thus we have a natural functor ¢* : Q — P, referred to as the restriction functor
associated with ¢, from the category of Q-algebras to the category of P-algebras.
The existence of reflexive coequalizers can be used to define a morphism in the
converse direction, so that:

ProrosiTiON 1.3.8. The restriction functor ¢* : Q — P, associated to any
operad morphism ¢ : P — Q, has a left adjoint ¢ : P — Q, referred to as the
extension functor associated with ¢ : P — Q.

consequence
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PrROOF. Let A € P. Let ¢1A be the Q-algebra defined by the reflexive coequal-

izer such that
S0

m
S(Q,S(P,A)) d:iS(Q,A) >pA,
where:

— the morphism dj is the morphism of free Q-algebras induced by the ad-
junction augmentation A : S(P, A) — A associated to the P-algebra A;

— the morphism d; is induced by S(¢, 4) : S(P,A) — S(Q, A), by using
the functoriality of the generalized symmetric algebra construction with
respect to the coefficients;

— and the reflection sy is the morphism of free Q-algebras induced by the
universal morphism ¢ : A — S(P, A) of the free P-algebra S(P, A).

We can easily check, by using the universal property of free Q-algebras, that
the definition of a morphism of Q-algebras g : 1A — B amounts to the definition
of a morphism f : A — B commuting with P-actions. Therefore the mapping
o1 : A — ¢ A defines a left adjoint of the restriction functor ¢* : B + ¢*B. a

1.3.9. Basic examples of extension and restriction functors. The commutative,
associative and Lie operads are connected by morphisms

Lie & As % Com

determined on generating operations A € Lie(2), u € As(2) and p € Com(2), by the
expressions t(A) = p — (1 2) - p and a(p) = p.

The restriction functor a* : Com — As is identified with the obvious em-
bedding of the category of commutative algebras into the category of associative
algebras. The restriction functor ¢* : As — Lie is identified with the classical
functor mapping an associative algebra A to the Lie algebra +*A = A_ with the
same underlying module as A and the commutator A(ay,as) = p(ay,as) — u(as, aq)
as Lie bracket. Throughout this paragraph, we use the notation of the generating
operadic operation A and p instead of the more usual notation A(aq,as) = [a1, asg]
and p(ai,as) = ajas to mark the relationship of the constructions with our operad
morphisms.

The extension functor oy : As — Com, defined as the left adjoint of o* :
Com — As, can be identified with the functor mapping an associative algebra A to
the quotient A/ < A(A, A) >, where < A(A4, A) > refers to the two-sided ideal of
A generated by the commutators A(a1,az2) = p(ar,a2) — p(az,a1), a1,a2 € A. The
extension functor ¢ : Lie — As, defined as the left adjoint of +* : As — Lie, can
be identified with the functor mapping a Lie algebra g to the augmentation ideal
of the standard enveloping algebra U(g), the quotient of the tensor algebra T(g)
by the two-sided ideal generated by the differences u(ay, as) — p(az, a1) — Mag, az),
a1,as € g, where p refers to the product of T(g) and A to the Lie bracket of g. In
all cases, we can easily check that the functors defined by these basic constructions
satisfy the adjunction relation of extension functors and hence is isomorphic to the
operadic extension functor of Proposition 1.3.8.

1.3.10. Algebras over connected operads. The structure of an algebra over the
unit operad | (see §1.2.3) reduces to an identity operation, and hence, the cate-
gory of l-algebras is simply nothing but the base category Base. In the context of a
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pointed category (see §1.2.13), the existence of an augmentation € : P — |, when P is
a connected operad, implies that any X € Base inherits the structure of an algebra
over P, simply given by a trivial action in arity » > 1. In the context of k-modules,
the application of this construction to the classical examples P = Com, As, Lie iden-
tifies a module with an abelian commutative (respectively, associative, Lie) algebra,
on which the structure product (respectively, Lie bracket) is identically zero.

The extension functor € : P — Base associated to an augmentation € : P — | is
identified with an indecomposable functor which, in the module context, amounts to
killing the non-trivial operations p(as,...,a,), r > 1, occuring in a given P-algebra
A. In the case P = As (and in the case P = Com similarly), this indecomposable
functor € : As — Base can be defined by the standard construction ey A = A/A?
where A? refers to the submodule of A spanned by the products yu(a, b), for a,b € A.
In the case P = Lie, we obtain €, g = g /T'2(g), where I's(g) refers to the submodule
of g spanned by the bracket A(a,b), for a,b € g.

1.3.11. Further remarks: operads and monads. The use of the functor S(P) in
operad theory goes back to [72], where it is observed that (a pointed space variant
of) this functor S(P) defines a monad on the base category. The category of P-
algebras is defined in terms of this monad S(P) in [72]. This definition is formally
equivalent to the definition of §I.1.12 where we just consider (in the point of view
of [72]) an expansion of the action of the monad S(P) on A. In the approach
of [72], the result of Proposition 1.3.3 is a consequence of a general statement about
algebras over monads (see [65, §VI.2]).

In fact, the definition of S(M) : X — S(M,X) as a functor from the base
category to itself makes sense for any symmetric collection M, and not only for
operads. The category of symmetric sequence comes also equipped with structures,
like a composition product, that reflect pointwise operations on functors (see [38] for
an overall reference on this subject). These observations are the source of abstract
categorical definitions for the notion of an operad. These definitions are not used
in this book, but we can give a sketch of the ideas.

In the point of view of [72], the operads are exactly the symmetric sequences
P such that S(P) inherits a monad structure. On the other hand, the category of
functors F' : Base — Base is equipped with a natural monoidal structure, defined
by the pointwise composition operation, and monads can be defined abstractly as
monoid objects in that category. In parallel, we can interpret the definition of the
composition structure of an operad in §1.1.1, as the definition of an abstract monoid
structure in the category of symmetric sequences with respect to the composition
operation reflecting the composition structure of functors. In that respect, the
correspondence between operads and monads follows from the relationship between
the composition of symmetric sequences and the composition of functors (we refer
to [83] for the introduction of this idea, to the book [38] for an overall account of
operad theory based on this approach and further references).

This monadic approach of operads supposes that the tensor product of the base
category commutes with colimits. But we soon consider categories for which this
requirement and hence, the monadic approach, fail.
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I.4. The definition of unitary operads

In §1.1.15, we introduced the expression of unitary operad for operads P satis-
fying P(0) = pt (in the set-theoretic context). The terminology refers to the obser-
vation that the evaluation morphism of a P-algebra gives a morphism A : P(0) — A
in arity 7 = 0, and if we assume P(0) = pt, then this morphism is equivalent to a
the definition of a distinguished unit element in A. Because of this interpretation,
we also use the expression of unitary operation to refer to the arity 0 elements of
an operad (in general), and, as a follow-up, we use the noun of non-unitary operad
to refer to operads which have nothing in arity 0 (in contrast to unitary operads)
so that P(0) = @ (in the set-theoretic context yet).

The operad of unitary associative monoids As; and the operad of unitary com-
mutative monoids Com, defined in §I.1.15 in the set-theoretic context, are basic
examples of unitary operads in sets. The operads As and Com, formed by dropping
the arity 0 terms of these unitary operads As; and Com,, give basic instances of
non-unitary operads.

In the general context of a symmetric monoidal category, we say that an op-
erad P is unitary when we have P(0) = 1, the tensor unit of the considered category
(which the one-point set represents in the set-theoretic context), and that an operad
is non-unitary when we have P(0) = 0, the initial object. For instance, we have a
unitary version of the associative operad in k-modules As,, satisfying As (0) = K,
as well as a non-unitary version As (already considered in §1.2), satisfying As(0) = K,
and similarly in the case of the commutative operad.

We consider the category formed by the unitary operads as objects and the op-
erad morphisms ¢ : P — Q which are the identity of 1 in arity 0 as morphisms. We
adopt the convention to mark the consideration of fixed terms in operad categories
by adding lower-scripts to our notation. We therefore use the expression Op, to refer
to the category of non-unitary operads, and the expression Op; for the just defined
category of unitary operads. We should note that non-unitary operads form a full
subcategory of the whole category of operads, since a morphism ¢(0) : P(0) — Q(0)
is automatically the identity of the initial object 0 when P(0) = Q(0) = 0. In the
case where the base category is equipped with the cartesian product as tensor
structure, and 1 is the final object %, we may also use the notation Op, (as in the
foreword) instead of Op;.

In principle, our operads are supposed to be unital in the sense that they are
equipped with a unit morphism 7 : 1 — P(1) (corresponding to a unit element 1 €
P(1) in the point-set context), and this has not to be confused with the requirement
that an operad is unitary P(0) = 1. The notion of non-unitary operad, similarly,
has not to be confused with the complement of the class of unitary operads. In the
point-set context, the unitary operations p € P(0) have not to be confused with the
unit element 1 € P(1) too.

The adjectives unitary and unital are used interchangeably in the literature.
In particular, the expression of unital operad is used in [72] for what we call the
category of unitary operads. In what follows, we prefer to distinguish the applica-
tion of these terminologies, and we will reserve the term of unital for references to
operadic units. We therefore introduce the term unitary as a references to unitary
operations acting on algebras and for the related structures.
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The purpose of this section is to give an introduction to particular structures
attached to unitary operads, mostly with the aim of explaining a reduced construc-
tion of unitary operads by generators and relations. The overall idea is that unitary
operads P4 can be produced by the addition of the unit object 1 to the arity 0
component of non-unitary operads P, which can also be put apart from composition
structures.

In a first step, we distinguish a particular subpart of the composition structure
of a unitary operad P involving compositions with unitary operations.

1.4.1. The deletion structure attached to unitary operads. To be explicit, we
consider composition patterns of the form

Pi(n) &=Pi(n)ele -0l
S P @PL(0)® - @PL() @ @ Pu(1) @ @ P4y (0)
i> P+(m)7

where the morphism 7), is given by the application of operadic units  : 1 — P (1)
at places specified by an increasing sequence 1 < k; < -+ < k;, < n, and by
the identity id : 1 — P (0) at the remaining places of the tensor product 1" =
1®---®1. Since specifying an increasing sequence 1 < ky < --- < k,, < n amounts
to giving an increasing injection u : {1 < --- <m} — {1 < --- < n} with u(i) = k;,
for ¢ = 1,...,m, this construction returns a morphism u* : P.(m) — Py(n)
associated to any such map v : {1 <---<m} = {1l <--- <n}.
In the point-set context, these particular composition operations read

w(p) =plk, ..., 1, 1, %),

where we use the notation * to refer to the distinguished element of the operad
P4 in arity 0. Intuitively, the application of such composition operations amounts
to removing (filling up) the inputs k # i1,...,i, of the operad element p € P(n).
Therefore, we coin the expression of deletion operation (or deletion morphism) to
refer to morphisms of this form u* : P(n) — P(m), and some generalizations of
these morphisms which we consider in subsequent chapters. If we use the vari-
able interpretation of operadic composites, then we obtain the following expression

u*(p) = p(*,...,T1,...,Tpm,...,*) for the outcome of the deletion process.
In practice, we mostly consider the particular deletion morphisms 9; : P4 (r) —
P (r—1),i=1,...,r, associated with the increasing injection 9" : {1 < -+ <

r—1} = {1 <--- <r} jumping over i € {1 < --- < r}, and corresponding to the
partial composition operations 9;(p) = po;*. In §1.1.3, we mention that all operadic
composites are composites of partial composition products. In the particular case of
deletion morphisms, this result can also be deduced from the following proposition
and the fact that all increasing injections are composites of elementary maps of the
form 0.

ProprosITION 1.4.2. Let P, be any unitary operad.

(a) The deletion operations Py (r) v, Pi(s) v, P, (t) associated to any
sequence of increasing injections {1 < --- <t} 5 {1 < - < s} B
{1 <--- <1}, satisfy the relation v*u* = (uv)* on P(r).

(b) The deletion morphisms P (n) — u* Py(m) associated to increasing in-
jections {1 < - <m} 5 {1 < --- < n}, with m > 0, also satisfy an
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equivariance relation, erpressed by the commutativity of the diagram

P(n) —> = P(n)

u*l is*(u)*

P(m) —— P(m)
u”(s)
for all permutations s € %,,, where u*(s) € X, is obtained by applying
our deletion operation to s € X, within the permutation operad, and s.(u)
denotes the increasing injection such that s -u = s,(u) - u*(s) in the set of
maps from {1 <---<m} to{l <--- <n}.

PROOF. The first assertion follows from a straightforward application of the
associativity relation of Figure 1.3 to the unitary operad P. In the application this
associativity relation, we put unitary factors P, (0) at appropriate places, specified
by the injections w and v, and we insert morphisms n : 1 — P,(1) to fill up
the remaining composition places. By the way, we also use the unit axiom to
identify composites 1 ® P4 (0) neid, P, (1)®P, (0) £ P, (0), arising in this process,
with the canonical isomorphism 1® P (0) = P (0). The second assertion of the
proposition follows from the equivariance axiom of Figure 1.4, where we take n; = 1
when i = u(1),...,u(m) and n; = 0 otherwise. O

The unit axiom of operads also implies:

PROPOSITION 1.4.3. For any unitary operad P, the deletion operation P (1) 2,
P (0) = 1 associated to the initial map of the one-point set defines a retraction of
the operadic unit n: 1 — Py (1),

PRrROOF. Immediate. O

We also have associativity relations, which can be deduced from the associa-
tivity axioms of §I.1, but we do not need to make these relations explicit for the
moment.

1.4.4. Deletion morphisms on permutations. In §4, we use the results of Propo-
sition 1.4.2 to integrate the action of the symmetric groups and the deletion op-
erations on the underlying sequence of a unitary operad P, into the structure of
a diagram over the category A, formed by finite ordinals n = {1 < --- < n} and
injective maps f : {1 < -+ < m} = {1 < -+ < n} (not-necessarily increasing)
between them. For this aim, we use that any injective map f : {1 < --- < m} —
{1 < -+ < n} admits a unique decomposition f = v -t such that ¢ is a permutation
of {1,...,m} and v is an increasing injection from {1 < --- <m} to {1 <--- < n}.

By the way, in Proposition 1.4.2, we implicitly use that the permutation u*(s) €
¥m produced by the application of a deletion operation u* : X, — 3,, in the
permutation operad can be identified with the unique permutation ¢ occurring in a
decomposition of this form f = v -t form the composite map f = s-u. We suggest
the reader to test this formula on examples.

1.4.5. Unitary extensions and connected unitary operads. We say that a non-
unitary operad P, satisfying P(0) = 0, admits a unitary extension when we have
a unitary operad P, agreeing with P up to the arity 0 term P, (0) = 1, and of
which composition operations extend the composition operations of P, so that the
canonical embedding iy : P — P, defines a morphism in the category of operads.
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We often use an expression of the form Q = P, to assert that a given operad Q
forms a unitary extension of another given (non-unitary) operad P. To give basic
examples, the operad of unitary associative algebras Asy in §1.1.15 is a unitary
extension of the corresponding non-unitary operad As, and similarly as regards the
operad of unitary commutative algebras Com,.

In general, any unitary operad Py is obviously a unitary extension of the non-
unitary operad P defined by the truncation

f =
P(r) = 0, orr =20,
Pi(r), forr>0.

Since we observe in §1.1.3 that the composition structure of an operad can be fully
determined by giving the partial composition operations o;, we can see that the
composition structure of a unitary operad P is determined by internal composition
operations of the associated non-unitary operad o; : P(m) ® P(n) = P(m +n — 1)
together with the deletion operations 9; : Py (r) — Py (r — 1), which represents the
partial composition operations with the additional unit term on P,. In the sequel,
we only apply this reconstruction process to free operads, and in the connected
context (which we consider soon), in order to define a reduced version of free objects
in the category of unitary operads.

Nonetheless, we can easily identify the morphisms of non-unitary operads ¢ :
P — Q which admit a unitary extension ¢4 : Py — Q. Indeed, such a morphism
¢+ is necessarily given the identity of the unit object in arity 0 (by definition of the
category of unitary operads) and is therefore entirely determined by the associated
morphism of non-unitary operads ¢. Since the internal partial composites of P and
the deletion operations 9; : Py (r) — P4 (r — 1) exhaust all partial composites on
the unitary operad, we immediately obtain:

PRrROPOSITION 1.4.6. The mapping P+ +— P defines a faithful functor from the
category of unitary operads Op, to the category of non-unitary operads Opy,.

Furthermore, a morphism of non-unitary operads ¢ : P — Q lies in the image
of this functor if and only if the extension of this morphism by the identity of 1
in arity 0 intertwines the additional deletion operations 0; associated with given
unitary extensions P4 and Q4 of the operads P and Q. O

1.4.7. Connected unitary operads. We now focus on the setting where our uni-
tary operads satisfy Py(r) = 1 for r = 0 and » = 1. We say that an operad
satisfying these conditions is connected as a unitary operad. We use the notation
Op,, for the category defined by these operads, where, as usual, we add lower-
scripts to mark the required first terms of the objects. In the case where 1 = x
(the final object of the base category), we may also use the notation Op,, instead
of Opy;.

We assume, as in the definition of Op;, that the morphisms of Op,; are given
by the identity of the unit object 1 in arity 0. The category of connected unitary
operads Op,; forms a full subcategory of the category of unitary operads Op,, but
is not full in the whole category of operads Op, at least in general (this is the case
when, for instance, we have 1 = x).

We aim to define a reduced version of free objects in the category of connected
unitary operads. We start with the adjunction of Theorem 1.2.14, between the free
operad O : M — O(M) and the augmentation ideal functor @ : Op, — Seqy, on the
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category of connected (non-unitary) operads. We essentially extend this adjunction
to objects equipped with deletion operations in order to reach our result. We first
introduce an appropriate category of symmetric sequences with deletion operations
in order to define a suitable target for an extended version of the augmentation
ideal functor @, which we define as the composite mapping P, ~ P + P in the
context of unitary operads.

When we consider a unitary symmetric sequence M, satisfying M4 (0) = 1 and
which may form the underlying sequence of a unitary operad without any alteration,
we simply assume that M, is equipped with a contravariant action of increasing
injections u* : M(n) — M(m), so that the functoriality and equivariance relations
of Proposition 1.4.2 hold. When we deal with a non-unitary symmetric sequence
M, satisfying M(0) = 0, we assume the existence of such a structure on a unitary
symmetric sequence M, associated to M, such that M4 (0) = 1 and M4 (r) = M(r)
for r > 0. But, for connected symmetric sequences, which we want to regard as the
underlying structures of the augmentation ideals P of unitary operads P, we need
to provide a more elaborate definition, involving an additional unit condition.

1.4.8. Connected symmetric sequences with deletion operations. We precisely
call connected symmetric sequence with deletion operations the structure formed
by a symmetric sequence M such that M(0) = M(1) = 0, together with deletion
morphisms M, 4 (n) “= M, (m), associated to all increasing injection u : {1 <
-o-<m} = {1l < --- < n}, and satisfying the relations of Proposition 1.4.2-1.4.3,
on the extended symmetric sequence

1 forr=0,1
M — b b b
++(1) {M(r)7 for r > 1.

When we consider the relation of Proposition 1.4.3, we also assume, to be precise,
that the identity My, (1) = 1 provides a canonical unit morphism 7 : 1 — M (1)
on this extended symmetric sequence M ;.

We adopt the notation Seqaro for the category formed by connected symmetric
sequence with deletion operations, with as morphisms the morphisms of connected
symmetric sequences preserving the extra structure.

We immediately see that the augmentation ideal functor induces a functor
w: Opy; — Seq('fo from unitary operads to connected symmetric sequence with
deletion operations. We have the following theorem:

THEOREM 1.4.9. Let M be a connected symmetric sequence with deletion oper-
ations. Let O(M) be the free operad associated to the symmetric sequence M, where
we forget about the extra deletion structure.

(a) The free operad O(M) has a unique unitary extension O(M)i such that
the morphism ¢ : M — O(M) defines a morphisms of connected symmetric
sequences with deletion operations.

(b) Furthermore, the mapping Oy : M — O(M); defines a left adjoint of
the functor @ : Opy; — Seqdy, with the adjunction unit ¢ : M — O(M)
inherited from the non-unitary free operad O(M). The augmentation of
this adjunction Ay : O(P)y — P, which we associate to any connected
unitary operad Py € Opqy, is also identified with the extension of the
augmentation morphism \ : O(P) — P, inherited from the non-unitary
free operad O(M), by the identity of the unit object 1 in arity 0.
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EXPLANATIONS. We refer to the appendix part (§B.5) for the formal proof of
this statement. At this stage, we can content ourselves with the following informal
explanations. We explained in §1.2 that the free operad O(M) intuitively consists, in
the point-set context, of formal composites of elements of the generating symmetric
sequence M. We basically replace the application of deletion morphisms u* in the
free operad O(M), by equivalent composites with a unitary operation x. We then
use the associativity of operadic composition products to decompose the operation
on the free operad O(M) . into the evaluation of internal deletion operations v*(§) =
E(%,...,1,...,1,...,%) on generating elements £ € M(n). We identify the result of
these operations with

— an element of M(m) in the case where more than m > 1 inputs are left in
the composite v*(£) = E(*,...,1,...,1,... %),
— a (multiple of the) unit operation 1 € O(M)(1), in the case where this

composite leaves one input v*(§) = £(*,...,1,...,%) only,
— a (multiple of the) unitary operation x in the case where we get a full
unitary composite v*(§) = £(x, ..., *), leaving no input at all in &.

For instance, let u: {1 <2 <3} = {1 <2 < 3 <4 < 5} be the injection such
that u(1) =1, u(2) = 2, u(3) = 4. For a composite p = (1 5) - ((a 01 b) o4 ¢), where
a € M(2), b € M(3), ¢ € M(2), and on which we apply the transposition (1 5) € Xs,
we readily obtain a result of the form:

u*((15)-((ao1b)ogc)) =v"(b)-(124)-(aozc).

In this expression, we consider the map v : {1} — {1 < 2 < 3} such that v(1) = 2,
and we assume that we work in the category modules over a ring K, so that the
application of the morphism v* : M(3) — K to b € M(3) returns a scalar v*(b) € k
which we put in front of our result. (|

We now specialize our study to operads in modules over a ring M = Mod. We
explain in §1.2.9 that operads in module categories can be defined by generators
and relations as quotients P = O(M)/ < 2%« € J >, where we consider an
ideal < z% « € J > in a free operad O(M). In the context of operads with deletion
operations, we have the following simple consequence of Theorem 1.4.9:

ProproSITION 1.4.10. Let M be a connected symmetric sequence with deletion
operations (in K-modules). We apply the construction of Theorem I1.4.9 to obtain a
unitary extension of the free operad associated to M. Let S =< z% o € J > be the
ideal generated by a collection of elements z* € S(ny,) in the free operad O(M). If
foreachi=1,... ny, we have 9;(z%) = 0 in the unitary operad O(M), then:
(a) The operad O(M)/ < z% «a € I > admits a unitary extension O(M)4 / <
2% a € I > forming a quotient of the free unitary operad O(M).

(b) The morphisms of unitary operads ¢5 : O(M); / < 2%, a €1 >— Q,, to-
wards some Q4 € Opqq, are in bijection with the morphisms ¢y : O(M)4 —
Q4 satisfying ¢¢(2%) = 0 for each generating element of the ideal z* €
S(nq).

PrROOF. Straightforward. O

In the next paragraph, we explain applications of this proposition to the unitary
operads considered in §I: the associative operad As,, and the commutative operad
Com,y. We also address the definition of a unitary version of the Poisson operad
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Pois.. We work within a category of modules over a fixed ground ring, as required
by the construction of Proposition 1.4.10.

We can actually adapt Proposition 1.4.10 in the set-theoretic context, by using
reflexive coequalizers instead of operad ideals (see §1.2.5), and description by gener-
ators and relations of the associative (respectively, commutative) operad in sets. We
can moreover extend the result of Proposition 1.2.7 in the unitary setting and gives
a complete operadic counterpart of the results of Proposition 1.1.16-1.1.17. We leave
this review to interested readers. We focus on applications of these constructions
in the module context for the moment.

1.4.11. Ezamples of unitary operads constructed by generators and relations.
We consider the case of the associative operad first. Recall that As = O(k u(x1, x2)®
kKp(z1,22)) / < p(p(zy, x2), x3) — p(x1, p(ze, x3)) > for a generating symmetric se-
quence such that Mas(2) = Ku(x1,z2) ® Kp(rr,22) and Mag(r) = 0 for r # 2.
Since Mas vanishes in arity » > 2, we only have to specify a tail of deletion opera-
tions d1, s : Mas(2) — k. (The remaining deletion operations are either trivial or
determined by the unit relation 4 (1) = 1 in arity 1.) We take Oy = Oap0 = 1, to re-
flect the unit relations p(a, e) = a = (e, a) in associative algebras. By applying the
associativity of deletion morphisms with respect to operadic composition structures,
we obtain 01 (u(p, 1) = (L, ) = p(p(,1), 1) = p(1(x), p) = p(1,1) = 1(p) = 0 and
similarly 0o (pe(u, 1) — (1, 1)) = 0. Hence, the assumptions of Proposition 1.4.10 are
fulfilled, so that the operad As inherits deletion operations, and as a consequence,
admits a unitary extension As satisfying As(0) = K and As (r) = As(r) = k{Z, }
for r > 0. This operad As, is actually identified with the image of the permutation
operad under the functor k{—} : SetOp — ModOp (see §I1.1.5 in the next chapter
for explanations on this approach).

The case of the commutative operad is similar. We take the same expression as
in the associative case for the value of the deletion morphisms 91,92 : Mcom(2) — k
on the generating operation p € Mcom(2), and the remaining verification are same.
(Note that the deletion morphisms 9;,02 : Mp(2) — k considered in these con-
structions fulfil our equivariance requirement in both cases P = As, Com.) Hence,
the assumptions of Proposition 1.4.10 are also fulfilled for the commutative operad,
which therefore inherits deletion operations, and admits a unitary extension Com
satisfying Com, (0) = k and Com_ () = Com(r) = k for > 0. This operad Com
is actually identified with the image of the one-point set operad under our functor
k{—1} : 8etOp — ModOp (see the concluding discussion of §II.1 again).

The unitary extension process can also be applied to the Poisson operad Pois.
Recall that this operad has a generating symmetric sequence such that Mpgs(2) =
kp(xy, o) ® KA(x1,22), where u = u(x1,x2) represents a (symmetric) commuta-
tive product and A = A(z1,x2) represents an (symmetric) Lie bracket. We take
010 = Oape = 1 (as usual) and 91\ = 9 A = 0 to reflect standard unit relations asso-
ciated with the structure of Poisson algebra. Actually, the vanishing of 9; = d; on
A is forced by the antisymmetry relation (1 2)-A = —\ and the equivariance require-
ment associated with deletion morphisms. Again, we can check that the generating
relations of the Poisson operad (see §1.2.12) are canceled by the deletion morphisms,
so that the operad Pois inherits deletion operations, and as a consequence, admits
a unitary extension Pois  satisfying Pois; (0) = k and Pois () = Pois(r) for r > 0.
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I.5. Appendix: filtered colimits and reflexive coequalizers

The existence of colimits in the category of operads, and in categories of alge-
bras over an operad similarly, relies on the existence of particular colimits (filtered
colimits and reflexive coequalizers), which we create in the base category. The
purpose of this appendix section is to recall the definition of these fundamental
colimits in a general context. We assume that C is any category. In view towards
applications to operads, we also study the image of filtered colimits and reflexive
coequalizers under a multifunctor 7 : €*" — € with the example of r-fold tensor
products T'(X1,...,X,) = X7 ® --- ® X, in mind.

I.5.1. Filtered colimits. Recall (see [65, §1X.1]) that a small category J is filter-
ing when:

— for any pair of objects «, 8 € J, we have morphisms

Q. oy
B
-7

g

meeting at the same target object v in J;
— for any pair of parallel morphisms u,v : a = 3, we have a coequalizing
morphism
le} 4>*u> 153 t s ~y
v

such that tu = tv in J.

We say that a colimit colimyecg X, is filtered when the indexing category J of the
diagram X, is filtering.
We have the following observation:

PROPOSITION 1.5.2. Suppose that the multifunctor T : C*" — @ preserves

filtered colimits on each input in the sense that the natural morphism

colignT(Xl,...,Xi,...,Xr) — T(Xl,...,cohgnxg,...,xr)
ac [e3S

is iso for any diagram {XE}, over a filtering category J and all X' € C, i =

1,...,k,...,n. Then the functor T : C*" — € preserves filtered colimits on the
product category C*" in the sense that the natural morphism
: 1 r : 1 : T
cglelgnT(XCw LX) > T(CgleuijCw e ,cglenjana)
is iso for any collection of diagrams {X!},, i = 1,...,r, over the same given

filtering category J.
ProOF. Exercise, or see [38, Proposition 1.2.2] or [79, Lemma 2.3.2]. O

1.5.3. Reflexive coequalizers. Recall that a coequalizer is the colimit of a dia-
gram formed by a parallel pair of morphisms dy,d; : X1 = Xy. For a colimit of
this particular shape, we use the notation coker{dy,d; : X1 = Xo}.

In many examples, a parallel pair of morphisms is given together with an extra
morphism sg : Xg — X7 satisfying dgsg = id = disg. In this situation, we say
that coker{dp,d; : X1 = X} forms a reflexive coequalizer and we may also use the
notation

coker{ X 2; Xo}



I.5. APPENDIX: FILTERED COLIMITS AND REFLEXIVE COEQUALIZERS 43

in order to stress the existence of the reflection sg : Xy — X3.

Note that the addition of the reflection sg : X — X to the diagram X; = X,
does not change the colimit. The importance of reflexive coequalizers lies in the
following stability assertion:

PROPOSITION 1.5.4. Suppose that the multifunctor T : C*" — @ preserves
reflexive coequalizers on each input in the sense that the natural morphism

')
coker{T(X,....,XF ..., X")=T(X',...,X},..., X"}
— T(X', ... coker{XF= Xk} ... X"

2 i ~

is iso for any reflexive diagram {X¥ =Xt} and all X' € €, i = 1,...,k,...,n.
Then the functor T : C*" — € preserves reflexive coequalizers on the product cate-
gory C*" in the sense that the natural morphism

coker{T(X},..., X)) S T(XZ,. .., X5)}

') ')
— T(coker{X{ = Xj},...,coker{X] = X7})

is iso for any collection of reflexive diagram {X} = X%}, i = 1,...,7, in the base
category.
PrOOF. Exercise or see [38, Proposition 1.2.1] or [79, Lemma 2.3.2]. O

The fundamental role of reflexive coequalizers is also asserted by the following
proposition:

ProPoOSITION 1.5.5. If coproducts and reflexive coequalizers exist in a category
C, then so does any kind of small colimit in C.

PrOOF. Exercise. Check [18, §2] and [19, §4.3]. O

This proposition is applied in §§1.2-1.3 in order to prove the existence of colimits
of any shape) in the category of operads and in categories of algebras over operads.
f h in the cat f ds and i t ies of algeb d






CHAPTER II

Operads in Monoidal Categories

In the previous chapter §I, we have worked in the setting of a base category Base
equipped with a tensor product ® : Base x Base — Base preserving colimits on
each side. The colimit assumption is required for the application of categorical
constructions (like colimits, free objects) to operads (§§1.2-1.3), and is also implic-
itly used as soon as we deal with endomorphisms operads (see §1.1). The basic
definition of an operad, on the other hand, makes sense in any symmetric monoidal
category M, without assuming that the tensor product of M satisfies any other
requirement than the fundamental unit, associativity and symmetry axioms §0.6(a~
c).

The overall purpose of the present chapter is to examine the application of
general symmetric monoidal category concepts to operads (regardless of colimit is-
sues). In §I1.1, we study the definition of operads in general symmetric monoidal
categories, and the applications of symmetric monoidal category changes to oper-
ads. In §I1.2, we study operads in augmented cocommutative coalgebras (our main
example of elaborate symmetric monoidal category). To be specific, we establish
in §II.2 that operads in augmented cocommutative coalgebras are equivalent to aug-
mented cocommutative coalgebra objects in the category of operads. In general,
we rather use the term of Hopf operad to refer to these structures.

An appendix section §I1.3 is devoted to recollections on functors between sym-
metric monoidal categories. To be more specific, we review the definition of functors
preserving symmetric monoidal category structures. We briefly recall the standard
definition of the notion of a (strict) symmetric monoidal functor, and we intro-
duce classes of functors which are intermediate between these (strict) symmetric
monoidal functors and the standard notion of lax/colax symmetric monoidal func-
tor, classically considered in the literature (see [65]).

Throughout this chapter, we deal with a generalization of the notion of com-
mutative algebra and of the notion of cocommutative coalgebra in the setting of
symmetric monoidal categories. Before starting our main matter, we devote a pre-
liminary section to a short review of this subject.

The ideas considered in this chapter are again not original. Our purpose is to
give a comprehensive and detailed account of concepts and constructions scattered
over the literature.

I1.0. Commutative algebras and cocommutative coalgebras
in symmetric monoidal categories

The main purpose of this zeroth section, as we just explained, is to make
explicit the definition of the notion of commutative algebra, and of the dual notion
of cocommutative coalgebra, in the context of symmetric monoidal categories. We
address the case of commutative algebras first.

45
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Let us mention that the definitions and constructions developed in the present
section extend to associative (non-commutative) algebras, and to coassociative coal-
gebras dually. In the non-commutative context, we just lose the coproduct (re-
spectively, product) interpretation of the tensor product of algebras (respectively,
coalgebras) which we explain soon (see §§11.0.2-11.0.3), but we still have a sym-
metric monoidal structure on algebras (respectively, coalgebras) inherited from the
underlying category (see §§I1.0.2-11.0.3).

I1.0.1. Commutative algebras in symmetric monoidal categories. For a sym-
metric monoidal category M, we define a unitary commutative algebra in M as a
structure formed by an object A € M, together with morphisms n : 1 — A and
u:A® A — A that make the following diagrams commute:

id ®n n®id id @pu 2"
AR1 ARA 1A, ARARA —— ARA | ARA — > ARA .
S e N A
A

A A®AH—>A

The morphism 7, respectively u, represents the unit, respectively the product,
attached to this commutative algebra A. The above diagrams naturally express the
unit, associativity and commutativity relations of the algebra structure on A.

In the basic case, where M is the category of sets M = Set (respectively, the
category of modules M = Mod over a ground ring k), we obviously retrieve the
classical notion of a commutative monoid with unit (respectively, of a commutative
k-algebra with unit). More examples of unitary commutative algebras in symmetric
monoidal categories are considered in this monograph later on.

In general, we refer to a commutative algebra by specifying the underlying ob-
ject of this structure A € M, and we abusively assume that the unit morphism 7
and the product p are part of the internal structure of this object A. In the same
vein, we use the letter i (respectively, p) as a generic notation for all unit (respec-
tively, product) morphisms attached to a unitary commutative algebra structure.
If we need to specify the algebra to which these morphisms is attached, then we
simply set n = n4 (respectively, u = 1 4) to mark the object A € M in the notation.

The unitary commutative algebras in M form a category, which we denote by
MCom, or just by Comy = MCom, when the monoidal category M is fixed
by the context. Naturally, we define a morphism of unitary commutative algebras
f: A — B as a morphism of M that makes the following diagrams commute:

fef
— , ARA — B®B

l A e

A—> B

3
hS
n <

_—
f

Recall that we use the lower script + to mark the consideration of unitary
structures (as in §1.1.15). The category of non-unitary commutative algebras, which
we denote by M Com, or just by Com = MCom when the monoidal category
M is fixed by the context, is obviously defined by dropping the reference to unit
morphisms in all definitions.

Note that the unit object of the underlying category 1 inherits a natural com-
mutative algebra structure, and represents the initial object of the category of
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unitary commutative algebras M Com . One can prove that the obvious forgetful
functor w : M Com — M creates limits in unitary commutative algebras, whenever
limits exist in M. But the forgetful functor w : M Comy — M does not preserve
colimits in general. (To give the simplest example, we have already observed that
the unit object 1, which generally differs from the initial object of M, is the initial
object of M Com..) In the case where the tensor product of M satisfies the colimit
requirement of §0.6, one can prove that some particular colimits can be created
in the ground category M, and that M Com inherits colimits of any shape. In-
deed, this statement is a particular case of the general result which we establish in
the framework of algebras over operads in §1.3. Now, we always have coproducts
in M Com4 (without assuming any colimit requirement on the tensor structure),
and we explain this observation in the next paragraph.

I1.0.2. The symmetric monoidal category of commutative algebras. The cate-
gory of unitary commutative algebras in a symmetric monoidal category M Com 4
inherits a symmetric monoidal structure from the underlying category M.

Indeed, a tensor product of commutative algebras A ® B inherits a canonical

unit morphism 1 = 1®1 229", A ® B, and a canonical product, defined by the

composite A®B®A®Bﬂ>A®A®B®B&>A®B, so that A ® B forms

a commutative algebra itself.

For the unit object 1, which represents the initial object of the category of
commutative algebras M Com_, the isomorphisms A ®1 = A <= 1®A, formed in
the underlying monoidal category M, are isomorphisms of commutative algebras.
Hence, the unit relations of the tensor product hold within the category of com-
mutative algebras. The associativity and symmetry relations of the tensor product
remain valid in the category of commutative algebras too. Thus, we have a whole
symmetric monoidal structure on M Com,, as claimed at the beginning of this
paragraph.

One can actually observe that the tensor product A ® B represents the coprod-
uct of A and B in Com, (and therefore coproducts exist in Comy without any

assumption on the tensor product). The universal morphisms A 5L A® B < B are
given by the tensor products i = id 4 ®np and j = n4 ® id g, where we consider the
unit morphism 74 : 1 — A (respectively, ng : 1 — B) associated to A (respectively,
B).

I1.0.3. Cocommutative coalgebras in symmetric monoidal categories. The struc-
ture of an augmented cocommutative coalgebra in a symmetric monoidal category
is defined by duality from the definition of a commutative algebra with unit.

In brief, an augmented cocommutative coalgebra in M consists of an object
C € M, equipped with morphisms € : C' — 1 and A : C — C ® C such that the
following diagrams commute:

B N B

c®l c®C 18C .
A oe coid C8C ——= C8CeC 12"

The morphism e (respectively, A) is called the counit or augmentation (respectively,
the coproduct) of the cocommutative algebra C'. The above diagrams respectively
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express the counit, coassociativity and cocommutativity relations attached to a
coalgebra structure.

Naturally, a morphism of augmented cocommutative coalgebras f: C' — D is
a morphism of M that makes the following diagrams commute

ecl ieD, Acl lAD,
1——>1

C®C —— D®D
fef

where we adopt the same conventions as in the context of algebras for the notation
of the structure morphisms attached to coalgebras. The category of augmented
cocommutative coalgebras will be denoted by ComS with a superscript ¢ simply
added to notation in order to mark the consideration of coalgebras.

The basic notion of augmented cocommutative coalgebra, classically considered
in the literature, corresponds to the case where M = Mod is a category of modules
over a ground ring K. In the case where M is the category of sets M = Set (and
more generally when the tensor structure is given by the cartesian structure of the
category), any object X € Set inherits an augmentation € : X — %, because the
unit object is the final object * (the one-point set when M = Set), as well as a
diagonal A : X — X x X. Moreover, the above counit, coassociativity and cocom-
mutativity relations obviously hold for this structure. Hence, any X € Set inherits
a tautological coalgebra structure. The definition of this diagonal is actually forced
by the counit relation, and consequently, we have an isomorphism of categories
Set Com: = Set.

The tensor unit 1 inherits a coalgebra structure, defined by inverting the ori-
entation of the arrows in the definition of the algebra structure of §II.0.1, and
represents the terminal object of the category of augmented cocommutative coalge-
bras. Besides, we can also dualize the construction of the tensor product of algebras
in §I1.0.2 to obtain that a tensor product of coalgebras C' ® D inherits a coalgebra

structure, with the composite morphism C' ® D 8D, 191 =51 as augmenta-

tion, and the morphism C®DAC—®A£$C®C’®D®DE_3LC®D®C’®D as

coproduct.

This tensor product C' ® D also represents the cartesian product of C' and
D in the category of augmented cocommutative coalgebras. The universal mor-
phisms C & C ® D % D are given by the tensor products p = id ®ep and
q = €c ® id, where we consider the augmentation ec : C — 1 (respectively,
ep : D — 1) of C (respectively, D).

The previous assertion is the exact dual of an observation of §I1.0.2 on the
tensor product of unitary commutative algebras. Omne can also check that the
forgetful functor w : M Com< — M creates colimits whenever colimits exist in
M, just like the dual forgetful functor on the category of commutative algebras
creates limits. But, we can not dualize the construction of general colimits in the
category of unitary commutative algebras to get limits in the category of augmented
cocommutative coalgebras, because we should require that tensor products preserve
limits (instead of colimits) then, and this assumption is not fulfilled in general.
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We can also use the tensor product construction to provide the category of
augmented cocommutative coalgebras with a symmetric monoidal structure, as in
the dual context of unitary commutative algebras.

I1.0.4. Change of underlying symmetric monoidal categories. To complete this
preliminary section, we examine the application of a change of symmetric monoidal
category to algebra and coalgebra structures.

First, we consider the case where we have a unit-pointed functor S : M —
N between symmetric monoidal categories M and N together with a symmetric
monoidal transformation 6 : S(4) ® S(B) — S(A ® B) (see §11.3.1). Let A be a
unitary commutative algebra in a symmetric monoidal category M. Then the object
S(A) € N forms a commutative algebra in N. Indeed, we have a unit morphism

1= 501) 27 50

as well as a product

S(A) @ 5(A4) L S(Ae A) 2y 5(4),

inherited from A, and which satisfy the unit, associativity, and commutativity
axioms of §II.0.1 as soon as the natural transformation 6 fulfills the coherence
constraints of §11.3.1 with respect to the internal symmetric monoidal structures of
categories (easy verification).

This construction is obviously functorial with respect to the commutative alge-
bra A. Hence, the mapping S : A — S(A) induces a functor between algebra cate-
gories S : M Com4 — N Com.. This functor is unit-pointed as well, and we readily
see, moreover, that the symmetric monoidal transformation 6 : S(A) ® S(B) —
S(A ® B), inherited from S, defines a morphism of unitary commutative alge-
bras when A, B € M Com,. Thus, the functor S : MCom — N Com induced
by S : M — N is unit-pointed and comes equipped with a symmetric monoidal
transformation in the category of unitary commutative algebras in N.

In the dual case, when S : M — N is a unit-pointed functor equipped with a
symmetric comonoidal transformation 6 : S(X®Y) — S(X)®S5(Y), we readily see
that the image of a unitary cocommutative coalgebra under S inherits a unitary
cocommutative coalgebra structure so that S induces a functor between coalgebra
categories S : M Com$ — NCom¢. Furthermore, this functor S : MCom§ —
Ne€omf, induced by S : M — N, is unit-pointed and comes also equipped with
a symmetric comonoidal transformation, inherited from the one of the underlying
functor S : M — N, in the category of augmented cocommutative algebras in N.

In the optimal situation where our functor S : M — N is symmetric monoidal
(see §I1.3.1), we have an functor induced by S both on algebras S : M Comy —
NeComy and on coalgebras S : M Com{ — NComS. These functors are both
symmetric monoidal too.

In the case where we have functors S : M = N : T forming a symmet-
ric monoidal adjunction in the sense of §I1.3.3, we have an induced a symmetric
monoidal adjunction at the level of algebra categories S : M Comy — NComy : T,
and at the level of coalgebra categories S : MComS — NCom{ : T as well.
Indeed, we readily see that the unit n : X — T(S(X)) and the augmentation
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€ : T(S(A)) — A of such an adjunction define morphisms of unitary commuta-
tive algebras (respectively, augmented cocommutative coalgebras) when X (respec-
tively, A) has such a structure, and therefore, define the unit and the augmentation
morphism of an adjunction at the algebra (respectively, coalgebra) level.

I1.0.5. Basic applications of symmetric monoidal category changes. To give a
simple example of symmetric monoidal category change, we consider the free k-
module functor k{—} : Set — Mod from sets to k-modules, where K is any fixed
ground ring. This functor is symmetric monoidal (see §I1.3.2). Thus, we have a
symmetric monoidal functor k{—} : Set Com — Mod Com ., from unitary com-
mutative monoids to unitary commutative algebras, induced by k{—} : Set — Mod.
We clearly retrieve the classical algebra of a monoid when we apply this construc-
tion.

On the other hand, since we have a category isomorphism Set = Set ComS,
we immediately obtain that k{—} : Set — Mod induces a functor k{—} : Set —
Mod Com<. from sets to augmented cocommutative coalgebras in k-modules. We
explicitly have e(z) = 1 and A(z) = ¢ ® = for each generating element z € X in a
free K-modules k{X}.

Let C be any augmented cocommutative coalgebra. We generally say that an
element ¢ € C is group-like when we have e(¢) =1 and A(c) = c® ¢ in C. We use
the notation G(C') for the set of group-like elements of C'. From now on, we set
ComS = Mod Com<_ to abbreviate notation. We can easily check that the mapping
G : C +— G(C) defines a right-adjoint of the above functor k{—} : Set — Com?,
from sets to augmented cocommutative coalgebras. The unit of this adjunction is
the obvious set embedding ¢ : X — k{X}, and the augmentation p : kK{G(C)} — C
is identified with the obvious k-module morphism induced by the tautological set-
theoretic inclusion G(C') C C.

We have observed in §I1.0.4 that the functor k{—} : Set — Com{, is symmetric
monoidal, since our initial functor k{—} : Set — Mod, from sets to k-modules,
is already so. We can record that the group-like functor G : Com§ — Set is
symmetric monoidal too, because this functor, as a right-adjoint, preserves final
objects and cartesian products, with which the unit and tensor product of the sym-
metric monoidal structure of coalgebras are identified (see §11.0.3). We can easily
check that the unit morphism and the augmentation morphism of the adjunction
k{—}: 8et = Com : G are also symmetric monoidal transformations, so that our
adjoint functors define a symmetric monoidal adjunction in the sense of §11.3.3.

I1.1. Operads in symmetric monoidal categories

In §I.1, we formulate all definitions and constructions in the context of a base
category Base, which we will take among the category of sets, topological spaces,
simplicial sets, modules over a ground ring, or among variants of these categories.
Nevertheless, the definition of an operad in §I.1 (and the definition of algebra over
an operad similarly) makes sense any category M equipped with a tensor product
® : MxM — M, as long as the unit, associativity and symmetry axioms of sym-
metric monoidal categories are satisfied. Hence, we have a good definition for the
notion of an operad (respectively, of an algebra over operads) in general symmet-
ric monoidal categories. The precise purpose of this section is to explain general
operad constructions in the context of symmetric monoidal categories.
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To start with, we establish a generalization of the results of Proposition 1.1.9
and Proposition 1.1.17 in the context of symmetric monoidal categories:

ProrosiTiON I1.1.1. In any symmetric monoidal category M, we can form an
operad Comy such that Comy(r) = 1 for every r € N, where 1 refers to the unit
object of M.

The structure of this operad is precisely defined as follows: each component
of the operad Comy(r) = 1 is equipped with a trivial action of the corresponding
symmetric group 3., the unit morphism n: 1 — Comy (1) is the identity of 1, and
the composition products p : Comy (1) ® Comy(n1) ®---® Comy (n,) — Comy(ng +
-+~ +mn,.) are given by the canonical isomorphisms 1@1®---® 1 1.

The collection Com such that Com(0) = 0 and Com(r) = 1 for r > 0 inherits
an operad structure as well, and is actually a sub-object of Com, in the category of
operads.

PROOF. The equivariance, unit, and associativity relations of the operadic com-
position structure of Com follow from the internal coherence relations satisfied by
the unit, associativity, and symmetry isomorphisms in symmetric monoidal cate-
gories.

We define the composition products of the operad Com by restriction from
the composition structure of Comy, and for this purpose, we essentially have to
check that the composite 10 ® ---®0 - 1®1®---® 1 — 1 factors through
Com(0) = 0 when we deal with a composition product of the form Com(r)®@Com(0)®
-+- ® Com(0) — Com(0). But this assertion is just a direct consequence of the
functoriality of the unit isomorphism 1®X ~ X. ([

ProrosiTION I1.1.2. Let M be any symmetric monoidal category. The category
of unitary commutative algebras in M, as defined in §11.0.1, is isomorphic to the
category of algebras over the operad Com, of Proposition 11.1.1. The category of
non-unitary commutative algebras in M is isomorphic to the category of algebras
over the non-unitary operad Com formed by dropping the term of arity 0 in Com_.

PrOOF. The result of this proposition concerning the categories of commu-
tative algebras in M follows from a formal extension, in the setting of monoidal
categories, of the arguments of Proposition 1.1.16-1.1.17. (]

In the case M = 8Set, where we have 1 = pt, we exactly retrieve the result
of Proposition 1.1.17, where the category of commutative monoids with unit is
identified with the category of algebras over the one-point set operad. Indeed, the
operad defined in the proposition is a generalization of the one-point set operad of
Proposition 1.1.9, and our construction gives a version of the unitary commutative
operad Com_ attached to any symmetric monoidal category M.

The second basic example of application of Proposition 1.1.17 is the category
of k-modules M = Mod. In this case, we obtain that the usual category of unitary
commutative algebras over K is isomorphic to the category of algebras over the
operad Comy such that Comy(r) = Kk for every » € N, and similarly in the non-
unitary setting.

In the situation where the ground symmetric monoidal category M has colimits
and the tensor product preserves colimits, we can also use a presentation by gen-
erators and relations, as in §1.2.10, to define a commutative operad (unitary and
non-unitary) in M. One can check that the definition by generators and relations,



52 II. OPERADS IN MONOIDAL CATEGORIES

whenever this one makes sense, returns the same operad as the direct construction
of Proposition II.1.1 (adapt the argument line of Proposition 1.2.7).

To continue this study, we examine the application of a change of underly-
ing symmetric monoidal category to operads. We consider a functor S : M — N
between symmetric monoidal categories M and N. Recall that S is said to be
unit-pointed when we have S(1) = 1, and we say that a unit-pointed functor S is
equipped with a symmetric monoidal transformation if we have a bifunctor mor-
phism 6 : S(A)®S(B) — S(A®B), A, B € M, satisfying natural unit, associativity,
and symmetry constraints (see §I1.3.1 for details). We have the following result:

LEMMA I1.1.3. Let P be an operad in M. If S : M — N is a unit-pointed functor
equipped with a symmetric monoidal transformation 6 : S(A) ® S(B) — S(A ® B),
then the collection of objects S(P(r)) € N, r € N, defined by applying S termwise
to the underlying collection of P, forms an operad S(P) in N. Indeed:

(a) The functor S maps the morphisms s : P(r) — P(r) giving the action of
permutations s € X, on P(r) to morphisms of N, so that S(P(r)) € N
inherits an action of the symmetric group .., and this for all r € N.

(b) The collection S(P)(r) = S(P(r)) also inherits a unit morphism

1= 51) 2% sp1))
as well as composition products
S(P(r)) @ S(P(n1)) @ --- @ S(P(n,))
% S(P(r) @ P(n) ® - ® P(n,))
2, Py + -+ 4 1)),

and the equivariance, unit and associativity relations of operads (§1.1.1)
hold for this operadic composition structure.

PROOF. The unit, associativity and symmetry constraints of symmetric monoidal
transformations (§I1.3.1) imply that the equivariance, unit and associativity rela-
tions of operads on S(P) reduce to the corresponding relations on P, and hence
hold at the level of that collection S(P). O

The construction of the operad structure in this lemma is clearly functorial
in P € MOp. Furthermore, for a unitary operad P, (in the sense of §1.4), we
have S(P1(0)) = S(1) = 1, so that S(Py) is still unitary, with S(P) as associated
non-unitary operad (see §1.4.5). Finally, we have the following proposition:

ProrosiTiON I1.1.4. If S : M — N is a unit-pointed functor equipped with a
symmetric monoidal transformation, then S induces a functor on operad categories
S : MOp — NOp. This functor is given by the construction of Lemma II.1.3 on
objects P € MOp.

This functor also preserves unitary extensions (in the sense of §1.4.5), since we
have the identity S(Py) = S(P)4, for any unitary operad Py € MOp;. O

In our applications, we essentially need to transport operads from one symmet-
ric monoidal category to another, and we base our constructions on the previous
proposition. For the sake of completeness, we can also record that the functor
S : M — N in Proposition I1.1.4 induces a functor from the category of algebras
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over P € MOp to the category of algebras over the operad S(P) € NOp associated
to P in N. To check this assertion, simply observe that the image of a P-algebra
under S inherits evaluation morphisms S(P(r))® S(A)®" — S(P(r)®@ A®") — S(A)
providing S(A) with a natural S(P)-algebra structure.

I1.1.5. Examples of functors between operad categories. The functors consid-
ered in the appendix §I1.3.2 give fundamental examples of applications of Proposi-
tion I1.1.4.

(a) Let us begin with the simplest example, namely the functor k{—} : Set —
Mod mapping a set X € Set to the associated free k-module K{X} €
Mod. Proposition II.1.4 implies that this functor induces a functor k{—} :
SetOp — ModOp, from the category of operads in sets towards the cat-
egory of operads in k-modules, and similarly as regards the extension of
this functor to simplicial sets k{—} : S8imp — s Mod.

(b) The geometric realization functor | — | : 8imp — Top induces a func-
tor k=T : SimpOp — TopOp, from the category of operads in simplicial
sets towards the category of topological operads. In the converse direc-
tion, the singular complex functor Sing,(—) : Top — Simp induces a
functor Sing,(—) : TopOp — 8impOp, from the category of topological
operads towards the category of operads in simplicial sets.

Recall that the geometric realization and singular complex functors define an
instance of symmetric monoidal adjunction. In such a situation, we have the fol-
lowing additional result:

PRrOPOSITION 11.1.6. The functors on operad categories S : MOp S NQOp : T
induced by the functors of a symmetric monoidal adjunction S : M S N T
are still adjoint to each other. The augmentation € : S(T(Q)) — Q and the unit
n:P — T(S(P)), of this adjunction (at the operad level) are given by the arity-wise
application of the augmentation and unit of the underlying adjunction, between the
categories M and N.

PRrROOF. The augmentation € : S(T(Y)) — Y and the unit n : X — T(S(X)),
of the adjunction S : M & N : § are symmetric monoidal transformations by
definition of the notion of a symmetric monoidal adjunction. This observation im-
mediately implies that these morphisms can be applied arity-wise to operads in
order to yield morphisms at the operad category level. The structure relations be-
tween adjunction augmentations and adjunction units remain obviously valid for
these induced operad morphisms, and therefore, we still have an adjunction rela-
tion at the level of operad categories, with the unit and augmentation morphisms
specified in the proposition. ([l

Let us record the application of this result to the geometric realization and
singular complex functors into a proposition:

ProrosiTION I1.1.7. The functors on operad categories | — | : S8impOp =
TopOp : Sing,(—) induced by the realization of simplicial sets and by the singular
complex functor are adjoint to each other. The augmentation € : | Sing,(Q)| — Q,
respectively the unit n : P — Sing, (| P|), of this adjunction is given by the arity-
wise application of the augmentation, respectively unit, of the underlying adjunction
between simplicial sets and topological spaces.

yar
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Further examples of applications of Proposition I1.1.4-I1.1.6 are studied all
through the book. For instance, the result of Proposition I1.1.6 applies the ad-
junction k{—} : 8et — Com{ : G, between sets and augmented cocommutative
coalgebras, involving the extension of the functor k{—} : Set — Mod to coalgebras
as left adjoint (see §I1.0.5).

In the sequel, we often face adjunction relations F' : M & N : G such that
the right adjoint functor G is symmetric monoidal, but not the left adjoint F
(or conversely). In this situation, we still have a functor G : NOp — MOp, but
we can not apply Proposition II1.1.4 to get a functor on operads from F. On
the other hand, we will see that the functor G : NOp — MOp, obtained by the
arity-wise application of G : N — M, preserves limits. In practice, we can apply
adjoint functor theorems to retrieve an adjunction relation on operad categories
from the single functor G : NOp — MOp, and we obtain that way an operadic
replacement £y : MOp — NOp of the functor F : M — N. In §4, we follow
this approach to produce a Sullivan’s model functor from topological operads to
cooperads in cosimplicial commutative algebras (the structures dual to operads in
simplicial cocommutative coalgebras).

To prepare this subsequent study, we will study the definition of operads in
cocommutative coalgebras in details in the next section.

To conclude this section, observe that we can apply the functor k{—} : SetOp —
ModOp to the permutation (respectively, one-point set) operad of §I.1 in order to
obtain a model of the associative (respectively, commutative) operad in k-modules.
In the case of the permutation operad, we obtain an operad such that Asy(r) =
k{%,} for r € N (unitary case). In the case of the one-point set operad, we obtain
an operad such that Com(r) = k{pt} = k for » € N. In the non-unitary setting,
we simply replace the arity 0 component of these operads by the null module. In
any case, we exactly retrieve the expansion of §§1.2.10-1.2.11 for the operads defined
by generators and relations in §1.2.10. This identification gives an analogue of the
results of Proposition 1.2.7 in the context of k-modules. Note that Comy(r) = K
can also be identified with a particular instance of the commutative operad of
Proposition I1.1.1-11.1.2 since K represents the unit object of the category of k-
modules.

I1.2. Hopf Operads

The purpose of this section, as we explained after Proposition II.1.7, is to
unravel the internal structures of operads in augmented cocommutative coalgebras.
To be more specific, one of our aims is to explain that operads in augmented
cocommutative coalgebras are equivalent to augmented cocommutative coalgebra
objects in the category of operads. The existence of these multiple equivalent
definitions motivates us to adopt specific conventions for this category of operads.
Basically, we will generally use the terminology of Hopf operad, rather than the
expression of operad in augmented cocommutative coalgebras, to refer to the objects
of this category, unless we want to specify a particular definition of our structures.
Similarly, we generally use the notation HopfOp, rather than Com§ Op, to refer
to the category of Hopf operads. In general, we assume by convention that the
costructure of a Hopf object is augmented and cocommutative (or unitary and
commutative after dualization) of our notions. Hence, when we use the expression
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of Hopf operad, we implicitly assume that we deal with operads equipped with an
augmented cocommutative coalgebra structure.

The constructions of the next paragraphs are still valid in an arbitrary ambient
monoidal category M, which we fix until the end of the section.

I1.2.1. The definition of Hopf operads as operads in augmented cocommutative
coalgebras. The symmetric monoidal structure of the category of augmented co-
commutative coalgebras Com§ = MCom$ is defined in §I1.0.3. Recall simply that
the tensor product of coalgebras A, B € Com<_ is obtained by providing the tensor
product of A and B in the underlying symmetric monoidal category with a natural
coalgebra structure. The unit, associativity, and symmetry isomorphisms of the
tensor product of coalgebras are inherited from the ambient symmetric monoidal
category, and the forgetful functor w : MCom< — M is, as a consequence, symmet-
ric monoidal in the sense of §II1.3.1.

To define operads in augmented cocommutative coalgebras, we simply apply the
general definition of §1.1.1 to the symmetric monoidal category of coalgebras ComS .
Under this approach, an operad in augmented cocommutative coalgebras (a Hopf
operad in our synonymous terminology) consists of a collection of augmented co-
commutative coalgebras P(r), together with an action of the symmetric group %,
on P(r), for each r € N, a unit morphism n : 1 — P(1), and product morphisms
p:P(r)®@P(n)®---®P(n.) = P(ny + -+ n,), all formed within the category
of augmented cocommutative coalgebras and satisfying the equivariance, unit, and
associativity relations of §I.1.1 in that category Com .

I1.2.2. The internal structure of (cocommutative) Hopf operads. An operad in
augmented cocommutative coalgebras forms an operad in the ground category since,
as we just observed, the forgetful functor w : MComS — M is symmetric monoidal
by construction. As such, an operad in augmented cocommutative coalgebras P can
be identified with an operad in M so that the symmetric group X, acts on P(r) by
morphisms of cocommutative coalgebras, for each € N, and the unit morphism 7 :
1 — P(1) preserves coalgebra structures, as well as the product morphisms p :
Piry@P(n)®---®@P(n,.) = P(ny + -+ n,). Accordingly, to completely unravel
the definition, we simply need to go back to the definition of the coalgebra structure
on the unit object 1, and on the tensor product P(r)@P(n1)®- - -®@P(n,) in order to
make explicit the conditions which n and p have to satisfy as coalgebra morphisms.
The result reads as follows: the preservation of coalgebra structures by the operadic
unit 7 : 1 — P(1) is equivalent to the commutativity of the diagrams

a 1 ——— P(1) 1 ——>P1)
PNEETN
1 11 —— P(1)®P(1)
nen

where we use the notation e (respectively, A) to refer to the counit (respectively,
coproduct) of each P(n); the preservation of coalgebra structures by the composition
product 4 : P(r) ® P(n1) ® --- ® P(n,.) — P(n1 + -+ 4+ n,) is equivalent to the
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commutativity of the diagrams

(b) P(M&P(n1)@@P(n,) — > P(ni+-+n,)
e®e®~-®el le
1 = 1
P(r)@P(n1)®@P(n,) a P(n1t )
AQAR--®A
(P(r)@P(r))®(P(n1)®@P(n1))®---@(P(n,)®P(n;)) A

~

(P(r)®@P(n1)®-+-@P(n,))@(P(r)®P(n1)®--®P(n,)) o P(ni+-+n,)@P(n1+ - +n.)

In the case where M is the category of k-modules and 1 = k (and similarly
in the context of graded, differential graded, simplicial and cosimplicial modules),
the requirement that n : 1 — P(1) is a morphism of coalgebras amounts to the
assumption that the operadic unit element 1 € P(1) (determining ) is group-like,
because so is the unit 1 in the ground ring K, regarded as a coalgebra. In point-wise
terms, the commutation relation expressed by the diagrams in (b) read

e(p(qrs---,qr)) = €p) - (e(qr) - - .. - e(qr))

and oo Pdha) e d)),
(p)>(q1);---5(qr)

for any p € P(r), ¢ € P(n1),...,¢- € P(n,), where we use the notation A(z) =
Z(m) ' ® " to represent the expansion of the coproduct of any element z in a
coalgebra.

In general, the observations of this paragraph imply that we can define operads
in augmented cocommutative coalgebras as operads in the ground category P, where
each P(r) is equipped with a counit € : P(r) — 1 and a coproduct A : P(r) —
P(r) ® P(r), defining an augmented cocommutative coalgebra structure on P(r),
and so that the diagrams (a-b) commute, for all » > 0, ny,...,n, > 0.

To give an abstract interpretation of the compatibility conditions expressed by
these commutative diagrams, we will check that the category of operads inherits a
tensor product from the ground category X : Op x Op — Op, so that the doubled
factors in the tensor products of (a-b) can be interpreted as components of a tensor
square P¥2 in Op. We devote the next paragraphs to this subject. This tensor
product X : Op x Op — Op will be called the arity-wise tensor product of operads.

11.2.3. The arity-wise tensor product of operads. Let P,Q € Op. The compo-
nents of the operad P X Q are given by the obvious formula (PX Q)(r) = P(r)®@Q(r)
in each arity » € N, where we form the tensor product of the objects P(r) and
Q(r) in the ground symmetric monoidal category M. The diagonal action of
permutations w € 3, on the tensor product P(r) ® Q(r) provides the object
(PRQ)(r) = P(r) ® Q(r) with an action of the symmetric group %,, for each
r € N. The unit of the operad PX Q is given by the composite morphism

135101 22 p(1) @ Q(1)
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involving the operadic units of P and Q on the different factors of the tensor product
(PXQ)(1) = P(1) ® Q(1). The composition products of PX Q are defined by the
composite morphisms

(P(r) ®Q(r)) ® (P(n1) ® Q(n1)) @ - @ (P(n,) ® Q(n;))
= P(r)@P(ny) @ @P(1n,) @ (Q(r) @ Q(ny) ® --- @ Q(n,))

m)P(nl+...+nr)®Q(nl+...+nr)7

where we apply an appropriate tensor permutation to gather the factors attached
to each operad P and Q before applying the composition products of these operads.
We immediately check that these structure morphisms satisfy the equivariance, unit
and associativity axioms of operads. Accordingly, our construction, which is also
obviously natural with respect to P, Q € Op, yields a bifunctor X : Op x Op — Op.

We can readily see that the commutative operad Com,, defined in Proposi-
tion I1.1.2 and consisting of the unit object 1 in all arities Com, () = 1, forms a
unit for the arity-wise tensor product of operads. We also have a natural associativ-
ity (respectively, symmetry) isomorphism on X given by the arity-wise application
of the associativity (respectively, symmetry) isomorphism of the tensor product ® in
the ambient category M. We simply have to check that the structure isomorphisms
obtained that way preserves the internal structure of operads, but this assertion fol-
lows from formal verifications. We conclude that the bifunctor X : Op x Op — Op
is the tensor product of a symmetric monoidal structure on Op.

An augmented cocommutative coalgebra in Op formally consists of an op-
erad P € Op equipped with a counit (an augmentation), defined by a morphism
€ : P — Com,, and a coproduct A : P — PXP, all formed in the category of op-
erads, so that the counit, coassociativity, and cocommutativity relations of §I1.0.3
hold. We immediately see, by definition of the arity-wise tensor product X, that
the given of these structure morphisms amounts to providing each P(r) with an
augmented cocommutative coalgebra structure commuting with the action of sym-
metric groups. We also immediately see that, for the morphisms e¢ : P — Com_ and
A : P — PKXP, the preservation of operad units and composition products amounts
to the commutativity of the diagrams (a-b) in §I1.2.2. Accordingly, we have the
following result:

ProprosITION 11.2.4. The Hopf operads, initially defined as operads in aug-
mented cocommutative coalgebras in §I1.2.1, can equivalently be defined as aug-
mented cocommutative coalgebras in operads, where we take the arity-wise tensor
product of §11.2.3 to provide the category of operads with a symmetric monoidal
structure. (]

We crucially need the equivalence established in this proposition for the defi-
nition Hopf operads by generators and relations (see Proposition I1.2.10).

In §I1.0.3, we mention that the tensor unit 1 represents the terminal object
of the category of augmented cocommutative coalgebras, and the tensor product
represents the cartesian product in that category. The same results hold in the
operad context:
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ProposiTiON I1.2.5.

(a) The unitary commutative operad Comy inherits a natural Hopf operad
structure (as unit object for the aritywise tensor product of operads) and
represents the terminal object of the category of Hopf operads.

(b) The aritywise tensor product of Hopf operads inherits a natural Hopf op-
erad structure, so that the aritywise tensor product induces a bifunctor
K : HopfOp x HopfOp — HopfOp and gives a symmetric monoidal
structure on the category of Hopf operads, with the unitary commutative
operad Com_ as unit object.

(¢) The tensor product of Hopf operads PR Q € HopfOp, considered in (b),
actually represents the cartesian product of P and Q in HopfOp. The
structure projections P < PRQ % Q, which characterize this cartesian
product, are identified with the tensor products p = id Xe and ¢ = e X id,
where we consider the counit morphisms € : P — Comy (respectively, € :
Q — Comy.) of the Hopf operad structure on P (respectively, Q).

PROOF. This result follows from the identity HopfOp = OpCom? , established
in Proposition I1.2.4, and the observations of §I1.0.3, concerning the categorical
interpretation of the tensor product of coalgebras in a symmetric monoidal category,
which we apply to the category of operads M = Op. O

The assertions of this proposition can also be deduced from the result of Propo-
sition 1.2.4, asserting that limits of operads are created in the underlying category.

I1.2.6. Hopf symmetric sequences and the definition of free Hopf operads. We
now examine the adjunction between symmetric sequences and operads in the con-
text of Hopf operads. In parallel to the terminology of Hopf operad, we may use
the expression of Hopf symmetric sequence to refer to a symmetric sequence in
augmented cocommutative coalgebras. We may also use the notation HopfSeq,
instead of Com¢ Seq, to refer to that category of symmetric sequences.

We can also obviously extend the definition of the arity-wise tensor product to
symmetric sequences. We then obtain a bifunctor X : Seq x Seq — Seq providing
S8eq with a symmetric monoidal structure (we just retain the action of symmetric
groups in the construction of §I1.2.3), and Hopf symmetric sequences are identified
with augmented cocommutative coalgebras with respect to this symmetric monoidal
structure. We should mention that the tensor unit in Seq is still given by the
unitary commutative operad Com,, of which we forget the operadic composition
structure. A Hopf symmetric sequence can clearly be identified with a symmetric
sequence M € 8eq equipped with an augmentation € : M — Comy and a diagonal
A: M — MXM, formed by the collection of augmentations € : M(r) — 1 and
the diagonals A : M(r) — M(r) ® M(r) on the components of M, so that the
counit, coassociativity, and cocommutative relations of coalgebras are satisfied in M.
Accordingly, we also have an identity between the category of Hopf symmetric
sequences and the category of augmented cocommutative coalgebras in Seq. In our
notation, we write Hopf8eq = Com  Seq = SeqCom, .

We can apply the construction of the free operad to the symmetric monoidal
category of augmented cocommutative coalgebras. We obtain in that context a
Hopf operad O(M), naturally associated to any Hopf symmetric sequence M, and
characterized by the universal property of Proposition 1.2.2 in the category of Hopf
operads (or by the equivalent adjunction relation of Theorem 1.2.1).
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We have already observed that the forgetful functor w : Com$ — M, from aug-
mented cocommutative coalgebras to the ground category, is symmetric monoidal
by construction, and as a consequence, induces a functor w : HopfOp — Op from
Hopf operads to operads. According to the discussion of §§11.2.1-11.2.4, we can also
identify this functor with a forgetful functor, which retains the operad structure in
Hopf operads and forget about the coalgebra structure attached to each component.
We also have an obvious forgetful functor w : HopfSeq — Seq on Hopf symmetric
sequences. We now study the interplay between these Hopf forgetful functors and
the various free operad functors attached to each category.

The explicit construction of the free operad O(M) in Appendix B involves a
combination of colimits and tensor products. On the other hand, we mention
in §I1.0.3 that the forgetful functor w : Com? — M creates colimits (in addition
to tensor products). From this observation, we may immediately deduce that the
forgetful functor w : HopfOp — Op preserves free operads. But we aim to establish
this result by another approach, by relying on our interpretation of Hopf operads
as coalgebras in operads. The argument is based on the following construction:

LEMMA I1.2.7. Let M be a Hopf symmetric sequence. Let O(M) be the free
operad associated to M, and formed in the ground category after forgetting the
internal coalgebra structure of M.

(a) The augmentations € : M(r) — 1 and the diagonals A : M(r) — M(r) ®
M(r), defining the augmented coalgebra structure of the object M, extend
to operad morphisms € : O(M) — Com_ and A : O(M) — O(M) X O(M),
providing O(M) with the structure of a Hopf operad.

(b) Let f : M — P be a morphism of Hopf symmetric sequences, where P
is a Hopf operad. Let ¢y : O(M) — P be the unique morphism factoriz-
ing f in the category of operads. The free operad O(M) inherits a Hopf
operad structure by assertion (a). The above morphism ¢y automatically
preserves this additional coalgebra structure and as a consequence defines
a factorization of f in the category of Hopf operads.

(¢) In the construction of (a), the universal morphism attached to the free
operad v : M — O(M) forms a morphism of Hopf symmetric sequences. In
the construction of (b), if we form the morphism X : O(P) — P, attached
to the identity of P and defining the adjunction augmentation of the free
operad, then we obtain a morphism of Hopf operads.

PROOF. Recall that the collection of augmentations e : M(r) — 1, attached to
the coalgebra structure of each M(r), can be viewed as a morphism of symmetric
sequences towards the unitary commutative operad Com,. The existence of the
operad morphism € : O(M) — Com; extending these augmentations immediately
follows from the universal property of the free operad, as stated in Proposition 1.2.2.

By composing the diagonals A : M(r) — M(r) ® M(r) with a tensor product
of the universal morphisms ¢ : M(r) — O(M)(r) in each arity, we also obtain a
morphism A : M — O(M) X O(M). By applying the universal property of the free
operad, we obtain again an operad morphism A : O(M) — O(M) X O(M) extending
this morphism of symmetric sequences.

By applying the uniqueness requirement in the universal property of free op-
erads (see Proposition 1.2.2 again), we immediately obtain that the counit, coasso-
ciativity and cocommutativity relations of coalgebras hold at the level of the free
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operad O(M), for the just defined morphisms, as soon as they hold at the level of
the symmetric sequence M.

The universal morphism ¢ : M — O(M) forms a morphism of Hopf symmetric
sequences by construction of the coalgebra structure on O(M). Thus, the first
assertion of (¢) is immediate. The uniqueness requirement in the universal property
of free operads also implies that the morphism ¢; : O(M) — P associated to a
morphism of Hopf symmetric sequences in (b) intertwines coalgebra structures and
hence, forms a morphism of Hopf operads. The second assertion of (c), regarding
the adjunction augmentation A : O(P) — P, is also immediate from this result. O

Then we obtain:

ProrosITION 11.2.8. The free operad O(M), together with the Hopf structure
constructed in the previous lemma, forms the free object associated to M in the
category of Hopf operads.

PRrOOF. This proposition is a formal consequence of the results of assertions (b-
¢) in Lemma 11.2.7. O

Lemma II.2.7 also implies the following result on the free operad adjunction:

PRrROPOSITION I1.2.9. The functors defined by the forgetting of coalgebra struc-
tures in Hopf objects fit in a commutative diagram of functors

(o]
Hopf8eq =—=FHopfOp ,

w w
v o v
Seq ——=0p
w

where we consider the adjoint forgetful and free object functors between symmetric
sequences and operads. These forgetful functors also induce mappings on morphism
sets

MoTs¢oprop(0(M), P) —— MoTs¢opfseq(M, P)

Y Y
Moro,(0(M),P) — Morg.q(M,P)

that intertwine the correspondence (materialized by the horizontal arrows in the
diagram) which arises from the definition of free operads as a left adjoint.

PrOOF. The assertion of Proposition I1.2.8 implies that the forgetting of coal-
gebra structures preserves free objects in operads. In Lemma I1.2.7, assertion (c)
similarly implies that the forgetting of coalgebra structures preserves the unit mor-
phism and the augmentation morphism of the free operad adjunction. From this
observation, we immediately conclude that the forgetting of coalgebra structures
also intertwines the adjunction correspondence on morphisms. O

In §1.2, we briefly explain that the free operad O(M) intuitively consists of
formal operadic composites of elements £ € M(n) (whenever the notion of element
makes sense). In this interpretation, the construction of Lemma I1.2.7 amounts to
extending the augmentation (respectively, diagonal) of M to such composites by
using the point-wise commutation relations of §I1.2.2. We use this idea soon, when
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we explicitly determine the augmentation and diagonal of composition products in
operads defined by generators and relations (see §I1.2.11).

We now specialize our study to Hopf operads in modules over a ring M = Mod.
We explain in §1.2.9 that operads in module categories can be defined by generators
and relations as quotients P = O(M)/ < z% «a € J >, where we consider an
ideal < 2%, & € J > in a free operad O(M). In the context of Hopf operads, we
have the following result:

PROPOSITION I1.2.10. Let M be a Hopf symmetric sequence (in K-modules).
We apply the construction of Lemma I1.2.7 to obtain a Hopf structure on the free
operad associated to M. Let S =< z% a € J > be the ideal generated by a collection
of elements z% € S(nqy) in the free operad O(M). If €(2%) = 0 and A(z*) € S(ng) ®
O(M)(ngy) + O(M)(ny) ® S(ng) for each z* € S(ny), then:

(a) The operad O(M) / < z%, « € I > inherits a quotient Hopf operad structure
from the free operad O(M).

(b) The morphisms of Hopf operads ¢f : OM)/ < 2%« € I >— Q defined
on this quotient are in obvious bijection with the morphisms of Hopf op-
erads ¢5 : O(M) — Q such that ¢¢(2%) =0 for each generating element of
the ideal z* € S(ny).

In the situation of this proposition, we also say that the ideal S =< 2%, 0 € J >
forms a Hopf ideal in the operad O(M).

PROOF. The requirement ¢(z%) = 0 implies that € induces a morphism on
the quotient O(M) / < 2% « € J >, and hence provides this quotient operad with
an augmentation € : O(M)/ < 2%, a € J >— Comy. The requirement A(z*) €
S(ng) ® O(M)(ngy) + O(M)(ngy) ® S(ng) is equivalent to the vanishing of A(z?) in
(O(M)/ SHO(M)/S)(a) = O(M)(1a)/ S(1a) ® O(M)(1a)/ S(na) = O(M)(me) ©
O(M)(na)/S(na) @ O(M)(ng) + O(M)(n4) ® S(ng), and implies that A : O(M) —
O(M) K O(M) induces a morphism A : O(M)/S — O(M)/SKO(M)/S on the quo-
tient operad O(M)/S = O(M)/ < 2%, & € J >. These morphisms, obtained by a
quotient process, naturally satisfy the counit, coassociativity, and cocommutativity
relations of coalgebras and hence, provide the operad O(M) / < z% « € J > with a
well-defined Hopf structure.

To check the second assertion of the proposition, simply observe that the mor-
phism ¢; : O(M)/ < 2% a € J >— Q, induced by the morphism of Hopf oper-
ads ¢5 : O(M) — Q, naturally preserves coalgebra structures as well, and hence,
defines a morphism of Hopf operads. O

I1.2.11. The basic examples of Hopf operads. The assertions of Proposition I1.2.5
include the statement that the unitary commutative operad Com, has a natural
Hopf structure. The same result holds for the non-unitary version of this operad
Com and can also be deduced from the identity between the components of this
operad in arity r > 0 and the tensor unit 1. The augmentation ¢ : Com(r) — 1 is
given by the identity of 1 in arity » > 0, and by the initial morphism 0 — 1 in arity
r = 0. The diagonal A : Com(r) — Com(r) ® Com(r) is given by the isomorphism
1< 1®1 in arity r > 0, and by the initial morphism 0 — 0 ® 0 in arity r = 0.
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To illustrate our constructions, we check that this structure result can be re-
trieved from the statement of Proposition I1.2.10 and from the presentation com-
mutative operad in §1.2.10. We then assume that the ground symmetric monoidal
category is a category of modules over a ring.

Recall that the generating symmetric sequence of the commutative operad is
defined by Mcom(2) = K{p(z1,22)} = K, where u = p(z1,22) denotes an operation
on which ¥y acts trivially, and Mcom(r) = 0 for r # 2. We provide the mod-
ule Mcom(2) = k{u(z1,22)} with the coalgebra structure such that e(x) = 1 and
A(p) = p ® p for this generating operation. The image of the generating relations
of Com under the augmentation and the diagonal on the free operad is determined
by using the preservation of operadic composition structures:

e(p(p,1) — p(1,p)) =1-1=0,
Alp(p,1) = p(p) = (@ p)(pep,1®1) = (e p) (11, 1o p)
= p(ps 1) @ plp, 1) — (1, 1) @ (1, p)
= (u(p, 1) = p(1, 1) @ pa(pe, 1) + p(L, p) @ (p(p, 1) = p(L, 1))

We see, from this computation, that the generating relations of the commutative
operad generate a Hopf ideal. Hence, the assumptions of Proposition I1.2.10 are
satisfied, and we retrieve that Com inherits a well-defined Hopf operad structure,
such that e(u) = 1 and A(u) = u ® p for the generating operation p = pu(x1,x2).

The unitary and the non-unitary version of the associative operad also inherits
a Hopf structure. Let us see how to retrieve this structure result from the pre-
sentation again. The generating symmetric sequence of the associative operad is
given by Mas(2) = k{p(z1,z2), p(z2,21)} = k{Z2}, where u = p(x1,x2) denotes
an operation on which Yo acts regularly, and Mag(r) = 0 for r # 2. We provide the
module Mag(2) with the coalgebra structure such that e(u) =1 and A(p) = pu ® p.
The definition of the augmentation and of the diagonal of the transposed operation
(1 2) - p = p(ze,z1) is then forced by the equivariance requirement. We check,
as in the case of the commutative operad, that u(u,1) — (1, 1) generates a Hopf
ideal, from which we conclude again that the operad As inherits a well-defined Hopf
structure.

In the case of the Lie operad, we have a generating symmetric sequence such
that Myie(2) = k{A(z1, 22)} = k¥ where k¥ denotes the signature representation.
We have in this case no possibility of fixing an augmentation e(\) € k, and a
diagonal A(X) € Lie(2) ® Lie(2), so that: the counit relations hold, the equivariance
requirements of operad morphisms are satisfied and the Jacobi relation is canceled
by the augmentation in K, and by the diagonal in Lie(3) ® Lie(3) as well. Hence, we
have no Hopf structure on the Lie operad.

[1.2.12. The example of the Poisson operad. Though we have no Hopf structure
on the Lie operad, we can define an appropriate augmentation and diagonal for the
corresponding generating operation A in the Poisson operad. Recall that the Poisson
operad Pois is defined by a presentation of the form

Pois = O(kp(zy,x2) ® kA(21,22) : p(p(wy, x2), w3) = pla, a2, v3)),
AA(x1,m2), 23) + A(A(z2, 23), 1) + A(A(z3,21), 22) =0,
A1, z2), 23) = p(N(@1, 23), 72) + (1, M32,23)) ),
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where the action of the symmetric group in arity 2 is determined by (1 2) -y = p
and (1 2)-A = —\. We extend the formula of the commutative operad to define the
augmentation and the diagonal of the product operation p = p(x1,x2). We define
the augmentation and the diagonal of the Lie bracket operation A = u(z1,22) by
eA) =0and AN) =A@ u+ u® X\ Again, we easily check (exercise, adapt the
verifications performed in §11.2.11 for the commutative operad) that the generating
relations of the Poisson operad form a Hopf ideal, and therefore we have a well-
defined Hopf structure on the Poisson operad. We use a graded variant of this Hopf
structure in our study of E,-operads.

I1.2.13. Remark: tensor product of algebras over Hopf operads. The existence
of a Hopf structure on an operad P implies that the associated category of algebras
P inherits a symmetric monoidal structure from the underlying symmetric monoidal
category M. Indeed, the tensor product of P-algebras A, B € P inherits an action
of P, given by the composite morphisms

P(r)® (A® B)®" 2 (P(r) @ P(r)) ® (A® B)®"
= (P(r) @ A®") ® (P(r) ® B®") 24925, 4 @ B,

for any r € N, where we consider the diagonal of P, followed by the obvious tensor
permutation and the tensor product of the evaluation morphisms attached to the
P-algebras. The tensor unit 1 also inherits an action of the operad P by restriction
through the augmentation morphism e : P — Com (using the natural commutative
algebra structure of 1). The counit, coassociativity, and cocommutativity relations,
at the level of the coalgebra structure of the Hopf operad P, imply that the unit,
associativity, and symmetry isomorphisms of the ground category define P-algebra
morphisms when we deal with tensor products of P-algebras. Hence, we have a
whole symmetric monoidal structure on the category of P-algebras.

In the case of the commutative operad, we retrieve with this observation the
basic symmetric monoidal structure of §I1.0.2. In the case of the associative operad,
we retrieve the similarly defined symmetric monoidal structure alluded to in the
introduction of §II.0.

I1.2.14. Changes in the context of connected operads. In §1.1.18, we introduce
the category of connected operads Opq;, of which objects are the operads P satis-
fying P(0) = 0 and P(1) = 1.

The constructions of §§11.2.3-11.2.5 can readily be adapted in the context of
connected operads. If the tensor product of M preserves initial objects, then we
immediately see that the tensor product of connected operads is connected. Oth-
erwise, we adapt the definition of §I1.2.3 by fixing (PX Q)(0) = 0 for the arity 0
term of the tensor product in connected operads. In any case, we obtain a symmet-
ric monoidal structure on connected operads by restriction, with, as unit object,
the non-unitary version of the commutative operad Com (also defined in Proposi-
tion II.1.1).

The result of Proposition II.2.4 remains valid for connected operads, and so
does the result of Proposition I1.2.5, provided that we replace the unitary version
of the commutative operad Com by the non-unitary one Com.

I1.2.15. Unitary Hopf operads. The results of §1.4, about the definition of (con-
nected) unitary operads, makes sense in any base category equipped with a tensor
product preserving colimits on each side (see §0.6), and as such can be applied
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without change within the category of augmented cocommutative coalgebras, in
order to give a description of (connected) unitary Hopf operads.

Now, we can also adapt the observations of §I1.2 and regard (connected) uni-
tary Hopf operads as augmented cocommutative coalgebras in the category of
(connected) unitary operads. Indeed, the arity-wise tensor products (PXQ)(r) =
P(r) ® Q(r) of (connected) unitary operads is clearly a (connected) unitary oper-
ads. The action of a deletion morphism u*, associated to some increasing injection
u, on a tensor product of operads PX Q is simply given by the tensor product of
the deletion morphisms determined by v on P and Q. Furthermore, the require-
ment that the deletion morphisms are morphisms in the base category of coalgebras
amounts to the assertion that the augmentation A : P — Com, and the diagonal
A : P — PXP intertwine deletion morphisms.

Similarly, we can regard Hopf symmetric sequences with deletion operations
either as symmetric sequences with deletion operations in the category augmented
cocommutative coalgebras, or as augmented cocommutative coalgebras in the cat-
egory of symmetric sequences with deletion operations.

The results of Proposition 1.4.10 and Proposition 11.2.10 can be combined to
get a good definition of unitary Hopf operads by generators and relations. In this
context, the input of our construction is a connected Hopf symmetric sequence with
deletion operations, combining the deletion structures considered in §1.4.8 and the
Hopf structures considered in Proposition 11.2.10. The associative operad As,,
the commutative operad Com,., and the Poisson operad Pois;., give examples of
connected unitary Hopf operads which we can define by a presentation by generators
and relations. In fact, we simply have to check that the deletion morphisms defined
in §1.4.11 preserve the coalgebra structure on the generating collection Mp of the
operads P = As, Com, Pois (see §§I1.2.11-11.2.12) to conclude that each operad P =
As, Com, Pois has a unitary extension as Hopf operad.

I1.3. Appendix: Functors between symmetric monoidal categories

In various constructions, we have to transport structures (like commutative
algebras) from one symmetric monoidal category M to another N by using func-
tors preserving the internal structures of symmetric monoidal categories. For this
aim, we deal with functors preserving symmetric monoidal structures, in a strict
or relaxed sense. The purpose of this appendix section is to make explicit extra
structures, consisting of natural equivalences or natural transformations, which we
use to govern the commutation of tensor products and functors S : M — N.

I1.3.1. Symmetric monoidal transformations. We often deal with functors S :
M — N satisfying S(1) = 1 for the unit object 1 € M, and equipped with a natural
transformation 6 : S(A)®S(B) — S(A® B), so that natural unit, associativity and
symmetry constraints, expressed by the commutativity of the following diagrams,
hold:

S(A®S(1) —2 > S(Asl) ,  S1)SA) —> S1®A)
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S(A)RS(B)®RS(C) o S(A®B)®S(C) ,  S(A)®S(B) _ . s(asB) .
id ®9J/ le :J/ l:
S(A)@S(BEC) —— —> S(A®BEC) S(B)@S(4) — == S(BOA)

In this situation, we say that the functor S is unit-pointed (to refer to the identity
S(1) = 1) and that 0 defines a symmetric monoidal transformation on S. We have
a dual situation where our functor S is equipped with a natural transformation
going in the converse direction 6 : S(A ® B) — S(A) ® S(B) and satisfying a dual
of our unit, associativity and symmetry constraints. We then say that 6 defines a
symmetric comonoidal transformation associated to S.

We may deal with an optimal situation, where a unit-pointed functor S is
equipped with a symmetric monoidal transformation 6 that gives an isomorphism 6 :
S(A)®S(B) = S(A®B), for every A, B € M (or dually in the case of a symmetric
comonoidal transformation). We say in this case, following the conventions adopted
by most authors, that 6 forms a symmetric monoidal equivalence and that S : M —
N is a symmetric monoidal functor from M to N. (Some authors use the expression
of strong symmetric monoidal functor to depict this situation.)

The functors which are unit pointed and equipped with a symmetric monoidal
transformation in our sense form a subclass of the class of lax symmetric monoidal
functors (simply called symmetric monoidal functors by certain authors). Indeed,
to retrieve the general definition of a lax symmetric monoidal functor from our
definition, we simply have to relax the identity requirement S(1) = 1 and to assume
the existence of a morphism 7 : 1 — S(1) instead. Dually, the functors which are
unit pointed and equipped with a symmetric comonoidal transformation in our
sense form a subclass of the classical notion of colax symmetric monoidal functor.

Unit objects are preserved by all our examples of functors between symmetric
monoidal categories. Therefore, we do not use the general notion of lax/colax
functor in practice.

I1.3.2. Basic examples of symmetric monoidal functors. The geometric realiza-
tion functor |—| : Simp — Top (see §0.5) is a fundamental example of functor which
carries a non trivial symmetric monoidal structure. Recall that the tensor product
operation on simplicial sets and topological spaces is defined by the cartesian prod-
uct of these categories. In this context, the canonical projections K <~ K x L % L
induce morphisms |K| < |K x L| % |L| which we can put together to define a
natural transformation 6 : |K x L| % |K| x |L|. This natural transformation is
actually a homeomorphism for all K,L € 8imp (see for instance [71, §III]), This
result follows from a topological interpretation, in terms of simplicial decomposi-
tions of prisms, of the classical Eilenberg-Zilber equivalence (we refer to loc. cit.
for details). For a point, we obviously have |pt| = pt, and the definition of the
natural transformation 6 : |K x L| % |K| x |L| from universal categorical construc-
tions automatically ensures that the unit, associativity and symmetry constraints
of §11.3.1 are fulfilled.

The singular complex functor Sing, : Top — Simp, which defines the right
adjoint of the geometric realization functor | — | : Simp — Top (see §0.5), is also
symmetric monoidal. In this case, the identity Sing,(pt) = pt and the existence of
an isomorphism Sing, (K x L) = Sing, (K) x Sing, (L) immediately follows from
the definition of Sing, : Top — Simp as a right adjoint.
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To give another (even) simple(r) example: the functor K{—} : Set — Mod,
defined by assigning the free k-module k{X} generated by X to any set X € Set
is symmetric monoidal since we have an obvious identity k{pt} = k for the one
point set pt € Set, a natural isomorphism k{X} ® k{Y} < k{X x Y}, for any
cartesian product of sets X,Y € Set, and we can also easily check that this natural
transformation fulfills our unit, associativity and symmetry constraints. We go
back to this example in §I1.0.5.

The simplicial extension of the free k-module functor k{—} : 8imp — s Mod
(considered in §0.3) is also symmetric monoidal (the symmetric monoidal structure
of simplicial modules will be studied in §4).

The normalized chain complex functor N, : Simp — dg Mod, of which we recall
the definition later on, is an instance of functor which is not symmetric monoidal
in the sense specified in §I1.3.1. In the case of this functor, we have a natural
transformation 6 : N.(X) X N.(Y) — N.(X x Y), called the Eilenberg-MacLane
morphism, which satisfy our unit, associativity and symmetry constraints, but this
morphism is only a weak-equivalence and not an isomorphism (see [64, §§VIII.6-8]).

I1.3.3. Symmetric monoidal adjunctions. Suppose now we have a pair of adjoint
functors S : M &= N : T between symmetric monoidal categories such that both
S and T are symmetric monoidal. We then say that the adjunction is symmetric
monoidal if the adjunction augmentation € : S(T(X)) — X and the adjunction unit
n: A — T(S(A)) are identity morphisms on unit objects, and make commute the
diagrams

S(T(X)®S(T(Y)) e XY , A@B — 1~ s(T(A®B))

R

S(T(X)BT(Y)) ———> S(T(X@Y))  T(S(A)RT(S(B)) ——= T(S(A)@S(B))

9

involving the symmetric monoidal transformations attached to S and T

One can check (exercise) that the augmentation € : |Sing,(X)| — X and the
unit 1 : K — Sing, (| K]) of the adjunction between the geometric realization | — | :
S8imp — Top and the singular complex functor Sing,(—) : Top — Simp satisfy
these relations. Hence, this adjunction | — | : Simp &= Top : Sing,(—) is symmetric
monoidal in the sense defined in the present paragraph.
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CHAPTER 1

Introduction to E,-operads

The first purpose of this chapter is to recall the basic definition of the operad
of little n-discs D,,, and to explain the definition of the notion of E,-operad. We
devote the first section of the chapter (§1.1) to this objective. We give a survey
of classical results on the homology of the little disc operads in the second section
of the chapter (§1.2). The homology functor naturally goes from spaces to graded
modules. In good cases, the homology of a space also inherits a coalgebra structure,
which is dual to the standard commutative algebra structure of cohomology, and
we will observe that the homology of the little disc operad naturally forms a graded
Hopf operad, an operad in the symmetric monoidal category of augmented cocom-
mutative coalgebras in graded modules. The ultimate aim of §1.2 is to determine
this graded Hopf operad structure.

We have appended a section (§1.3) to the chapter in order to make explicit our
conventions on the category of graded modules.

In this book, we deal with non-unitary operad structures as soon as we perform
in-depth constructions on operads, and for technical reasons, we systematically
regard unitary operads as unitary extensions of an underlying non-unitary operad.
Therefore, in contrast with standard conventions, we assume D, (0) = ( for the
version of the little n-discs operad which we denote by D,. The usual unitary
version of the operad little n-discs, which we denote by D,,, is obtained by adding
a base point in arity 0 to this non-unitary operad D,,. By convention, when we do
not specify anything, we assume that our F,-operads are non-unitary too.

Most results and concepts surveyed in this chapter come from [16, 17, 72], as
regards the definition of the little discs operads and iterated loop spaces, and |2,
25, 26], as regards the homology computations.

1.1. Introduction to little discs operads

The purpose of this section, as we just explained, is to recall the definition of the
little n-discs operad, for the sake of reference, and of the derived notion of an F,,-
operad. To complete our account, we provide a short survey of the applications
of operads to iterated loop spaces, because these original motivating applications
yield some intuition on FE,-operads and on the associated algebra structures.

To begin with, we explain what the little discs are. We assume that n is a
positive (finite) integer n = 1,2,... for the moment.

1.1.1. The little discs. Let D™ denote the standard unit n-disc, defined as the
subspace D" = {(t1,...,t,) € R"[t3 +---+t2 < 1} in the euclidean space R™. The
little n-discs, giving the name of the little n-discs operad, are affine embeddings
c:D"™ — D" of the form

c(t1y .y tn) = (a1, ...,an) + 7 (t1,...,tn),

105
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(123).
‘ ’
FIGURE 1.1. The representation of an element in the little 2-disc

operad, and the action of the cyclic permutation (1 2 3) on this
element.

for some translation vector (ai,...,a,) € D" and multiplicative scalar r > 0 such
that 72 < 1 — (a? + --- + a2). To specify such an embedding, it is enough to
give the subset ¢(D™) since the definition of ¢ amounts to assuming that ¢(D")
forms an n-disc inside D", with (ai,...,a,) = ¢(0,...,0) € D" as center and
r > 0 as radius. This observation implies that little 2-discs are determined by their
graphical representations, which we can therefore safely use in order to illustrate
our constructions. By abuse of notation, we set ¢ = ¢(D") and we use the same
letter ¢ to define both the subspace in D" and the corresponding mapping from D"
to D™.

The boundary of the unit n-disc D", defined as the space of points (t1,...,t,) €
D" such that ¢3 +---+¢2 = 1, will be denoted by dD™. The interior of D", defined
as the complement of the subspace D™ in D", or equivalently, as the space of
points (ty,...,t,) € D" such that t2 + --- +t2 < 1, will be denoted by D". We
define the boundary of a little n-disc ¢ as the subspace ¢ = ¢(0D") of ¢ = ¢(D"),
and the interior as ¢ = ¢(D").

1.1.2. The definition of the little n-disc spaces. The little n-discs space D,,(r)
formally consists of r-tuples ¢ = (c1,...,¢,) of affine embeddings ¢; : D" — D",
i=1,...,r, of the form considered in §1.1.1, and such that ¢; N ¢; = 0 for all pairs
i 7.

The space D,,(r) is equipped with the compact-open topology since the collec-
tion of affine maps ¢ = (¢1,...,¢,) is naturally identified with an element of the
mapping space Mapy,, (IT" D™,D™). Equivalently, we can use parameters associated
with these maps, like the centers (ay,...,a,) = ¢;(0,...,0) € D" and the radius
r > 0, to determine the topology of D,,(r). The first approach is more convenient
when we deal with applications of little discs to iterated loop spaces. The second
equivalent definition is more convenient when we examine the connections of little
discs with configuration spaces (see §1.2.1).

Figure 1.1 gives the representation of an element ¢ € D,,(3). In this picture, we
use that the definition of ¢ as an r-tuple ¢ = (¢1,. .., ¢.) amounts to assuming that
the little n-discs ¢1,..., ¢, C D" are indexed by the elements i = 1,...,r. We have
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a natural mapping s, : D, (r) — D, (r), associated to each permutation s € %,., for-
mally defined by s.(c1,...,¢) = (Cs(1),- -5 Cs(r)), for any ¢ = (c1,...,¢;) € Dy(r).
Pictorially, the mapping s, : D, (r) — D,(r) is given by an obvious reindexing
operation: we apply the permutation s € ¥, to the index ¢ = 1,...,r associated
with each little n-eube of ¢ = (c1,...,¢.) € D,(r) in order to get the picture
of s.(c) € D,,(r) from the picture of ¢ (see Figure 1.1 for an example).

The collection D,, = {D,(r),r € N}, where each space D, (r) is equipped with
this action of ¥, forms a symmetric sequence.

In certain applications, we may prefer to consider the symmetric collection as-
sociated to D,,, of which terms are indexed by arbitrary finite sets r, rather than this
symmetric sequence. The elements of a term D, (r) in this symmetric collection are
identified with collections of little eubes ¢ = {¢;,,...,¢;. } indexed by the elements
of the given set r = {iy,...,4,} rather than by ordinal elements i = 1,...,r. The
action of finite set bijections u € Bij(r,s) on the symmetric collection D,,(r) is the
obvious extension of the reindexing process associated with permutations.

1.1.3. The little n-disc operad. We consider the symmetric sequence of little
n-disc spaces defined in the previous paragraph. We have a natural unit element
1 € D, (1) given by the 1-tuple 1 = (id), where we consider the identity mapping id :
D" — D", with the full unit disc D" = id(D") as corresponding subspace id(D") C
D".

We now define the partial composition operations o; : Dy, (1) X Dy (s) = Dy (r+
s—1) giving the operadic composition structure of D,,. To a = (a1, ...,a,) € Dy(r)
and b= (by,...,bs) € Dy,(s), we associate the r + s — 1-tuple of little discs

ao;b=(a1,...,a;—1,a;0b1,...,a;0bs,a;41,...,a,) € Dp(r+s—1),

where the expression a; o b refers to the composite of the maps a; : D" — D"
and b, : D" — D". Note that such a composite a; o by is still an embedding of
the form specified in §1.1.1. Intuitively, the little n-disc configuration a o; b €
D, (r + s — 1) is obtained by putting the configuration b = (b1,...,bs) in the little
disc of a = (ay,...,a,) indexed by i, as depicted in Figure 1.2. In this process,
we apply the affine mapping a; : D" — D", equivalent to the given little n-disc
a; = a;(D"), in order to put the little n-disc configuration b at the appropriate
position and scale.

The definition of the operad D,,, for n = 1,2,..., is now complete since we can
immediately check, by a straightforward inspection of definitions, that the unit and
associativity axioms of operads are satisfied by our composition operations.

1.1.4. The deletion structure associated with the little n-disc operad. In what
follows, we take the convention that D, (0) = @ (as explained in the introduction
of this chapter). On the other hand, we can formally extend the definitions of the
previous paragraphs to include the case of an empty collection of little n-discs in
arity 0. We then obtain a unitary version of the operad of little n-discs D,, 4, with
the empty collection as unique element in arity 0, so that D, (0) = *. We use the
notation * for both this one-point set, and the empty collection, regarded as unique
element of this component of the operad D, .

This operad D, 4 forms a unitary extension of the non-unitary little n-cubes
operad D,, (in the sense considered in §I.4.5), and the partial composites with the
arity O element * € D, (0) are equivalent to deletion operations 9; : Dy (r) —
D,+(r—1) so that 9;(c) = co; * (see §1.4.1). The image of a little n-disc collection
¢ = (c1,...,¢) under the deletion map 0; : Dyt (1) — Dyt (r — 1) can readily be
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©) O]
FIGURE 1.2. The composition of elements in the little 2-disc operad.

Ficure 1.3. The
representation of a
deletion operation
in the little 2-disc
operad.

identified with the r — 1-tuple 0;(¢) = (¢1,...,G, ..., ¢), where the ith term of ¢
has been removed (see Figure 1.3 for an example).

The unitary operads D,,4+ naturally occur in applications to iterated loop spaces.
The computation of the homology of the little n-discs operads (see the next section)
involves the deletion morphisms associated to the operad D, too.

1.1.5. The little disc operads as a nested sequence. The operad of little n-cubes,
as defined in the previous paragraphs for a finite integer n = 1, 2,. .., actually form
a nested sequence of topological operads

Di—+Dyg— -+ =D, —---.

We take the colimit Do, = colim,, D,, to add a terminal term to this sequence and
to define the infinite dimensional version of the little disc operads. We have an
extension of this construction in the unitary setting too.

We use the equatorial embedding of the n-disc D™ into the n + 1-disc D", for-
mally defined by e(ty,...,t,) = (t1,...,tn,0), to regard D" as a subspace of D",
To a little n-disc ¢ : D" — D™ we associate the little n + 1-disc e(c) : D**' — D!
with the same center ¢(0,...,0) in the equatorial disc D" C D"*' and the same
radius 7 > 0. Thus, when c(t1,...,t,) = (a1,...,a,) + - (t1,...,t,), this little
n + 1-disc e(c) is formally defined by e(c)(t1,...,tn,tnt1) = (a1,...,a,,0) + 7 -
(t1, . tn tnst).

The operad embedding e : D,, — D,y is defined on each little n-discs space
D,,(r) by the mapping such that e(c) = (e(c1), ..., e(c,)) for any ¢ = (¢1,...,¢) €
D, (r) (see Figure 1.4 for the graphical representation of this process). We readily
see that the collection of these mappings preserve the internal structure of operads,
and hence, do define operad morphisms, which moreover admit an obvious extension
to the unitary version of the little eubes operads. We can check further that our
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FIGURE 1.4. The image of a little
s ot 1-disc configuration in the little 2-
disc operad.

mappings e : D, (r) — D,41(r), are topological inclusions, for all » € N, and hence,
the little n-disc space D,,(r) can really be identified with a subspace of D, y1(r).

To complete our definitions, we record the following result (already mentioned
in the chapter introduction) about the initial term of the sequence D; and the
added terminal term Dg:

ProPOSITION 1.1.6.

(a) We have mgD1(r) = X, forr =1,2,..., and the canonical maps Dy (r) —
7o D1(r) define a weak-equivalence of topological operads Dy — As from the
little 1-disc operad Dy to the associative operad As, formed in the category
of sets and viewed as a discrete topological operad. In the unitary setting,
we have similarly mo D1y ~ As, .

(b) We have 1o Doo (1) = %, forr =1,2,..., and the canonical maps Do (1) —
70 Doo () define a weak-equivalence of topological operads Do, — Com
between Do, to the commutative operad Com, formed in the category of
sets and viewed as a discrete topological operad. In the unitary setting, we
have similarly my Dooq ~ Comy .

PROOFS AND EXPLANATIONS. In the proposition, we consider the sets of path-
connected components 7y P(r) associated to the topological spaces P(r) underlying
an operad P. The collection of sets mp P(r) inherits an operad structure from P.
Moreover, the collection of maps P(r) — 7o P(r) defines a morphism of topological
operads, where we regard the sets mg P(r) as discrete topological spaces, as stated
in the proposition. This assertions formally follows from the obvious observation
that the mapping 7y : X — mX, from topological spaces to sets, defines a sym-
metric monoidal functor with the functors from sets to discrete spaces as adjoint
(see §811.1.3-11.1.7). The claim that P — 7 P defines a weak-equivalence of topo-
logical operads, as formulated in the proposition, amounts to the assertion that the
path-connected components of the spaces P(r) are contractible.

In the case P = Dy, the embedding of a collection of little intervals (of little 1-
discs) ¢ = (c1, .. .,¢,) € Di(r) in the one dimensional space D' = [~1, 1] determines
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an order relation between the intervals. To be explicit, we set ¢; < c¢; when we have
¢i(0) < ¢;(0), or equivalently, when c¢;(s) < ¢;(t) for all s,¢ € D'. The obtained or-
dering ¢;;, < --- < ¢;, determines a permutation (i1, ...,%,) of the indices (1,...,7)
which we associate to our the little 1-disc configuration (cq,...,c¢,). For the little
configuration of Figure 1.4, for instance, we obtain the permutation (1,3,2).

This assignment gives a map Di(r) — 3., for any r € N, and we can easily
check, by providing a map in the converse direction and a contracting homotopy,
that this map is indeed a homotopy equivalence. From this verification, we conclude
that mo D1(r) = X, and the path-connected components of Dy (r) are contractible,
as asserted. Recall that the permutation groups ¥,, 7 > 0, define the underlying
collection of the associative operad in sets As. By inspection of definitions, we can
also easily check that the relation mg D; = As holds as an identity of operads. In
the unitary context, where we simply consider an additional base point in arity 0
on both sides of the identity m9g D1y = As, and we similarly check that we have an
identity mg D14 = As, in the category of operads.

We refer to [17, Lemma 2.50] for a proof that each space D (7) is contractible.
We therefore have 7y Do (1) = * for each » > 0, where we use the notation * for
the one-point set. Recall that the commutative operad in sets Com is also given
by Com(r) = x, for all » > 0. The existence of the relation 7y Do (1) = * for each
r > 0 automatically implies the identity mg Do, = Com in the category of operads
in this case, and we similarly obtain the operad identity my Dooy = Com_ in the
unitary setting. O

We check soon (from homology computations) that the operads D,,, unlike Dq
and Dy, are not weakly-equivalent to discrete operads when 1 < n < oco. We
can readily see, nonetheless, that the spaces D, (r) are path-connected for n > 1.
Accordingly, the identity of the theorem 7 D,, = Com in assertion (b) holds as soon
as n > 1, and similarly w9 D,,4+ = Com; when we add a base point in arity 0.

1.1.7. Relationship with the little n-cubes operad. The little n-cubes operad is a
variant of the little n-discs operad D,, of which elements consist of collections of cube
(rather than disc) embeddings. To be precise, we define a little cube ¢ as a map ¢; :
[0,1]" < [0,1]™, of the form ¢;(t1,...,tn) = (a1 + (b1 —a1)t1, ..., ar + (by — an)tyn),
for (t1,...,tn) € [0,1]™, for n-tuples of parameters (a1, ..., an), (b1,...,b,) € [0,1]"
such that 0 < aj < by < 1, for all k. Thus the space ¢ = ¢([0,1]™) defines in this
case an n-dimensional cube in [0, 1]" with non-empty interior ¢; and faces parallel
to the faces of the ambient unit cube, as in the following picture:

ba

by

ai a2

The n-tuples (a1,...,an), (b1,...,b,) € [0,1]™ represent the extremal vertices of
this little cube.

The spaces C,,(r), forming the little n-cubes operad C,,, consists of r-tuples of
little n-cubes ¢ = (c1, . .., ¢,.) with disjoint interiors. Thus, a typical element of the
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little n-cubes operad is represented by a picture of the following form:

The definition of the operad structure on little n-cubes is an obvious variation
of the definition of the operad structure on little n-discs. One can prove that the
operad of little n-discs is weakly-equivalent as an operad to the operad of little n-
cubes. Some constructions possible with little n-cubes can not be performed with
little n-discs, and conversely, but both operads suit equally well for the construc-
tions considered in this book.

1.1.8. Iterated loop spaces. The little n-discs, as we explain soon, represent
composition patterns for continuous maps « : D™ — X towards a space X equipped
with a fixed base point xy and so that « 1i9pn= x¢. The space formed by these
maps

Q"X = {a € Mapg,,,(D", X) | a 19pn= w0},

together with the topology inherited from Mapy,, (D", X), is one of the possible
equivalent definitions for the n-fold loop space associated to X. In the case n =1,
we retrieve with this construction the basic definition of the space of loops a : D* —
X based at xg. This 1-fold loop space is more usually denoted by QX (with the
dimension exponent dropped from the notation).

The pairs (X, z), consisting of a topological space X together with a distin-
guished base point zy € X, form the objects of the category of pointed spaces. The
morphisms of this category Top, are the morphisms of topological spaces preserv-
ing the base point. In general, we use the expression of the underlying space X for
the objects of Top,, and the notation * to refer to the base point attached to any
such space (except in particular cases where the base point has to be specified).
Implicitly, we abusively consider that a space X, regarded as an object of Top,,
comes together with a natural base point, which is part of its internal structure.

The loop space Q2" X comes together with a natural base point, defined by the
constant map towards the base point of X, and the assignment Q" : X — Q"X
defines a functor Q" : Top, — Top, on the category of pointed spaces Top,. The
n-fold loop space functor Q" : Top, — Top, can formally be identified with the
n-fold composite of the basic single loop space functor €2 : Top, — Top,. This
observation motivates the terminology of iterated loop space for spaces of the form
Y =0"X.

1.1.9. Operations on iterated loop spaces associated to little discs. Let ¢ =
(c1,...,¢) € Dpy(r) be any element sequence of little discs ¢;, ¢ = 1,...,r (possibly
empty, r = 0), defining an element in the (unitary) little n-discs operad (unitary
structures are needed for applications to iterated loop spaces). The assumption
that each little disc ¢; has a radius r > 0 implies that the map ¢; : D" — D"
induces an affine isomorphism between D" and ¢; = ¢;(D"™).
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To a collection of n-fold loop space elements aq,...,qa, € Q" X, we associate
the map « : D" — X such that
ai(c; (1, tn)), when (ty,...,t,) belongs to the image
alty,... tn) = of a small disc ¢; = ¢;(D"),
*  (the base point of X), otherwise.

The assumption a; 19p»= * for the elements of 2™X ensures that this map is well
defined and continuous over D". Moreover, we clearly have a 19pn= *. Thus, the

map « : D" — X defines an element of the n-fold loop space a = ¢(aq,..., ) €
Q"X naturally associated to aq,...,q, € Q"X.
To reformulate the construction, the composite a = ¢(aq,...,q,) : D" — Q"X

is obtained by applying the maps «a; to the little n-discs of the configuration c.
The composition with ¢; L simply amounts to performing a suitable change of scale
before applying a;. The complement of the little n-discs inside D™ is sent to the
base point by our map a.

Under the conventions of §1.1.13, the mapping ¢ : (a1,..., ;) — claq, ..., q;)
defines an operation ¢ : Q"X x .-+ x Q"X — Q"X naturally associated to ¢ €
D+ (r). We easily see that:

PROPOSITION 1.1.10. The above construction provides each n-fold loop space
Q"X with an action of the (unitary version of the) little n-discs operad D,y so that
Q"X forms an algebra over this operad. ]

Basically, this proposition gives the construction of an algebraic structure (an
algebra over D,,+) from a topological object (an n-fold loop space). The question is
how far the algebraic structure provides a faithful picture of the topological objects.
The answer is provided by the following recognition theorem, which gave the first
motivation for the introduction of operads in topology:

THEOREM 1.A (J. Boardman, R. Vogt [16, 17|, P. May [72]). For any space
Y equipped with an action of the (unitary) operad of little n-discs Dy, we have a
pointed space B,Y , naturally associated to' Y, together with maps Q"B,Y < - =Y
commuting with D, -actions, where the middle term is again equipped with a D,y -
action and the right-hand side map is a weak-equivalence.

The left-hand side map is a weak-equivalence too when'Y is path-connected (or,
more generally, group-like). O

The cited references provide different approaches of this theorem. The argu-
ments of [72] rely on an approximation theorem (see Theorem 2.7 in loc. cit.)
asserting that free algebras over D,, are weakly-equivalent to iterated loop spaces
of suspensions Q"¥" X (see again loc. cit.) and returns the n-fold delooping B, Y
in one step. The arguments of [16, 17] rely on an inductive delooping process.

The space Q"B,Y is not weakly-equivalent to Y in general (when Y is not
group-like), but forms a so-called group completion of Y (see [1] for an introduction
to this notion and further references on this subject).

We will not go further into the applications of operads to iterated loop spaces.
We refer to the literature, notably the already mentioned monographs [17, 72], for
a comprehensive account of that subject. We simply want to explain, in order to
complete the above survey, that the action of the little n-discs operad on n-fold loop
spaces represents a fine homotopical structure underlying the classical definition of
the homotopy groups of pointed spaces.
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1.1.11. Basic motivations: the definition of homotopy groups. The nth homo-
topy group m,(X,xo) of a space X equipped with a base point zo € X can be
defined as the set of homotopy classes of maps u : D" — X which are identical to
the base point zg € X on dD™. Simply recall that a homotopy between any such
maps ug, u1 : D" — X consists of a map h : [0,1] x D" — D" such that h(0,-) = u,
h(1,-) = uy and h(s,-) 19pn= xq, for all s € I.

The group m (X, xp) is identified with the fundamental group of X because a
based loop on the pointed space X is nothing but a map w : [—1, 1] — X such that
U 19[—1,1]= To, and we have a similar identification for homotopies. We review the
definition of the group structure on m, (X, z) soon. Simply recall for the moment
that the fundamental group (X, zg) is not abelian in general while all higher
homotopy groups m,(X,zg), n > 1, are. We give an operadic interpretation of this
structure.

We have a formal identity between m,(X,z¢) and the set of path-connected
components of the n-fold loop space Q™ X. The group multiplication of 7, (X, zo),
as most usually defined (see [93, §IV]), can be identified with an operation p :
Q"X x Q"X — Q" X, formed at the loop space level, associated with the little
n-cubes operad (after considering an n-cube model of Q"X rather than our n-disc
model). When we chose to deal with discs instead of cubes, we can obtain an
equivalent result by considering an operation g : Q"X x Q"X — Q"X associated
with some little n-disc pair ¢ = (c1,c2) € D, (2).

To be more precise, when we assume n > 1, all operations ¢ : Q"X x Q"X —
Q"X associated to a little n-disc configuration ¢ = (¢1,c2) € D,(2) are the same
up to homotopy: indeed, since D, (2) is path-connected, any pair of little n-
disc configurations ¢V, ¢! € D, (2) are connected by a path ¢® and the associated
maps ¢® : Q"X x Q"X — Q"X, s € [0,1], determine a homotopy between the
operations associated to ¢” and c'. We obtain in particular that the multiplication
determined by any element ¢ € D,(2) is homotopy equivalent to the multiplica-
tion determined by the transposed operation (1 2) - ¢ € D, (2). The commutativity
of the multiplication on 7, (X, zg) actually follows from this observation. In the
case of n = 1, we have two choices of multiplications in homotopy, corresponding
to the two path-connected components of the space D1(2), and these multiplica-
tions are transposed to each other. Thus we retrieve the non-commutativity of the
fundamental group 71 (X, zo).

The homotopy, giving the associativity of the multiplication on homotopy
groups, can also be defined by a one parameter family of triple operations p§(-, -, ) :
Q"X x Q"X x Q"X — Q"X s € [0, 1], associated with a path in the little n-discs
space D, (3). The inversion operation is apart because the homotopies giving this
operation are not included in the structure associated with the little n-discs operad
(the connectedness assumption in the formulation of Theorem 1.A, the recognition
theorem of iterated loop spaces, is related to this point).

By pushing our operadic analysis further, we can regard the associativity (re-
spectively, commutativity) of the group structure on 7, (X, () as a consequence
of the operad identity mo D14+ = Asi (respectively, moDn+ = Comy for n > 1).
We mention after Proposition 1.1.6 that the operads D, are not componentwise
contractible for 1 < n < co. We actually prove (soon) that D, (2) is homotopy
equivalent to a sphere S" ! and that each space D, () has a non-trivial homology.
Fine structures arising from the operad D,, can be revealed by studying homology
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groups H, (2" X, k) rather than restricting our consideration to the set of connected
components m, (X, zg) = mo(Q2"X). The monograph [25] gives a complete descrip-
tion of these homological structures in the case where the coefficient ring of the
homology is a field.

1.1.12. The notion of E,-operad. To set the definition once and for all: a non-
unitary (respectively, unitary) FE,-operad in topological spaces is an operad P, in
the category of topological spaces, which is isomorphic to the operad of little n-discs
D,, (respectively, D, ) in the homotopy category of topological operads Ho(TopOp).

By definition of the homotopy category Ho(TopOp), this definition amounts to
assuming that P is connected to D,, by a chain of morphisms of topological operads

P D,

inducing isomorphisms on homotopy groups, and hence, defining weak-equivalences
in the category of topological operads as specified by the marks ~ in the expression
of this chain. Since TopOp forms a model category, we can assume that such a
chain is reduced to two weak-equivalences

P& 5D,

The same observations hold in the unitary context.

In many applications, authors take the additional assumption that FE,,-operads
are cofibrant as symmetric collections in order to ensure that the category of
algebras associated with different models of E,-operads are Quillen equivalent
(see §I11.4, and more particularly Theorem II1.4.6, for recollections on this sub-
ject). The interesting reader can notice that all instances of E,,-operads considered
in this book (including the reference model of little n-discs by the way) are cofi-
brant as symmetric collections. But we will not pay attention to this technical
point. Furthermore, as soon as we consider homotopy automorphism groups, we
need to deal with cofibrant models of E,-operads, and this requirement is actually
stronger than being cofibrant as a symmetric collection (see for instance [14]).

In the cofibrant case, the model category axioms implies that we can reduce our
chain of a weak-equivalences, connecting P and D,,, to a single element P = D,,,
but we usually do not need to make this weak-equivalence explicit too.

In the case n = 1,00, the result of Proposition 1.1.6 immediately implies (see
also the explanations after that statement):

ProroOSITION 1.1.13.

(a) A non-unitary operad P is Ey if and only if we have mo P(r) = X,., forr =
1,2,..., and the canonical maps P(r) — o P(r) define a weak-equivalence
of topological operads P =+ As, where we regard the associative operad As,
formed in the category of sets, as a discrete topological operad. A similar
result holds in the unitary context, with the non-unitary associative operad
As replaced by the unitary one As, .

(b) A non-unitary operad P is Es if and only if we have moP(r) = x, for
r = 1,2,..., and the canonical maps P(r) — moP(r) define a weak-
equivalence of topological operads P = Com, where we regard the commu-
tative operad Com, formed in the category of sets, as a discrete topological
operad. A similar result holds in the unitary context, with the non-unitary
commutative operad Com replaced by the unitary one Com,.. O
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Since the operads D,, are not equivalent to discrete operads for 1 < n < oo, we
do not have such a simple characterization of E,-operads in general. On the other
hand, the existence of weak-equivalences P <~ - = D,, implies that E,-operads
have the same homology as the operad of little n-discs (and similarly in the unitary
context). This already gives a simple criterion for the recognition of E,-operads.
But the study of the homology of E,-operads gives the subject of the next section.

1.2. The homology (and cohomology) of E,-operads

The goal of this section is to give a description of the homology of the little n-
discs operads D,,, and as a byproduct of any E,,-operad. To simplify the exposition,
we only consider the case of coefficients in a field kK = Q when we state the result of
the homology computation for the operads of little discs. In short, we use coalgebra
structures on the homology which are not defined for all operads when we deal
with Z coefficients. Nonetheless, we can mention that these-difficulties—vanish in
the particular case of the little n-disc operad and the given result extends to the
case of Z coefficients.

Since the homology gives a functor towards the category of graded modules,
we naturally deal with objects defined within this category gr Mod. The category
of graded modules inherits a symmetric monoidal structure, of which definition
is recalled in the appendix section §1.3. We soon recall that the homology of a
space (with coefficients in a field) forms an augmented cocommutative coalgebra
in graded modules (an augmented graded cocommutative coalgebras for short),
and that the homology of a topological operad forms an operad in augmented
graded cocommutative coalgebras (a graded Hopf operad). We precisely aim to
determine the graded Hopf operad structure attached to the homology of the little
discs operads.

To explain our conventions, when we deal with objects defined within the base
category of graded modules gr Mod, we use the prefix graded as a reference for
this underlying category, rather than the full expression of graded module. First
examples include augmented graded cocommutative coalgebras, unital graded com-
mutative algebras, and graded operads.

For objects defined in categories of augmented cocommutative coalgebras, we
also follow the conventions of §II.2 and we generally use the prefix Hopf, rather
than a full category designation, as a short reference to the underlying coalge-
bra structure. Thus, we use the terminology of graded Hopf operad to refer to
the same structure as an operad in augmented graded cocommutative coalgebras.
In mathematical expressions, we similarly use the notation gr Com¢ , rather than
gr Mod Com?_, to refer to the category of augmented graded cocommutative coal-
gebras, the notation gr Op, rather than gr Mod Op, for the category of graded
operads, and the notation gr HopfOp to refer to the category of graded Hopf op-
erads. In Proposition I1.2.4, we observed that Hopf operads can be identified with
augmented cocommutative coalgebras in operads. Thus, in the graded context, we
have categorical identities gr HopfOp = gr ComS Op = gr Op Com?.. In this sec-
tion, we also deal with the variant of this category formed by the connected graded
Hopf operads equipped with deletion morphisms. In our conventions, we use the
notation gr HopfOpd; to refer to this category.

The homology of the little n-discs operads is essentially trivial when n = 1, co,
since the topological spaces underlying these operads have contractible connected
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/the


Benoit Fresse
Barrer

Benoit Fresse
Machine à écrire
consequence

Benoit Fresse
Ligne

Benoit Fresse
Barrer

Benoit Fresse
Barrer

Benoit Fresse
Machine à écrire
the

Benoit Fresse
Ligne

Benoit Fresse
Barrer

Benoit Fresse
Ligne


116 1. INTRODUCTION TO E,-OPERADS

components (and similarly in the unitary context). Therefore most of our efforts is
devoted to the cases where 1 < n < 0o/

The previously alluded to cocommutative coalgebra structure on the homology
of a space H, (X) is dual to the standard algebra structure of the cohomology H*(X).
In a first stage, we forget operadic composition structures. We give a description
of the cohomology of each space D, (1) as a commutative algebra. In this context,
we can replace the little n-discs spaces D,,(r) by homotopy equivalent configuration
spaces F(IOD”, ), which do not form an operad but are more suitable for the analysis
of topological structures. To begin with, we recall the definition of these spaces:

1.2.1. Configuration spaces. The configuration spaces, which can be associated
to any topological space M € Top, are simply defined by:

F(M,r)={(a1,...,a,) € M"|a; # a; for all pairs i # j},

for all » € N. In what follows, we only consider the configuration space associated
to the open n-discs M = D". The configuration space associated to the euclidean
space M = R" is more usually considered in the operadic litterature. But the
standard homeomorphism between the euclidean space and the open n-disc induces
a homeomorphism at the configuration space level. Therefore, we can deduce results
involving one of these configuration spaces from results involving the other.

PROPOSITION 1.2.2. We have a homotopy equivalence w : D, (r) = F(D", r)
defined by mapping a collection of little n-discs (c1,...,c.) € Dy(r) to their corre-
sponding centers (c1(0),...,¢-(0)) € F(D",r).

PrROOF. Exercise or see [72, §4]. O

We refer to this homotopy equivalence w : Dy, (r) = F(D™, r) as the disc center
mapping.

We have no operadic composition products on configuration spaces, nonethe-
less:

PROPOSITION 1.2.3. The collection of configuration spaces F(IOD", ) inherits the
structure of a symmetric sequence with deletion operations so that the collection of
disc center mappings w : D, (1) = F(f)”, r) defines a weak-equivalence of symmetric
sequences with deletion operations.

EXPLANATIONS. To define the deletion structure of configuration spaces, we
consider, as explained in §1.4.7, a unitary extension of the configuration space se-
quence F([D)”,r), r € N, defined by adding a one-point set term F(I:o)",O)Jr = x in
arity 0. The definition of this unitary extension parallels the definition of the uni-
tary little n-eubes operad in §1.1.4, and we can actually regard the unique element
of this one-point set as an empty configuration of points in D™,

The action of a permutation s € X, on an element a = (a,...,a,) € F(D",r) is
defined by the obvious component permutation s, (a) = (as(1),- - ., as(r)) associated
to s, and the ith deletion morphism 8; : F(D™, ), — F(D™,r—1), is defined by the
removal operation 9;(a) = (a1,...,a;,...,a,). The preservation of the symmetric
sequence structure and of deletion operations by the disc center mapping follows
from obvious verifications. O

We now examine the topological structure of the configuration spaces F(f)", r)
with the aim of determining the cohomology of these spaces. We begin with the
following simple observation:

discs
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PROPOSITION 1.2.4. We have a homotopy equivalence F(b",?) = 8L be-
tween the configuration space of two points F(D",2) and the n — 1-sphere S™ !,
explicitly defined as the map sending an element (a,b) € F(D™,2) to the normalized

vector ab/||ab|| € S"*.
Proor. Exercise. O
1.2.5. The definition of fundamental classes. For n > 1, this result implies that
Q, ifx=0,n—-1,

0, otherwise,

H,(F(D",2)) = H,(S"" 1) = {

and similarly as regards the cohomology H*(F(D",2)). We use the notation [S"!]
for the generator of H,_;(S™ '), defined by the fundamental class of the sphere
(which we equip with an orientation), and for the corresponding element in the
homology H, (F(D", 2)). We will also use the notation [pt] for the canonical generator
of the homology H,(F(D™,2)) in degree 0. In the cohomological context, we consider
the element w € H* 1(F(D",2)), dual to [S""!], in order to obtain a canonical
generator of H*~1(F(D", 2)).

Let now r > 2. For each pair 1 < ¢ < j < r, we consider the mapping ¢;; :
F(D",r) — F(D",2) such that pij(ar, ... a;) = (ai,a;), and we set w;; = ¢;;(w) for
the image of w € H"*(F(D", 2)) under the restriction map o3 H*~L(F(D",2)) —
H"~1(F(D",r)). Observe that ¢;; is the the deletion morphism associated with the
injection p;; : {1 <2} — {1 < --- < r} such that p;;(1) =i and p;;(2) = j.

Let S(wjj,i < j) be the graded symmetric algebra generated by the classes w;;
in degree n — 1. We have the following result:

THEOREM 1.2.6 (See V. Arnold [2], F. Cohen [25]). Letn > 1. Let r > 2.

(a) In H*(F(D",r)), we have the relation wi; =0 for each pair i < j, and the
relation w;;wjr — wWikWjr — wijwir = 0 for each triple i < j < k.

(b) The morphism S(w;;,i < j) — H*(F(f)",r)), mapping the generator w;
to the corresponding cohomology class in H*(F(I5”, 1)), induces an isomor-

phism
S(wis i < 4 ~ .
i< ) =1 (F(O" 7)),
(Wi, Wijwik — WikWjk — WijWik)
when we form the quotient of the symmetric algebra S(w;;,i < j) by the
ideal generated by the relations of (a). O

This theorem is established in the cited references, by using euclidean spaces R™
instead of open discs D". This does not change the result since the homeorphism
between the euclidean n-space R™ and the open n-disc D" induces a homeorphism at
the configuration space level. In the case n = 2, we can still use the complex plane C
instead of R?. The reference [2] gives this case n = 2 of the theorem, by using the
complex differential form d(z;—z;)/(z;—2;) as a representative of the class w;; in the
de Rham complex of the configuration space F(C,7) = {(z1,...,2,) € C" |z # z;}.
The reference [25] gives the general case n > 1 of the theorem. The computation
involves the Leray-Serre spectral sequences associated to projection maps

fFR " \{b1,...,b;m},r) = F(R"\{b1,..., b}, 7 — 1),
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where {b1,...,b,} is an auxiliary set of punctures. The article [82] provides a
comprehensive survey, with little background, of this homological computation.

The result of Theorem 1.2.6 is used in this form in §7, when we study the com-
mutative algebra part of the deformation complex of Fs-operads. For our purpose,
we also need to determine the morphisms 0} : H*(F(D",r — 1)) — H*(F(D",r))
induced by the deletion operations on configuration spaces. Since the cohomol-
ogy defines a functor from spaces to unitary commutative algebras, these deletion
morphisms are fully determined by the following result:

PROPOSITION 1.2.7. Let n > 1 again. The morphisms 0} : H*(F(D",r — 1)) —
H*(F(D™, 1)), induced by the deletion operations on little ewbe spaces, are determined
by the expression

0, otherwise,

8% () = {wkh ifit kAL

on the generating cohomology classes wiy € H™1(F(D™,r)).
PRrOOF. Exercise. O

1.2.8. Homology and monoidal structures. We now examine the structure of
the homology of the little n-discs operad. We can use the result of Theorem 1.2.6,
implying the existence of a cohomology isomorphism w* : H*(F(D™, 7)) = H*(D,(r))
and the duality pairing

(RO, 1)) & B (Da(r) = B (F(O", ) @ B (FO", 7)) =k

to determine H.(D,(r)) as a coalgebra (we recall the general definition of the
coalgebra structure in homology soon): the homology H.(D,(r)), associated to
each individual space D, (r), is simply the dual object of the commutative alge-
bra H*(F(D™, 7)) determined by Theorem 1.2.6. But our new objective is to give a
description of the operadic composition operations.

We have already used the classical result that the cohomology defines a functor
from spaces to commutative algebras. We first carefully check the formulation of
the dual statement, concerning the existence of a coalgebra structure in homology,
and we explain the definition of operad structure on the homology of an operad.
We use the formalism of symmetric monoidal functors, as set in §I1.3.1.

We obviously have H,(pt) = K, by definition of ordinary homology, so that the
mapping H, : X — H,(X) defines a unit pointed functor from topological spaces
to graded modules. We consider the Kiinneth morphism « : H,(X) ® H.(Y) —
H.(X x Y). We have the following classical statement:

PROPOSITION 1.2.9 (See [64, §VIII] or [85, §5.3]).

(a) The Kinneth morphism defines a symmetric monoidal transformation on
the homology mapping H, : X — H.(X), regarded as a functor from
the symmetric monoidal category of spaces Top towards the symmetric
monoidal category of graded modules gr Mod.

(b) If the coefficient ring is a field, then the Kinneth morphism is an iso,
so that the homology defines a symmetric monoidal functor H, : Top —
gr Mod. O

We can therefore apply the general constructions of §11.0.4 to obtain:

disc
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ProprosITION 1.2.10. If the coefficient ring is a field, then the homology func-
torH, : Top — gr Mod induces a functor from the category of topological spaces Top
towards the category of augmented cocommutative coalgebras in graded modules
gr ComS., and this functor H, : Top — gr Com$ is also symmetric monoidal.

EXPLANATIONS. In §I1.0.4, we deal with the general case of a functor between
symmetric monoidal categories. In the context of Proposition 1.2.10, we consider
the homology functor H, : Top — gr Mod between topological spaces and graded
modules. The first result of that proposition, the existence of an augmented cocom-
mutative coalgebra structure on the homology, follows from Proposition 1.2.9 and
the observation that any space X naturally forms an augmented cocommutative
coalgebra in the category of spaces, with the constant map € : X — pt as augmen-
tation, and the diagonal map A : X — X x X as counit. The second result of the
proposition, the definition of the symmetric monoidal functor H, : Top — gr Com?,
arises from the observations of §I1.0.4.

To prepare our subsequent study of the homology of little eubes, we examine the
applications of the general constructions with more details. First, the augmented
graded cocommutative coalgebra structure on the homology of a space H.(X) is
formed as follows:

(a) to define the counit of this coalgebra, we simply consider the morphism
H.(X) — H.(pt) = K, associated to the constant map X — pt;
(b) to define the coproduct, we form the composite

Ho(X) 25 H (X x X) < H(X) @ H(X),

where we consider the morphism induced by the diagonal of the space X,
followed by the Kiinneth isomorphism.

The unit, associativity and symmetry constraints, fulfilled by the Kiinneth iso-
morphism, ensures that the obtained coalgebra structure satisfies the counit, coas-
sociativity, and cocommutativity relations of augmented graded cocommutative
coalgebras (see §11.0.4).

The above coproduct actually forms the dual morphism of the product p :
H*(X) @ H*(X) — H*(X), defining the commutative algebra structure of the coho-
mology H*(X), because this product can also be defined as a composite

HY(X) @ H*(X) 5 H' (X x X) 25 B (X),

where we consider a cohomological version of the Kiinneth morphism, followed by
the morphism induced by the diagonal of X. Note that the commutative algebra
structure of the cohomology is, unlike the coalgebra structure of the cohomology,
still defined when the Kiinneth morphism is not iso. To give a more explicit for-
mulation of this duality between product and coproduct, we consider the natural
pairing (—, —) : H*(X) ® H.(X) — K, between the cohomology and the homology
of X. If we set A(c) =), a; ® b; for the coproduct of an element ¢ in H,(X), then
we have the adjunction relation

<a'ﬁvc> = Zi<a’ai> : <ﬂvbi>7

for every «, 8 € H*(X), where the sign =+ is produced by the commutation of the
factors av and a; in this expression.

discs
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120 1. INTRODUCTION TO E,-OPERADS

The tensor product ® : gr Com x gr Com? — gr ComS of the category of aug-
mented graded cocommutative coalgebras is inherited from the category of graded
modules by definition (see §I1.0.3). The construction implies that the Kiinneth
morphism H, (X) ® H,(Y) — Hi (X x Y) defines a morphism of augmented graded
cocommutative coalgebras, and satisfies the unit, associativity, and symmetry con-
straints of §I1.3.1 in that category gr ComS (see §I1.0.4). Thus, improving on the
assertion of Proposition 1.2.9, we finally obtain that the homology functor defines a
symmetric monoidal functor H, : Top — gr Com<., between spaces and augmented
graded cocommutative coalgebras, as asserted in the proposition. (I

From the general result of Proposition I1.1.4, we then obtain:

ProOPOSITION 1.2.11. Let P be any operad in topological spaces.

(a) In general, the collection of graded modules H,(P) = {H.(P(r)),r € N}
associated to the spaces P(r) forms a graded operad naturally associated
to P.

(b) If the ground ring is a field, then this operad H.(P) is actually an op-
erad in augmented graded cocommutative coalgebras, where we use Proposi-
tion 1.2.10 to get the coalgebra structure on the homology modules Hy(P(r)).

EXPLANATIONS. In Proposition I1.1.4, we deal again with the general case
of a functor between symmetric monoidal categories. In the context of Propo-
sition 1.2.10, we consider the homology functor H, : X +— H,(X) towards the
category of graded modules (respectively, augmented graded cocommutative coal-
gebras). The definition of an operad structure on the homology H, (P) is exactly the
result of Lemma II.1.3 applied in this context. To prepare our subsequent study of
the homology of little eubes, we check the application of the general construction
with more details again:

(a) the morphisms w, : Hy(P(r)) = H,(P(r)), induced by the action of permu-
tations w € X, at the topological level, give the action of permutations at
the homology level;

(b) the morphism k = H,(pt) = H,(P(1)), induced by the operadic unit of
the topological operad P, gives the natural operadic unit of the homology;

(¢) by composition with the Kiinneth morphism, the partial composition prod-
ucts of the topological operad P induce natural morphisms

1, (P(m)) @ H,(P(n)) — H,(P(m) x P(n)) 2% H,(P(m +n — 1))

giving the partial composition products of the homology operad H,(P).

The unit, associativity and symmetry constraints of symmetric monoidal functors
ensures that the obtained structure fulfills the equivariance, unit and associativity
axioms of operads (see §II.1). Depending on the context (a-b), we can form the
morphisms giving this operad structure in the category of graded modules or in the
category of augmented cocommutative coalgebras.

Recall that an operad mapping H, : P — H,(P) as defined in this proposition
preserves unitary extensions: for any unitary operad, we have the identity H,(P) =
H.(P)4. O

Recall that, following the conventions of §I1.2, we may use the terminology of
graded Hopf operad to refer to an operad in augmented graded £ommutative coalge-
bras, and the notation gr HopfOp (instead of gr ComS Op) for the category formed
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1.2. THE HOMOLOGY (AND COHOMOLOGY) OF E,-OPERADS 121

by these operads. Similarly, we may use the terminology of graded Hopf symmet-
ric sequence, and the notation gr HopfSeq, to refer to the category of symmetric
sequence in augmented graded cocommutative coalgebras. The above proposition
therefore asserts that the homology functor H, : Top — gr Com$ induces a functor
H, : TopOp — gr HopfOp.

For P = Dy (respectively P = D), the existence of a weak-equivalences towards
the discrete operad of associative (respectively, commutative) monoids implies:

PRrROPOSITION 1.2.12.

(a) We have an identity of graded Hopf operads Hi(D1) = As, where we con-
sider the associative operads in K-modules As, regarded as a graded operad
concentrated in degree 0, together with the coproduct inherited from the
corresponding set operad (see the concluding paragraph of §11.1). In the
unitary setting, we have similarly Hy(D14) = As..

(b) We have an identity of graded Hopf operads H.(Doo) = Com, where we
consider the commutative operads in K-modules Com, regarded as a graded
operad concentrated in degree 0, together with the coproduct inherited from
the corresponding set operad (see the concluding paragraph of §11.1 again).
In the unitary setting, we have similarly Hy(Doot) = Comy..

Recall that our main objective is to give the description of H.(D,,) as a graded
Hopf operad when 1 < n < co. We give an abstract definition of this sequence of
graded Hopf operads first and we explain the identity with the homology of little
discs afterwards.

1.2.13. The Gerstenhaber operad. The graded Hopf operads, which we now
consider, are graded versions, associated to any 1 < n < oo, of the Poisson operad
of §1.2.12. We use the notation Gerst,, and the terminology of n-Gerstenhaber
operad, for the nth term of this operad sequence. Some authors use the terminology
of Poisson operad of degree n — 1. We actually define this operad Gerst,, by the
same presentation as the Poisson operad

Gerst,, = O( Kpu(z1,z2) ®KA(x1,22) :
p(p(zr, 22), x3) = w1, p(@2, x3)),
A(A(z1,22),23) + A(A (22, 23), 1) + M A(x3,21),22) = 0,
Az, w2), 23) = p(M@1, 23), 32) + p(@1, A(@2, 23)) ),

with a generating operation u = p(x1,x2) of degree 0 and such that (1 2)-pu=pu
(as in the case of the Poisson operad), but where A = \(x1,x2) now represents a
generating operation of degree n — 1, satisfying a symmetry relation (1 2) - A =
(=1)™X that depends on the degree, n, of the operad.

As in the Poisson case, we implement the associativity relation p(p(z1, z2),x3) =
w(x1, u(xa, x3)) to make p a representative of associative product in Gerst,,. One can
check that the suboperad of Gerst,, generated by p is isomorphic to the commutative
operad Com (see [44, 66]). The Jacobi relation A(A(x1,z2),x3) + A(A(@2, z3), 1) +
A(A(x3,71),22) = 0 makes A a graded version of Lie bracket. The suboperad
of Gerst,, generated by A is isomorphic to a suspension of the Lie operad Lie (we
refer to [44] for the proof of this claim and the definition of the suspension of oper-
ads). The distribution relation A(u(z1, z2), x3) = p(A(z1,23), x2) + p(x1, A(z2, 23))
in Gerst,, implies again that any composite of products and Lie bracket in the
Gerstenhaber operad is equal to a product of Lie monomials.
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122 1. INTRODUCTION TO E,-OPERADS

To be more precise, one can prove, as in the Poisson case, that the components
of the operad Gerst,,(r) are the k-modules spanned by formal products

p(x1, ... x) =p1(T11, -, Ty ) oo P (Tmdy e oy Tonr,, )
where each p; = p;(zi1,...,%ir,) is a Lie monomial, formed by composites of the Lie
bracket A, of degree 1 with respect to each variable z;;, £k = 1,...,r;, and so that
the variable subsets {1, ...,z } form a partition of {x1,...,x,}. The description
of the Lie operad in §1.2.10, remains also valid in the graded context. Thefore, in
the above expansion, we can assume that the monomials p; = p;(x;1, ...,z ) have

a reduced form
Di(Zit, - Tiry) = A M (i1, Ti2), iz - -+ ), Tiry ),

where we have x;1 < xz;, for all 1 < k, with respect to the natural ordering inherited
from the ambient set of variables {x; < --- < z,}.

We provide the operad Gerst,, with a Hopf structure, extending the Hopf struc-
ture of the commutative operad Com C Gerst,, (see §11.2.11), and such that e(A) =1
and A(N) = A® p+ p® A for the Lie element A € Gerst,,(2). We can readily see,
as in the Poisson case (see §I1.2.12), that the ideal of generating relations forms a
Hopf ideal, so that this Hopf structure is well defined.

1.2.14. The unitary Gerstenhaber operad. Naturally, we again refer to a non-
unitary n-Gerstenhaber operad when we perform the construction of the previous
paragraph. To define a unitary version of the n-Gerstenhaber operad, we observe,
as in the Poisson case, that the generating operations of Gerst,, inherits deletion
morphisms, determined by the expressions dipp = Jopp = 1 and A = OxA = 0.
We moreover check that the application of these deletion operations cancel the
generating relations of Gerst,,. We can therefore apply the process of §1.4.10 to
obtain a unitary extension Gerst, of the operad Gerst,,.

The deletion morphisms naturally preserve the Hopf structure considered in the
previous paragraph so that Gerst, actually forms a unitary extension of Gerst,, in
the category of Hopf operads.

In the computation of the homology of the operad of little discs, we use the
deletion morphisms, associated with this unitary extension of the Gerstenhaber
operad, as well as the Hopf structure. First, we have the following theorem:

THEOREM 1.B (V. Arnold [2], F. Cohen [25]). Let n > 1.

(a) The elements p = [pt] € Ho(D,(2)) and A = [S" '] € H,_1(D,(2)) satisfy
the symmetry relations (1 2) - p = p and (1 2) - A = X\ as well as the
generating relations of the Poisson operad

p(p(@y, 22), x3) = p(w1, pze, 3)),
AA(@1, 22), 23) + AM(A(@2, 23), 21) + A(AM(23, 21), 22) = 0,
A1, 22), 23) = p(N(@1, 23), 22) + 21, AM(22, 73))

in the homology of the little n-discs.
(b) Besides, we have the formulas

Alpt] = [pt] @ [pt] and A[S"']=[S"""® [pt] + [pt] ® [S" ]

for the coproduct of these elements in the homology of D, (2), the obvious
formulas e[pt] = 1 and €[S" '] = 0 for the coalgebra augmentation, as well
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as the formulas d;[pt] = 1 and 9;[S™ '] = 0 for the deletion morphisms
inherited from D,,.

(c) The mapping p +— [pt] € Ho(Dn(2)) and X +— [S™'] € Hy_1(Dn(2)) in-
duces an isomorphism of graded Hopf operads

h : Gerst,, — H.(D,),
which also admits a unitary extension hy : Gerst, | — H,(Dp).

EXPLANATIONS AND REFERENCES FOR THE PROOF. We refer to [25] for the
proof of the identities of (a) in the homology of the little discs operad (see also [82]
for another nice reference on this topic). The identities of (b) are obvious.

We deduce, after this preliminary verification, that we have a morphism of
graded operads h : G,, — H,(D,,) mapping the generating operation u € Gerst, (2)
(respectively, A € Gerst,(2)) to the element [pt] € Ho(D,,(2)) (respectively [S" '] €
H,—1(Dn(2))), as specified in the theorem. As the coproduct of the homology
classes [pt] and [S"~'] matches the definition of the coproduct of the corresponding
generating operations in the Gerstenhaber operad, we immediately conclude that
coproducts are preserved by our morphism, which therefore forms a morphism of
graded Hopf operads.

We still have to check that this morphism is an iso. We can deduce this result
from the computation of the cohomology of configuration spaces in Theorem 1.2.6,
and from the following proposition, which involves the definition of the morphism
(and no more). We refer to [82] for details.

The result of the theorem also follows from the computation of [25], giving the
expression of the homology H.(S(D,, X)) as a functor in H.(X), for any space X,
where S, (D,,, X) refers to the free D,-algebra associated to X modulo base point
(see loc. cit. for details). In the case of rational coefficients, the result of [25]
asserts that this functor is precisely the free Gerst,-algebra on H,.(X), and the
identity between Gerst,, and H,(D,,) is actually equivalent to this functor identity.

The preservation of deletion morphisms implies that our morphism h extends
to a morphism of unitary operads hy which is obviously an iso too as soon as h
is. (]

PROPOSITION 1.2.15. Let w;j € H*(F(D", 7)) be any of the generating elements
of the cohomology algebra H*(F(IDD", r)), as defined in §1.2.5. Letp = p(x1,...,x,) €
Gerst,,(r). We apply the morphism of Theorem 1.B to regard p as an element
of B« (D, (r)). Then we have the duality relation

~

1, inthecasep=x1-...- XN, x;) ... Tj-... Ty,
{wijs p) = . v ! '
0, otherwise,

with respect the pairing (-,-) : H,(F(D™, 7)) @ H,(Dy(r)) — K considered in §1.2.8.

We will see that the definition of the morphism in Theorem 1.2.6 forces the
adjunetion relation of this proposition. On the other hand, we do not need that
the morphism is an iso to check this proposition.

The expression of the pairing (r, p) associated to any monomial 7 = w; j, -...-
wi,.j. can be obtained from the result of this proposition, and the adjunetion relation
between the product of H*(F(D™, 7)) and the coproduct of H,(D,(r)) (see §1.2.8).
The combinatorial formula arising from this process is worked out in [82].
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124 1. INTRODUCTION TO E,-OPERADS

PROOF. We use that the disc center map w : Dy(r) — F(D",r) defines a
weak-equivalence of symmetric sequences with deletion morphisms. Recall that the
map ¢;; : F([D)",r) — F(I:Q)”7 2), considered in the definition of the element w;j, is
identified with the composite deletion morphism ¢;; = 0,.-... 8? et 51 -...-01 on
F(IOD”, r). By functoriality of the pairing between cohomology and homology, and
the preservation of deletion morphisms, we obtain:

(wij p) = ((0i5)" (W), p) = (W, (¢45)«(P))

for any p = p(x1,...,z,) € Gerst,(r). Then the result of the proposition follows
from the expression of the deletion morphisms in §1.2.7, the expression of the
elements of Gerst,(r) in terms of products of Lie monomials in §1.2.13, and from
the definition of w € H*~1(F(D",2)) as the dual element of A = [S"7!]. O

1.3. Appendix: the symmetric monoidal category of graded modules

We fix a ground ring K. In §0.1, we define the category of graded mod-
ules gr Mod as the category formed by k-modules K equipped with a fixed split-
ting K = P,,cz Kn. A morphism of graded modules is a morphism of k-modules f :
K — L such that f(K,) C Ly, for all n € Z. We say that an element z € K is
homogeneous when we have z € K, for some integer n € Z, which defines the
degree deg(x) = n of this element x.

The purpose of this appendix is to explain the definition of our symmetric
monoidal structure on graded modules. By the way, we also check the existence of
graded hom-objects Homg, nioa(—, —) @ gr Mod? x gr Mod — gr Mod defining an
internal hom in this monoidal category gr Mod.

1.3.1. The symmetric monoidal structure of graded modules. The tensor prod-
uct of K, L € gr Mod in the category of graded modules is the tensor product of K
and L as k-modules, which we equip with the decomposition K&L = @, ., (K®L),
such that (K ® L), = €D, =, Kp ® Lg. This construction obviously gives a bi-
functor ® : gr Mod x gr Mod — gr Mod with the ground ring K regarded as a
graded module concentrated in degree 0 as unit object and the associativity iso-
morphism (K ® L) @ M ~ K ® (L ® M) inherited from k-modules.

We also have an obvious symmetry isomorphism, inherited from k-modules,
but we actually modify this basic symmetry isomorphism in order to implement
the signs of dg-algebra in the category of graded modules.

We precisely define our symmetry isomorphism ¢ : K ® L — L ® K by the
formula c(z ® y) = (—1)P%y ® z, for any pair of homogeneous elements z € K,
and y € L,, where we consider the sign (—1)P¢ determined from the rules of §0.2.
Following the general convention of §0.2, we generally simply add the symbol +
to mark the occurrence of such a sign arising from a permutation of homogeneous
elements. In general, there is no need to make this sign explicit.

The whole construction of this paragraph gives the definition of the symmetric
monoidal structure on graded modules.

We immediately see that the tensor product of graded modules satisfies the
colimit requirement §0.6(d). We mention in §0.11 that this extra condition is related
to the existence of an internal hom in the category of graded modules. We make
this internal hom explicit in the next paragraph.

1.3.2. The internal hom of graded modules. We basically define the internal
hom of graded modules L, M € grMod as the graded module Homg, noq(L, M)
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spanned in degree n by the morphisms of k-modules f : L — M such that f(L,) C
Lyyy. Thus, we set Homg nvod(L, M), = Hp Homg, nod (Lp, Mpyn), for each n € Z.
The adjunction relation Mor g, noq(K ® L, M) =~ Mor g i oq (K, Homg, nioq (L, M))
easily follows from the adjunction relation of k-modules. Note that a morphism of
graded modules is identified with a homomorphism of degree 0, where according to
the conventions of §0.10, we use the term of homomorphism to refer to an element
of the graded hom Homg, ntoq (L, M).

In §0.10, we mention that, for general reasons, the internal hom-objects of a
symmetric monoidal category inherit a composition product, an internal tensor
product operation, and an evaluation action on the objects of the category. In the
context of graded modules, the evaluation morphism is identified with the mor-
phism of graded modules € : Homg, aoq(L, M) ® L — M mapping any tensor f ® z,
where f € Homg, noq(L, M), x € L, to the element f(x) € M defined by applying
the k-module map f : L — M to x € L. Note that Homg, sioq(L, M) @ L refers
to the tensor product of graded modules in this construction. The composition
product o : Homgy nod (L, M) ® Homgr aoq (K, L) — Homg, aoq (K, M) is induced by
the obvious composition operation on k-module morphisms. The tensor product
operation ® : Homgr nod (K, L) ® Homgy noa (M, N) — Homgr niod(K @ M,L ® N)
maps (homogeneous) homomorphisms f : K — L and g : M — N to the homo-
morphism f®¢g: K®L — M ® N such that (f®g)(z®y) = +f(x) ® g(y), for any
pair of (homogeneous) elements x € K and y € L, where the sign + is produced by
the commutation of g and .






CHAPTER 2

Braids and the Recognition of Es;-operads

Recall that an operad P is F,, when we have weak-equivalences of topological
operads P < - = D,, connecting P to the operad of little n-discs D,,. In this
situation, we also say that P is weakly-equivalent to D,,. In many applications
the issue is to prove that a given operad P is F,. The usual method is to apply
an appropriate recognition criterion, building the required weak-equivalences from
internal structures of P.

In the previous chapter, we observed that a topological operad P is E if only
if each space P(r) has contractible components which form an operad in sets mg P
isomorphic to the operad of associative monoids As. This criterion actually implies
that P is weakly-equivalent to the set operad As, viewed as a discrete operad in
topological spaces. The weak-equivalence with the little 1-discs operad follows from
the observation that the operad D; is itself weakly-equivalent to As. Similarly, we
observed that a topological operad P is F, if only if each space P(r) is contractible.
This criterion actually implies that P is weakly-equivalent to the discrete set operad
of commutative monoids Com. The weak-equivalence with D, follows, again, from
the observation that D, consists itself of contractible spaces and is itself weakly-
equivalent to Com.

The main objective of this chapter is to explain a similar characterization of Es-
operads, given by the work of Fiedorowicz [34].

We consider the universal coverings D (r) of the spaces of little 2-discs Dy (r).
We start with the observation that each space Do () is an Eilenberg-MacLane space
such that m Da(r) = P, where P, denotes the pure braid group on r strands.
We deduce from this observation that 62(7”) is contractible and comes equipped
with an action of the braid group P, so that Da(r)/P, = Da(r). The idea is to
characterize Es-operads from structures defined at the level of these contractible
spaces Da(r).

Following Fiedorowicz, we have to consider a braided version of the classical
symmetric operads of §I, because we deal with objects equipped with braid group
actions instead of symmetric group actions. Indeed, the already considered action
of P, on 52(7") extends to an action of the full braid group B, which also lifts the
action of the symmetric group ¥, on the little 2-disc space D2(r). The collection
of covering spaces Dy = {62(7’)}7- inherits, on the other hand, a plain operadic
composition structure from the litfe 2-discs spaces Dao(r). Thus, to get the full
structure of the collection of covering spaces Dy = {52 (r)}+, we only have to change
the symmetric group actions in the definition of an operad into braid group actions.
This observation gives the basis of Fiedorowicz’s construction of Es-operads.

According to
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128 2. BRAIDS AND THE RECOGNITION OF E2-OPERADS

We mainly apply Fiedorowicz’s method to check that the classifying spaces
of a certain operad in groupoids, the operad of colored braids, forms an instance
of FEs-operad.

In a preliminary section §2.0, we give a survey of the definition of braid groups.
In §2.1, we explain the definition of a braided operad and we state Fiedorowicz’s
recognition criterion. In §2.2, we introduce the operad of colored braids, and we
explain our construction of a model of Es-operad from the classifying spaces of
this operad in groupoids. In §2.3, we explain that the operad of colored braids
is equivalent to an operad in groupoids which we naturally obtain by applying
the fundamental groupoid construction to the underlying spaces of the little 2-
discs operad. The goal of this observation is essentially to give a complement
on the results of the previous sections. In a concluding section §2.4, we give a
brief introduction to more general recognition theorems, aiming to give similar
characterizations of E,-operads for all n > 1.

Throughout this chapter, we adopt the plan of §1 each time we deal with Es-
operads: we address constructions in the non-unitary setting first; and we observe
afterwards that our definitions make sense in degenerate situations involving uni-
tary operations, so that each construction of the present chapter has an obvious
extension to unitary operads.

In the next chapter, we consider braids equipped with an extra structure, the
parenthesization, already mentioned in the book introduction. The addition of
this structure does not change the homotopy type of our classifying spaces, but is
required for the definition of the Grothendieck-Teichmiiller group. Therefore, we
put off the introduction of these parenthesizations until the next chapter, when we
tackle this subject.

The ideas and results of §§2.1-2.2 are, as we mentioned, mostly borrowed
from [34]. The preprint [95] essentially provides a generalization of this approach
for the recognition of operads made from Eilenberg-MacLane spaces. In §2.3, we
sketch another (independent) approach of similar results, involving the adjunction
between classifying spaces and fundamental groupoids, which we intend to use for
the definition of Quillen’s model of operads in subsequent works. In short, our
approach provides an appropriate setting for an extension of constructions of [77]
to operads (see also the Malcev completion process considered in the next chapter).

2.0. Braid groups

In the previous chapter, we introduce the configuration spaces F(f)”,r) as a
suitable model of the little n-discs spaces D,,(r), which we use to perform cohomol-
ogy and homology computations. In passing, we observed that the configuration
spaces F(IoDl, r), where n = 1, have contractible connected components indexed by
the permutations of (1,...,r), just as the little 1-discs spaces Di(r). Let us begin
this chapter with the following preliminary observation about the homotopy of the
spaces F(D™, r) in the case n > 1:

PRrROPOSITION 2.0.1. The spaces F(If)”,r) are connected for alln > 1. If n > 2,
then we have w1 F(D™,r) = 0 too. Ifn = 2, then we have in contrast w, F(D?,r) = 0,

for all x # 1.

PROOF. In the previous chapter, we recall, by referring to [25], that the config-
uration spaces F(D™ \ {by,...,by},7), where {b1,...,b,} is any set of punctures,
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are connected by fibrations

FIO" \ {b1, .- bm},7) L FO" \ {br, ..., b}, r — 1).

These maps are defined by the projections f(a1,...,a,-1,a.) = (a1,...,a,-1),
which forget the last element a, of our configurations (ai,...,a,—1,a,). The idea
is to deduce the proposition from an inspection of the homotopy exact sequences
associated to these fibrations (in the particular case m = 0).

Let (a1,...,a,) € F(f)", r). We use the notation ¢ = (aq,...,a,) forany m <r
in order to refer to the base points of the configuration spaces F(I5”, m) which we
extract from our sequence.

The homotopy exact sequence associated to our fibration f : F(f)", r) —
F(D",r — 1) reads

s (@) ar) = T (F(D™, 1), a) 25w (FOO™, 7 —1),a) — -
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s m(fYa), ar) — m (F(D™

where f~1(a) refers to the fiber of f at a = (a1, ...,a,_1) € F(D",r—1). This fiber
is identified with the punctured space {(a1,...,a,-1,a) € 5"|a #ay,...,q_1} =
D \ {a1,...,a,_1}, which is connected as long as n > 1. Hence, we have the
identity mo(f~!(a),a,) = * as noted in the above sequence.

The connectedness of the fiber f~!(a) implies, by an easy induction on r, that
the spaces F(D",r) are connected for all n > 1. In the case n > 2, we have besides
m(f a1, .. ,ar_1),a,) = 7 (D" \ {ay,...,ar_1},a,) = %, and by an immediate
induction, we deduce from the degree 1 terms of the homotopy exact sequence that
the spaces F(IOD"7 r) are simply connected too, for all » > 0. In the case n = 2, we
have 7, (f (a1, ..., ar—1),a,) = 7, (D2 \{a1,...,ar_1},a,) = * for x > 1, and we
use the higher terms of the homotopy exact sequence to conclude that 7, (F(D2,7), a)
vanishes for all * > 1.

The result of the proposition obviously holds for the little disc spaces D, (r)
since we have a homotopy equivalence w : D,, () = F(D™, 7) (see Proposition 1.2.2)
which induces an isomorphism on homotopy groups. Briefly recall that this homo-
topy equivalence, which we call the disc center mapping, sends an r-tuple of little
n-discs ¢ = (¢1,...,¢p), defining an element of D,,(r), to the configuration of the
disc centers ¢;(0,...,0) € D™. In this chapter, we heavily use this process to deduce
results on the little 2-discs spaces Da(r) from structure results on the fundamental
group of the configuration space F(|52, 7).

First of all, the previous proposition implies that the configuration spaces
F(IODQ,T), and hence the little 2-disc spaces Do(r), are Eilenberg-MacLane spaces
K(P,,1), where we set P, = 7r1(F([032, r),*). This group P, is the pure braid group
on r strands.

The purpose of this preliminary section is to recall the definition of braid groups
and the usual representation of their elements in terms of braid diagrams. We will
go back to the subject of Eilenberg-MacLane spaces in subsequent sections, where
we explain the application of braid groups to little 2-discs operads.
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2.0.2. Braid groups. The fundamental group of F(|52, r) is the pure braid group
P,.. In what follows, we rather deal with the full braid group B,., which includes P,
as a distinguished subgroup. This group B, can be defined as follows.

The space F(IGD27 r) is equipped with an action of the symmetric group %, given
by the standard formula

w*(a1, .. .,ar) = (aw—l(l), .. .,awq(r)),

on any element (a1, ..., a,) € F(D2,r), and for all permutations w € ¥, (see Propo-
sition 1.2.3). The standard braid group on r strands B, is precisely defined as the
fundamental group of the quotient of the configuration space F([O)Q,r) under this
action:
B, = m (F(D%,7) /S, ).

The quotient map q : F(|52, r) — F(|52, r)/%, induces a morphism ¢, : P, — B,.

To understand the connection between these groups, we use the following ob-
servation, whose proof reduces to a straightforward verification:

LEMMA 2.0.3. The symmetric group X, acts freely and properly on F(|0327r) S0
that the quotient map q : F(D?,r) — F(D?,r)/%, defines a covering map. a

Then we apply standard results of covering theory to obtain:

ProproOSITION 2.0.4. The morphism q. : P, — B, fits in an exact sequence of
groups 1 — P, Ly B, 2y, 1, where p, : B, — %, is deduced from the action
of B, = m (F(D2,r)/%,, %) on the fiber of the covering q : F(D2,r) — F(D2,7)/%,
at any base point x € F(D2,7)/S,. O

2.0.5. Braids and braid diagrams. The braids, giving the name of braid groups,
come from a representation of paths on the configuration space F(I52, r) and from a
representation of the corresponding homotopy classes defining the elements of our
fundamental groups. In our context, we more naturally consider braids defined in
the cylinder D? x [0,1], and in a first stage, we fix equidistant contact points

(29,0,0), (29,0,1), sothat 2l =1+ 2k —-1)/(r+1),k=1,...,7,

on the axis y = 0 in the boundary discs D?x {0}, D2x {1}, of that cylinder D2 x [0, 1].
In the literature, authors more usually deal with braids in the euclidean plan R?
rather than in the open 2-disc IIQ)Q7 but we can use the standard homeomorphism
between these spaces to transport any usual construction or result to our setting.

By definition [4], a braid with r strands is defined as a collection of r disjoint
arcs o : [0,1] = D2 x [0,1], i =1,...,r, of the form

ai(t) = (xi(t)ayi(t)a t)’ te [0’ 1]7

and so that «;(t°) € {(29,0,t%)|k = 1,...,7} when we take the origin t° = 0 and
end-point 10 = 1.

The requirement that the arcs «; are disjoint amounts to the relation (x;(t), y;(t)) #
(z;(t),y;(t)) for all i # j and every ¢t € [0,1]. In the case t° = 0,1, this assump-
tion implies that the r-tuple (a1 (t°), ..., . (t%) = ((z1(t?),0,%%),.. ., (z.(t°),0,t%))
forms a permutation of ((z9,0,t%),...,(22,0,¢°)). The mapping s : k + s(k) which
we read from the relations

z;(0) =20, 2;(1) = xg(k), fori=1,...,r,
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FIGURE 2.1. An instance of braid diagram. In the next pictures,
we generally do not specify the abscissa 2 of the contact points.
We simply mark contact points by the corresponding indices ¢ when
we have to give this information.

defines a permutation s € ¥, naturally associated to our braid. Following a stan-
dard convention, we also refer to this permutation s as the underlying permutation
of the braid «. The braids associated to the identity permutation define the set of
pure braids.

For the moment, we take the convention that the strand collection of a braid
a=(ai,...,aq.)is ordered so that a;(0) = (22,0,0), for alli = 1,...,7, and we re-
fer to the arc «; as the ith strand of «. In this setting, we have (a1 (1),...,a1(1)) =
((xg(l),()7 1),..., (xg(r),O, 1)), where s € ¥, is the permutation associated to the
braid «. In §2.2, we consider braids equipped with additional structures, for which
the above ordering o = (a, ..., @) is not natural.

In most situations, we perform a projection onto the plan (z,t) in order to
obtain a convenient representation of our braids. Figure 2.1 gives an instance of
such a representation for a braid on 4 strands which has

/1 2 3 4
=4 2 1 3

as underlying permutation. The projection picture works for braids such that the
intersection between the projected arcs (x;(t),t) reduce to isolated points, and so
that each intersection (z;(t),t) = (x;(t),t) involves no more than two arcs (x;(t), ),
(x;(t),t). In this context, the habitual practice is to insert a gap at each intersection
point (z;(t),t) = (x;(t),t), as in the example of Figure 2.1, in order to mark the
strand going under the other with respect to the y-coordinate. Such a figure is
called a braid diagram.

In the next paragraph, we recall the definition of the isotopy relation between
braids. The notion of isotopy can be formalized in terms of braid diagrams, and
one can prove that braid diagrams are enough to give a faithful picture of braids
up to isotopy. This observation is originally due to E. Artin, and we refer to
his article [4], or to the subsequent textbook [55] by C. Kassel and V. Turaev,
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\
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FIGURE 2.2. Basic examples of isotopic and non-isotopic braids

for more explanations about the relationship between braids and braid diagrams.
In what follows, we just use braid diagrams informally, in order to illustrate our
constructions.

2.0.6. Braid isotopies. By definition, an isotopy from a braid « to another one
[ is a continuous family of braids h, such that hg = @ and hy = 8. Two braids are
isotopic if we have an isotopy between them, and in this case we write a ~ 8. The
isotopy relation is clearly an equivalence relation on the set of braids. Figure 2.2
gives simple instances of braid isotopies and fundamental examples of non-isotopic
braids.

Let us regard a braid as a single map a(t) = (a1(t),...,a,(t)) rather than
a collection. The assumption that the underlying braids of an isotopy hs form a
continuous family amounts to the requirement that the two parameter map h :
(s,t) — hs(t) is continuous over [0,1] x [0, 1]. By continuity, the requirement that
hs(1) belongs to the discrete space {((91:2)(1)7 0,1),..., (a:?u(k), 0,1))|w € ¥} implies
that the map s — hs(1), given by the endpoints of the isotopy, is constant. Hence,
we see that isotopic braids have the same underlying permutation.

By a standard abuse of language, we may use the term of braid to refer to an
isotopy class of braids as soon as the context is sufficient to avoid confusion.

2.0.7. Relationship with the fundamental groups. We immediately see that a
pure braid on r-strands «;(t) = (x;(t), y:(t),t) is equivalent to a based loop () =

(21 (t), 51 (1)), - .., (xr(t), yr(t))) in the configuration space F(D2, r), where we take a® =

((29,0),..., (22,0)), with@: —1+ (20 — 1)/(r + 1), as base point. Similarly,
an isotopy of pure braids is equivalent to a homotopy of based loops in F(D?, 7).

x_i"0



Benoit Fresse
Ovale

Benoit Fresse
Machine à écrire
x_i^0

Benoit Fresse
Ligne


2.0. BRAID GROUPS 133
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FIGURE 2.3. A braid concatenation

FIGURE 2.4. The identity braid

Thus, the pure braid group P,, which we define as the fundamental group of the
space F(If)g, 1), is identified with the set of isotopy classes of pure braids.

Let b° = ¢(a°) be the image of the element a® = ({3:0),...,{#0}) in the
quotient space F(I.S)Q,r) /%,. The fiber of this point 5° under the covering map
q: F(D%,r) = F(D%,7)/%, is ¢ (2") = {((2%,1),0), - -, (291),0)), w € £,}. The
set of all braids on r strands is identified with the set of paths connecting a° to
another point wa? = ((x%(l), 0),..., (x?u(l), 0)) in this fiber. Braid isotopies are also
equivalent to path homotopies. By standard results of covering theory, any loop ~
based at b” in the quotient space F([O)Q,r)/Z,« lifts to a path of this form 4, with
7(0) = a” and (1) = wa®, for some w € X,. Moreover, such a lifting is unique
once we fix the starting point 7(0) = a”, and any homotopy of based loops lifts to
a path homotopy. Hence, we obtain that the full braid group B,., which we define
as the fundamental group of the quotient space F(|52, r)/%,, is identified with the
set of isotopy classes of all braids.

In both cases P, and B,, the group multiplication can readily be identified
with a natural concatenation operation on braids, of which the Figure 2.3 gives an
example. The unit element with respect to this group multiplication is given by the
identity braid, represented in Figure 2.4. (In what follows, we also use the notation
id to refer to this braid, because we soon identify braids with the morphisms of a
category, in which the unit braid represents an identity morphism.) Note that we
perform compositions downwards, in the increasing direction of the ¢ coordinates,
in contrast with conventions adopted by other authors. Our choice is more natural

(x_110,0)

(x_r"0,0)
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when we regard braids as morphisms oriented from a source to a target object, and
we heavily use this interpretation next.

In Proposition 2.0.3, we refer to a general result of covering theory in order
to define the morphism p, : B, — X,. By going back to the proof of this result,
we immediately see that the morphism p, : B, — X, is identified with the map
sending the isotopy class of a braid « to its underlying permutation s. The natural
embedding of the subset of pure braids into the set of all braids gives the morphism
q« : P. — B,. Thus we have a full interpretation of the exact sequence of groups
1— P. — B, — %, — 1 in terms of isotopy classes of braids.

2.0.8. Generating elements. For i = 1,...,r — 1, we consider the element 7; €
B, represented by the diagram of Figure 2.5

The mapping ¢, : B, — X, assigns the elementary transposition t; = (i i+1) €
¥, to this braid 7, € B,. In §0.7, we recall that the symmetric group has a
simple presentation by generators and relations involving these transpositions t;,
i=1,...,7—1, as generating elements. For the braid group, we have the following
classical result:

THEOREM 2.0.9 (see [3]). The braid group B, is generated by the elements T;,
i=1,...,7r—1, and has the commutation relations

,7j =TT, fori,j=1,...,r —1 such that |i —j| > 2,
together with the braid relations
TiTiglTi = Tip1TiTiy1, Jori=1,...,1r—2,

as generating relations (see also the representation of these relations in Figure 2.6).
O

In other words, the braid group B, is given by the same presentation as the
symmetric group X, except that we drop the involution relation ¢? = 1 associated
to transpositions. The idea of this result goes back to the work of E. Artin [3] cited
in reference. We refer to [15], [36], and [55] for various proofs of the theorem.

The inverse of a generator 7; in the braid group can actually be obtained by
switching the disposition of the strands in the representation of Figure 2.5 (the
i + 1th strand comes in the foreground and ith strand goes in the background).
The case r = 2, where the braid is reduced to these overlapping strands, has
already been represented in Figure 2.2, to give an example of non-isotopic braids.
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FIGURE 2.6. The commutation and braid relations in braid groups.

2.0.10. Change of contact points. In the definition of §2.0.5, we assume that
the origin points of a braid belong to the subset {(z9,0,0)|k = 1,...,r}, where
29 = —1+(2k—1)/(r + 1), and the end points belong to the subset {(z9,0,1)|k =
1,...,7}. Equivalently, our braids correspond to paths in the configuration space
F(D2,r) starting at the element ((29,0),...,(22,0)) and ending at a permutation
((Jc?v(l), 0),..., (x?u(r), 0)) of this base configuration ((z9,0), ..., (x%,0)).

In principle, we obtain isomorphic groups if we replace the chosen configura-
tion ((29,0),...,(22,0)) by any other base point ((ay,b1),..., (ar, b)) of the con-
figuration space F(|0327r) in the definition. Equivalently, we may assume that the
contact points of a braid are given by any fixed subset {(ay, by, t°)|k = 1,...,r} in
the plans t° = 0, 1. The definition of such the isomorphism comparing such contact
points to the canonical ones involves the choice of a path vy(t) = (y1(¢),...,7(¢))
going from 7(0) = ((22,0), .., (2%, 0)) to 7(1) = ((a1,b1), ... (ar,by)) in F(O2,7).
Formally, we use the arc v and the corresponding permutations of this path to go
from one base point configuration to the other one.

Note however that this just defined isomorphism is not canonical and depends
on the homotopy class of the path . In subsequent constructions, we will implicitly
use such changes of base points, but we also need a strict control of the isomorphism
involved in the operation. For this aim, we restrict ourselves to base configurations
of the form ((a1,0),..., (ar,0)), where all points lie on the line y = 0, and so that
a; < -+ < ar. Equivalently, we only consider base configurations arising from a
configuration (ay,...,a,) in the equatorial 1-disc D! c D2, and belonging to the
connected component of (1,...,r) within the configuration space F(IoDl,r). Since
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F(D',7) has contractible connected components, all paths v(£) = (v1(t), ..., 7(t))
going from one such configuration to another in the configuration space F(lﬁl,r)
are homotopic and hence, induce the same isomorphism at the fundamental group
level. Thus, all choices of contact points on the the line y = 0 yields the same braid
group up to a canonical and well determined isomorphism.

2.0.11. Degenerate cases. We should note that the definition of the braid group
B, makes sense for r = 0. We then deal with a degenerate situation of braid with
an empty set of strands. We therefore have By = * for formal reasons. We can also
identify this group By with the fundamental group of the one-point set * considered
in the unitary extension of the sequence of configurations spaces.

The braid group Bj is also trivial (like the symmetric group %), with the
isotopy class of a one-strand vertical braid as single element.

2.1. Braided operads and Es-operads

Let Dy (r) be the universal coverings of the spaces of little 2-discs Da(r). The
main purpose of this section is to prove, following [34], that the collection of
spaces D, (r) inherits a braided operad structure from the little 2-discs. The main
application of this construction, as we explained in the chapter introduction, is a
simple characterization of Es-operads from associated contractible braided operads.
We conclude the section by the proof of this recognition theorem.

In a preliminary stage, we give a general definition of the notion of braided
operad. The plan of this definition parallels the definition of a symmetric operad
in §1.1.1. To summarize, the idea consists in replacing the symmetric group actions
in that definition by braids group actions.

2.1.1. Braided operads. Explicitly, a braided operad P in a base category Base
consists of a sequence of objects P(r) € Base, r € N, where P(r) is now equipped
with an action of the braid group B, together with

(a) a unit morphism 7 : 1 — P(1)

(b) and composition products p : P(r)@P(n1)®- - -@P(n,) = P(ni+---+n,),

given for every r > 0, and all ny,...,n, >0,

which, all together, satisfy equivariance, unit and associativity relations. These
relations are shaped on the same diagrams as in the case of symmetric operad.
We therefore refer to Figure 1.1-1.3 in §I for the form of these diagrams. In the
case of braided operads, we simply have to consider the action of braids a € B,
(respectively, 81 € By, ..., Br € By, ) instead of permutations s € ¥, (respectively,
t1 € Xy, ..,tr € Xy,) in the equivariance diagram of Figure 1.1, and similarly in
the variant of Figure I.4. In the braided context, the definition of the composite
elements a.(nq,...,n,) (respectively, 81 @ - - - @ B,) occurring in these equivariance
relations arises from the following statement:

PropPOSITION 2.1.2. Let r € N. Let nq,...,n, € N.

(a) The direct sum of permutations, regarded as a mapping X, X -+ X X, —
Yni4etn,s has a unique lifting to braid groups

By, X -+ X By, = Bnytoin,,

giwen by the picture of Figure 2.7 for direct sums id®--- S 1, S --- D id
involving a single generating element T, € By, and so that the following
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FiGURE 2.7. The direct sum id ®--- & 7 & - - - P id in the braid group.

FIGURE 2.8. The block braid (7;)«(n1,...,n,)

multiplication relation holds
(a1 P1® Oy fr)=(1®- - Day)- (BB DBy),

for all (a1,...,ar), (B1,..-,Br) € By X -+ X By, .
(b) The block permutation construction, regarded as a mapping X, — S, 4ot
has a unique lifting to braid groups

B,,n — Bn1+~~'+nr7

given by the picture of Figure 2.8 for the generating elements 7; € B,., and
so that the following multiplication relation holds

(a-B)a(na,...onp) = au(na, .y ne) - Bu(ns(y, -5 s(r))

for all a, B € B,., and where s denotes the underlying permutation of a.
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(¢) Besides, we have the commutation relation

Pr@ - @B an(ny,...,ne) = ax(ni,...,np) - Bs) &+ 8 Bs(ry

for all a € B,., every (B1,...,0;) € By, X -+ X By, and where s denotes
again the underlying permutation of «.

PRrOOF. The multiplication relation implies that the liftings of (a-b) are uniquely
determined by the expression of the image of generating elements. In both cases,
we simply have to check that our mapping preserves generating relations in order
to prove the coherence of our definition.

In (a), we have to deal with the internal generating relations of braid groups,
within each factor B,,,, and with the commutation relation

(id®- B1® - Did)-(id®--- BT B & id)
=(d®d -1 ®---®id) - (iIdd--- BT D - Did)
when we take generating elements in disjoint factors By, and By, i # j, of the
cartesian product B, X---x B, . Our mapping visibly preserves all these identities.
The case of construction (b) is addressed by a similar straightforward inspection.
The multiplication relations again implies that we are reduced to check the

identity of (c) in the case where one element «, or f1,..., 3, is a generating braid
Tk, and all the others are units. The relation is visibly satisfied in this case. O

The braids of Figure 2.7 and Figure 2.8 can also be defined purely algebraically,
in terms of the generating elements of By, 4...4p,. Let ki =n1 + - +mn41, ¢ =
1,...,7r. In the case of Figure 2.7, we have:

id@...@q—k@...@idzq—ki_'_k’

for all 7, € B,,,. In the case of Figure 2.8, we obtain:

(T6)« (N1, ymp) =
(Tki+ni “Thki4n;—1" .- 'Tki+1) : (TkiJr’ﬂiJrl “Thitng " 'Tki+2) T

st (Tki+ni+ni+1 “Thitni4ni—1"---" Tki+ni+1)'

The definition of the permutation operad in Proposition 1.1.8 has the following
braided analogue:

PRrROPOSITION 2.1.3. The collection of braid groups B, n € N, forms a braided
operad in sets so that:

(a) the action of the braid group on each B, is given by left translations;

(b) the single element of By = {id} gives the operadic unit,

(¢) and the composition product fi : By X (Bp, X ++X By ) = Bpi4...n, Maps
a collection o € By, (B1,...,5r) € Bp, X+ X By, , to the product element

Oé(ﬁl?“‘,ﬂ?”) :Bl@"'@ﬂr‘a*(nl,...,nr)
m Bn1+---+nr'

PRrROOF. This proposition follows easily from the relations of Proposition 2.1.2.
O
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FIGURE 2.9. An operadic composite of braids
1 2 3 4

1 2
S N
FicURE 2.10. An instance of deletion operation in the braid op-

erad, where the considered injection u : {1 < 2} - {1 <2 <3<
4} is such that u(1) = 2 and u(2) = 4.

U

By convention, we include the degenerate arity 0 component By in the prim-
itive braid operad defined by this proposition (just as we do in the case of the
permutation operad).

The result of §A.1, the equivalence between the plain definition of an operad and
the definition in terms of partial composition operations has an obvious extension to
braided operads. In the sequel, we use the definition in terms of partial composites
rather than the plain definition of §2.1.3.

Let « € By, f € B,. To illustrate the definition, we give an instance of
operadic composition of braids ao; 8 = a(id, ..., 3, ...,id) € B,1n—1 in Figure 2.9.
Intuitively, the operadic composite « o; 8 is obtained by inserting the braid 8 on
the ith strand of the braid «. In order to ease the understanding of the picture, we
have added dotted lines marking the array in which the braid 3 is inserted.

In the definition of the colored braid operad (§§2.2.8-2.2.11), we will implicitly
use that the strands defining the composite « o; 8 are canonically in bijection with
the strands of the braid «, minus the ith one «;, plus the strands of the braid 3.

2.1.4. Unitary braided operads and deletion operations. The notion of a non-
unitary and of a unitary operad have obvious analogues in the braided setting, and
similarly as regards the notion of unitary extension of non-unitary. Furthermore,
any unitary braided operad P, inherits deletion morphisms u* : P4 (n) — P4 (m)
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associated to all increasing injections u : {1 < --- < m} — {1 < -+ < n}, defined
like the deletion morphisms of symmetric operads in §1.4.1, and satisfying the same
relations (see Proposition 1.4.2). In the formulation of the equivariance relation,
we have to consider the action of braid elements o € B, instead of the action
of permutations s € ¥,, and the braid u*(¢) € B,, obtained by performing a
deletion operation within the braid operad instead of a permutation u*(s) € X,,.
The injection s*(u) occurring in the equivariance relation is again determined by a
decomposition s-u = s, (u) - u*(s), but s now refers to the underlying permutation
of the considered braid o.

The result u*(a) of a deletion operation u* : B, — B, in the braid groups
B,, is identified with the withdrawal of strands «y, indexed by elements k
u(1),...,u(m), which do not lie in the image of u. Figure 2.10 gives an instance of
application of this deletion process for the injection u: {1 < 2} - {1 <2 <3 <4}
such that «(1) = 2 and u(2) = 4.

In the sequel, we mostly consider, again, the deletion operations 9; : P4 (r) —
Py (r — 1) corresponding to the partial composites 9;(p) = p o; * and associated
with the increasing injection 9% : {1 < --- <7 —1} — {1 < --- < r} that jumps
over i in {1<---<r}.

The components of a symmetric operad naturally inherit an action of braid
groups (by restriction through the canonical morphism p, : B, — 3,.) so that any
symmetric operad naturally forms a braided operad. The next proposition gives a
functor in the converse direction:

PROPOSITION 2.1.5.

(a) Let P be any braided operad. Let SymP(r) = P(r)/P.. The collection
of these objects SymP(r) inherits, by quotient, a symmetric structure and
an operadic composition structure from the braided operad P. Hence the
collection of quotient objects SymP(r) = P(r)/P, forms a symmetric op-
erad Sym P naturally associated to P.

(b) The mapping Sym : P — SymP provides a left adjoint of the obvious re-
striction functor from symmetric operads to braided operads (the functor
defined by the componentwise restriction of group actions). The collec-
tion of quotient morphisms P(r) — P(r)/P. forms a morphism of braided
operads P — Sym P which represents the augmentation of this adjunction.

(¢c) In the case of the braid operad B(r) = B,, we have SymnB(r) = B,./P, =
Y, and the symmetric operad Sym B is identified with the permutation
operad, as defined in Proposition 1.1.8.

(d) The mapping Sym : P — SymP preserves unitary extensions. To be more
explicit, under the conventions of §1.4.5, we have an identity Sym(P4) =
Sym(P), for any unitary braided operad P,

PROOF. Since %, = B,/P,, we immediately obtain that the action of B,
on P(r) induces an action of the symmetric group 3, on the quotient object P(r)/P,.

The operadic unit of P obviously defines a unit morphism 1 NN SymP(1) at the
level of the collection Sym P since SymP(1) = P(1)/P; = P(1). Recall that the direct
sums B1 @ - - - @ B, as well as the block braids a.(nq,...,n,) of Proposition 2.1.2 are
lifting of corresponding operations on permutations. If 3y, ..., 3, are pure braids,
then so is the direct sum ;- - -, because we have the identity id,,, ®- - -Pid,, =
idpy +...+n, at the level of permutations, and similarly in the case of the block braid
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ax(ny,...,n,). Thus, the permutations 81 ®- - -® S, and a(ny, ..., n,) occurring in
the equivariance relations of braided operads are pure whenever « and (31, ..., 8, are
pure braids. From this observation, we immediately deduce that the composition
products of P induce composition products on Sym P by the quotient process

P(r)@P(ni) ®--- @ P(n,) P(ny+ - +ny) ,

l |

P(r)/Pr @ P(n1)/Poy @ -+ @ P(n) /P o5 Py + 4 10) /Py o m,

©w

BT

and the equivariance, unit and associativity relations of Figure 1.1-1.3 remain obvi-
ously satisfied in the quotient SymP. This completes the construction of the sym-
metric operad SymP associated to P. The assertion about the adjunction relation
follows from a straightforward inspection of our construction.

The identity between the symmetrization of the braided operad and the per-
mutation operad follows from the observation that the composition operation on
braids a(B1,...,8;) = 1D+ & Br - ax(nq, ..., n,) lifts a corresponding operation
on permutations.

The last assertion of the proposition is immediate. ([l

Our main objective is to prove that the topological operad of little 2-discs is
the symmetrization of a contractible braided operad in topological spaces. For this
purpose, we consider the universal coverings D (r) of the little 2-discs spaces Dy ().
Our result precisely reads:

THEOREM 2.1.6. The universal coverings Do(r) of the little 2-disc spaces Do(r)
form a braided operad in topological spaces 52 with the operad of little 2-discs Do
as associated symmetric operad.

The construction of this operad structure works for the unitary extension of the
operad of little 2-discs Doy as well, and gives in this case a unitary extension of
the non-unitary operad 52.

The proof of this theorem is deferred to a series of constructions and lemmas.
We focus on the non-unitary part of the theorem, and we skip the examination of
degenerate cases involved in the unitary extension of our statement, because this
additional verification reduces from a straightforward inspection of our construc-
tions.

Recall that the definition of a universal covering depends on the choice of a
base point in the base space. To be precise, the universal coverings associated to
different base points are isomorphic, but the isomorphisms connecting them is not
canonical. We really need a rigid construction in order to check the operad relations
at the level of universal covers. Therefore, we explain how we fix base points in
little 2-disc spaces first.

2.1.7. The choice of base points. Recall that the operad of little 1-discs em-
beds into the little 2-discs operad by a topological inclusion D; < Ds. In Propo-
sition 1.1.6, we prove that each space D;(r) has contractible connected compo-
nents Di(r), indexed by permutations w € 3,. Moreover, we observe that mg D
is isomorphic to the permutation operad as an operad. Equivalently, the partial
composition product p : Di(m) x Dy(n) — Di(m + n — 1) maps each cartesian
product of connected components Di(m)s x D1(n); into the connected component
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D1(m+mn—1)s0,t, associated with the composition product so;t of the permutations
s € X, and t € ¥,,, formed within the permutation operad.

We consider the contractible space Di(r);q associated to the identity permu-
tation id € 3., and the corresponding subspace in Dy (r), which, according to def-
initions (check §1.1.5), consist of little disc configurations of the form represented
in Figure 2.11. We fix such a disc configuration c°, coming from D;(r);4, as base
point for the little 2-disc space Dy (r), and from now on, we use the notation Dy (r)
to refer to the universal covering of Do(r) formed at that base point. We recall an
explicit description of such covering spaces in the next paragraph.

Any disc configuration ¢ coming from the subspace D1(r);q < Da2(r) can be
connected to our base point ¢ by a path 7° in that subspace Dy (r);q < Do(r). All
paths of this form belong to the same homotopy class since D1 (7);4 is contractible.
Such a path gives a canonical isomorphism between the universal covering of Do ()
determined at the base point ¢ and the universal covering D (r) determined at our
chosen base point ¢”. We explain this process in the next paragraph, where we
apply a standard construction of covering theory to give an explicit definition of
our covering spaces. N

2.1.8. The construction of the universal coverings. The covering spaces Da(r)
can be defined as quotient sets

Ds(r) = {y: [0,1] = Da(r)|7(0) = &}/ =,

formed by all homotopy classes of paths v : [0,1] — Dq(r) with our base point
c as origin, and which we equip with a suitable topology (see for instance [70,
§10]). In what follows, we omit to check the continuity of our constructions on
covering spaces. These verifications reduce to straightforward inspections, at all
steps of argument line, by using the explicit definition of the topology of universal
coverings. N

The covering map ¢ : Da(r) — Dy(r) assigns the endpoint (1) € Do(r) to
the element of D, (r) defined by the homotopy class of the path . The quotient
set 52(7‘) inherits an appropriate topology so that this map p : 52(7“) — Da(r) is
indeed a covering because the little 2-disc space Da(r) is locally contractible (we
refer to [70], for instance, for the general argument).

In this representation, the isomorphism connecting 52(7") with the universal
covering taken at another base point c is given by the concatenation of the paths
7 : [0,1] = Da(r), defining the elements of Dy(r), with a path % : [0,1] — Da(r),
connecting our disc configurations c® and c. From this construction, we immediately
see that this isomorphism is canonical as soon as the homotopy class of the path
~% connecting the base points is uniquely determined, and this is so when, as set
in §2.1.7, we restrict ourselves to base points and connecting paths 7° lying within
the component Di(r);q of the little 1-disc space D1 (r) inside Da(r).

2.1.9. The action of braid groups. The pure braid group P, can immediately be
identified with the group of automorphisms of the covering Dy (r) — D2 (r) because:

— the automorphism group of a universal covering is identified with the fun-
damental group of its base space,

— and the homotopy equivalence w : Dy(r) = F(D2,r), defined by the disc
center mapping, gives an isomorphism of fundamental groups 1 (Da(7), ) =
71 (F(D2,7), %) = P,.
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FiGure 2.11. The
form of a chosen base
disc  configuration,
lying in the image
of the contractible
subspace Dy (r);q <
Dg(r).

143

FIGURE 2.12. The path defining a representative of the generating

braid 7; in the little 2-disc space Da(r).
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One can adapt this approach in order to prove that the action of P. on 52(7‘)
extends to an action of the full braid group B,. Indeed, we can also identify our
covering space Do (r) with the universal covering of the quotient space Dy(r) /%,
for which we have 7 (Da (1) /Sy, %) = 71 (F(D2,7) /Sy, %) = B,.

In order to ease the proof of the operad equivariance relation, we prefer to give
an explicit construction of this action by relying on the explicit definition of the
universal covering Da(r), as given in §2.1.8. For this aim, we consider a path in
the little 2-disc space 7; : [0,1] — Da(r) of the form represented in Figure 2.12.
From this perspective representation, we immediately see that the image of this
path under the disc center mapping w : Da(r) — F([O)Q, r) gives a representative of
the generating braid of Figure 2.5.

Note that the endpoint of this path 7;(1) is identified with the image of our
base disc configuration ¢ under the action of the transposition t; = (i i + 1).

Let now « : [0,1] — D2(r) be a path in Da(r), with v(0) = ¢ as origin, so that
the homotopy class of this path [y] defines an element of the covering space 62(7").
We apply the transposition ¢; to this path in order to obtain a path t;y with
tiv(0) =t; -0 as origin. We can then concatenate t;v with the path represented in
Figure 2.12 to obtain a new path (¢;) - 7; : [0, 1] — D2 (r) with ¢ as origin, and of
which homotopy class [(£;7) - 7;] determines an element of Dy (r) associated to [4].

The following lemma follows from an immediate visual inspection:

LEMMmA 2.1.10.

(a) The mapping 7; : [y] — [(tiv)-7:] defines a lifting to the covering space Bg(r)
of the map t; : Da(r) — Da(r) given by the action of the transposi-
tion t; = (i © + 1) on the little 2-disc space Da(r).

(b) The maps 7: : Da(r) — Da(r), obtained by this construction for i =
1,...,7 — 1, satisfy the generating relations of braids groups, and hence,
determine an action of the braid group B, on the covering space 62(7‘). ([l

This result completes the construction of the braided structure on the collec-
tion D2 = {DQ(T)}TGN.

We can use a similar composition process [y] — [y - a] when w : [0, 1] — Da(r)
is any loop based at w(0) = w(1) = ¢ in order to determine the action of the
fundamental group 1 (D2(r),c) on the universal covering Da(r). We immedi-
ately see that this action corresponds to a restriction of the action considered in
Lemma 2.1.10 when we apply the isomorphism 1 (Dy(r), %) = 7 (F(D2,7),%) to
identify 71 (D2(r), %) with the pure braid group P,.

The following statement follows from this identification and standard results of
covering theory:

LEMMA 2.1.11. The covering map q : Do(r) — Da(r), as defined in §2.1.8, in-
duces a homeomorphism qy : Da(r) /P = Do(r), where the quotient space Da(r)/ Py
is formed by considering the restriction of the action of Lemma 2.1.10 to the pure
braid group P,. O

2.1.12. The operadic composition structure. We now aim at providing the col-
lection 52 with an operadic composition structure.

We can assume that our base point in arity r = 1 is given by the operadic unit
of the little 2-disc operad 1 € D3(1). We take the homotopy class of the constant
path 1(t) = 1 associated to this element 1 € Dy(1) as operadic unit for Ds.
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We proceed as follows to define the composition products of Ds. Let o : [0,1] —
Da(m) and 5 : [0,1] — Da(n) be paths giving elements in our universal covering
spaces. Let a(0) = a® and 5(0) = b° be the corresponding base points. We fix a
composition index ¢ € {1,...,m}. By performing the operadic composition of little
2-discs point-wise, we obtain a path ao; 5 : [0,1] = Da(m+n —1) with ao; 3(0) =
a®0,;b° as origin. This composite disc configuration a®o;b" is not necessarily equal to
the chosen base point c” of the little 2-disc space Do(m+n—1). But, the assumption
that a° lies in the contractible space Di(m);q = Da(m), and that b° similarly
arises from Dj(n);q < D2(n) implies that a” o; b° lies in our distinguished subspace
Di(m 4+ n — 1),;4 too, because the composition of these connected components is
reflected by the composition structure of the permutation operad, in which we
have id o; id = id (see Proposition 1.1.8 and the explanations hereafter). Thus, as
explained in §2.1.7, we have a path 4% : [0, 1] — Da(m+n—1), going from 7°(0) = ¢°
to 7°(1) = a° o; 1", and of which homotopy class is canonically determined. We
concatenate our composite «o; 3 with such a path 4° : [0, 1] — Da(m +n — 1) with
the prescribed base point ¢ € Da(m + n — 1) as origin and of which homotopy
class [o o; B - 7°] determines an element of Dy(m +n — 1) canonically associated
to [@] € Da(m +n — 1) and [3] € Dy(m + n — 1). We obtain by this process a
composition product on our universal coverings

0; : Da(m) x Dy(n) — Da(m +n — 1)

which obviously lifts the composition product o; of the little 2-discs operad. We
prove that:

LEMMA 2.1.13. The operadic unit and composition products defined on the cov-
ering spaces 62(r) in the previous paragraphs fulfill the unit and associativity re-
quirements of operadic composition structures, as well as the equivariance relation
of braided operad.

PROOF. The proof of the unit and associativity relations follows from a quick
visual inspection, by using the explicit definition of the composition structure given
in the previous paragraph, of the composites occurring in these relations. The
equivariance relation is checked similarly in the case of a generating braid 7;, by
using the explicit definition of §§2.1.9-2.1.10 for the action of these braids on our
covering spaces, and we immediately conclude from this verification that the equiv-
ariance relation holds in full generality since the braids 7; generate the whole braid
group B;. 0

As the braided operad structure of D, is essentially defined by lifting the sym-
metric operad structure of the little 2-discs operad, we immediately obtain that the
covering maps q : Da(r) = Da(r) define a morphism of braided operads ¢ : Dy — Do,
and the assertion of Lemma 2.1.11 implies that this morphism induces an isomor-
phism by between the symmetrized operad Sym Do and Do. This verification finishes
the proof of Theorem 2.1.6. O

Theorem 2.1.6 has the following consequence:

THEOREM 2.1.14. Let P be a braided operad in topological spaces. Suppose that
the action of B, on P(r) is free and proper, for all r € N. If the spaces P(r) are
contractible for all v € N, then the symmetric operad naturally associated to P, and
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formed by the collection of quotient spaces SymP(r) = P(r)/P,, is an Es-operad,
and similarly in the unitary setting.

PROOF. We again focus on the non-unitary setting because the generalization
of our statement to unitary operads follows from a straightforward extension of our
arguments. _

We form the arity-wise product Q(r) = P(r) x D2(r) in the category of braided
operads. The braid group B, operates diagonally on Q(r), for each r € N, and the
collection Q = {Q(r)}ren comes also equipped with a natural operadic composition
structure which is formed factor-wise as in the context of symmetric operads. We
immediately check that the canonical projections

P(r) < P(r) x Da(r) = Da(r)

define morphisms of braided operads P «+ Q — D.

Recall that the spaces P(r) are contractible by assumption, and we have al-
ready observed that the spaces 52(7") are contractible too. Thus, the considered
projections are weak-equivalences between contractible spaces.

In general, weak-equivalences are preserved by the quotients over group actions
which are free and proper. The braid group B, operates freely and properly on
P(r) by assumption, and on 62(7") as well by definition of this space as a universal
covering. The diagonal action of B, on P(r) x 52(7“) is free and proper too. Thus,
by performing the quotient over the action of P. C B,., we obtain weak-equivalences
of spaces

P(r)/P, < (P(r) x Da(r))/P. = Da(r)/ P, = Da(r),

yielding weak-equivalences of operads SymP <~ SymQ — D, from which we con-
clude that SymP is Fs, as claimed in the statement of the theorem. O

2.2. The classifying spaces of the colored braid operad

Recall that an Eilenberg-MacLane space of type K (G, 1), where G is any group,
is a connected space X such that 71 (X) = G and 7,.(X) = 0 for * # 1. These
conditions actually determine the homotopy type of the space X (in plain terms,
one can prove that all Eilenberg-MacLane spaces of a given type K (G, 1) are weakly-
equivalent).

In the preliminary section §2.0, we mentioned that the underlying spaces of the
little 2-discs operad Dy are Eilenberg-MacLane spaces K(P,,1) associated to the
pure braid groups P,.. This result follows from the existence of the homotopy equiv-
alence Dy(r) = F(|52, r), established in Proposition 1.2.2; and the computation of
the homotopy groups of the configuration spaces F(I°32, ) in Proposition 2.0.1.

In topology, we have a standard simplicial model BG for the Eilenberg-MacLane
space K (G, 1). This simplicial set BG also represents the base space of a universal
G-principal bundle, and for that reason, is usually referred to as the classifying space
of G. The objective of this section is to adapt the classifying space construction in
order to define a simplicial model of the little 2-disc operad Ds.

For this aim, we need to consider classifying spaces of small categories, which
include classifying spaces of groups as particular examples. The operads which we
introduce soon are defined in the category of groupoids, which lie between small
categories and groups, but classifying spaces are more naturally defined in the
general setting of small categories.
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To explain the problem, we need structures on G reflecting the operadic struc-
tures which we aim to define at the level of the classifying spaces BG. The pure
braid groups G = P, lack the symmetric structure underlying an operad, and hence,
do not fit our requirements. The idea is to introduce groupoids of colored braids
CoB(r), which include the pure braid groups P, as particular morphism sets, and
come equipped with the required symmetric structure, as well as a full operadic
composition structure. To summarize: we establish that the groupoids of colored
braids CoB(r) form an operad, which we may call the colored braid operad, and we
prove that the collection of classifying spaces B CoB(r) associated with this operad
in groupoids defines a simplicial model of Es-operad.

To begin with, we briefly explain the definition of an operad in the category of
small categories and in the category of groupoids. Then we recall the definition of
the classifying space of a category, and we examine the application of this classifying
space construction to operads in categories. The colored braid operad will be
defined afterwards as an instance of operad in groupoids.

2.2.1. The category of small categories and groupoids. We use the notation Cat
for the category of small categories. The cartesian product of categories defines
the underlying product x : Cat x Cat — Cat of a symmetric monoidal structure
on Cat. The singleton pt, which is identified with the final object of the category of
small categories, defines the unit object associated with this symmetric monoidal
structure.

Groupoids will be more heavily used later on. Simply recall for the moment
that a groupoid is a small category in which all morphisms are invertible. Groups
can identified with the groupoids of which underlying object set is reduced to a
point. In contrast, we can identify sets with discrete groupoids, which have no
morphism outside the identity attached to each object. We use the notation Grd
for the category of groupoids, which we regard as a full subcategory of the category
of small categories Cat. We immediately see that the embedding Grd < Cat creates
products and final objects. Accordingly, the category of groupoids Grd is identi-
fied with a symmetric monoidal subcategory of Cat with respect to the cartesian
monoidal structure.

2.2.2. Operads in small categories and groupoids. We consider operads in the
category of categories (and in the category of groupoids) which we define by apply-
ing the general definition of §I to this instance of symmetric monoidal categories
Base = Cat (respectively, Base = Grd). According to our conventions, we will use
the notation CatOp (respectively, GrdOp) to refer to this category of operads.

To unravel definitions: an operad in the category of small categories P € CatOp
(an operad in categories for short) consists of a sequence of small categories P(r),
r € N, each of which equipped with a symmetric group action, together with a unit
morphism 7 : pt — P(1), and composition products p : P(r) x P(nq) x---xP(n,) —
P(ny + -+ n,), all formed in the category of categories, so that the identities ex-
pressed by the diagrams of Figure 1.1-1.3 hold; a morphism of operads in categories
f + P = Qis a sequence of functors f : P(r) — Q(r) preserving the internal
structures attached to operads. Since we define the category of groupoids as a sub-
category of Cat, an operad in groupoids P € GrdOp can be defined as an operad
in categories of which underlying sequence P(r) consists of groupoids. The equiva-
lence between the plain definition of an operad (§1.1) and the definition in terms of
partial composition operations (§A.1) naturally holds in the context of categories
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Base = Cat (respectively, groupoids Base = Grd), which fulfills all conditions that
we require for our base categories (see §0.6). Hence, the composition structure
of an operad in categories (respectively, groupoids) is equivalently determined by
functors o; : P(m) x P(n) —» P(m+n—1),i=1,...,m, satisfying the equivariance,
unit and associativity axioms of §A.1.

In the category of small categories, one distinguishes the class of category equiv-
alences (functors which are invertible up to natural equivalence) besides the ordi-
nary isomorphisms of the category (the functors which are strictly invertible). For
operads in categories, we will naturally consider operad morphisms f : P — Q of
which all underlying functors f : P(r) — Q(r) are equivalences of categories. In this
situation, we will say that the operad morphism f is a categorical equivalence, and
we will use the distinguishing mark ~ in the notation of f. Note that the inverse
equivalences of the functors f : P(r) =+ Q(r) do not necessarily define an operad
morphism, and we do not set this requirement in our definition of a categorical
equivalence of operads.

2.2.3. Recollections on classifying spaces. The classifying space of a category C
is the simplicial set B C defined in dimension n by the n-fold sequences of compos-
able morphisms of €

a={rg LS 2. )
together with the face operators such that

do(g):mﬁ%“&‘%zn,

@ Qg—1 Q4104 Qj42 [e% .
di(f@) =xg —> -+ ——= i1 —— Tig1 —— - = T, for0<i<mn,

dn(a) =0 25 - 2 @y,
and the degeneracy operators given by the insertion of identity morphisms
a1 [e7] id Q41 Qp
sjl@) =a9g — -+ T — T; — - — Tp,

for all j =0,...,n. One can prove that the simplicial set B € forms a Kan complex
if and only if the category C is a groupoid (see for instance [48, §1.3]). In the case
of a group G, this result can be used to check, by a direct and simple computa-
tion, that the geometric realization of BG is an Eilenberg-MacLane space (use the
combinatorial definition of simplicial homotopy groups in [27, §2] or in [71, §1]).

The mapping B : € +— B C defines a functor from the category of small cate-

gories to the category of simplicial sets. To study the image of operads in categories
under the classifying space construction, we use the following result:

PROPOSITION 2.2.4. The functor B : Cat — Simp is symmetric monoidal in
the sense of §11.5.1:

(a) In the case of a point pt, viewed as the unit object of the category of small
categories, we have an obvious identity B(pt) = pt.

(b) In the case of a cartesian product of categories Cx D, the maps B € &
B(€ x D) L% BD, associated to the canonical projections € & € x D L

D give rise to an isomorphism B(C x D) = BC xBD.
(¢) The comparison isomorphisms of (a-b) fulfill the unit, associativity and
symmetry constraints of §11.5.1 too.

PROOF. The proof of assertions (a-b) reduces to a straightforward inspection
of definitions. The definition of the isomorphism B(Cx D) = BCxBD from
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universal categorical constructions automatically ensures that the unit, associativity
and symmetry constraints are fulfilled. ([

From this statement, the result of Proposition I1.1.4 gives:

PROPOSITION 2.2.5. Let P be an operad in small categories. The collection
of classifying spaces BP(r) associated to the categories P(r) forms an operad in
simplicial sets naturally associated to P. O

Recall that in the situation of Proposition 2.2.4, the mapping B : P — B P also
preserves unitary extensions, and in the formalism of §1.4.5, we have an identity
B(P4) = (BP)4 for any unitary operad in categories P (see Proposition I1.1.4).

In §I1.3.2, we mention that the geometric realization functor | —| : S8imp — Top
is symmetric monoidal as well. We can apply this functor to the simplicial op-
erad B P in order to form a classifying space operad in topological spaces naturally
associated to P. In general, we abusively use the notation of the underlying sim-
plicial operad B P for this associated operad in topological spaces too. But, if
we need to distinguish the topological object from its underlying simplicial model,
then we mark the application of the realization functor | — | in the notation of this
topological operad.

The functoriality claim in Proposition 2.2.5 implies that the mapping B : P —
B P defines a functor assigning a morphism of simplicial operads Bf : BP —
B Q to any morphism of operads in the category of small categories f : P — Q.
The following proposition, which is an immediate corollary of a standard result on
classifying spaces, is worth recording:

PROPOSITION 2.2.6. The morphism Bf : BP — B Q associated to a categorical
equivalence of operads f : P =5 Q is a weak-equivalence of simplicial operads. O

The remainder of this section is devoted to the definition of the colored braid
operad CoB and to the proof that the associated classifying space operad B CoB
defines an instance of Fs-operad. We also establish a unitary extension of this
result.

In a first step, we define the underlying groupoids of the operad CoB(r), r € N.
Most usually, we regard the small categories, which include groupoids as particular
instances, as formed of an object set Ob € together with morphism sets More(z,y)
attached to all pairs of objects x,y € Ob C. But for the definition of the groupoid of
colored braid CoB(r), we may adopt another point of view, motivated by the fact
that the whole information is supported by the morphisms. Therefore, we revisit
the general definition of a groupoid before tackling the definition of the colored
braid groupoids.

2.2.7. Groupoids revisited. To summarize the idea: we can regard a groupoid §
as formed of an object set Ob G together with a single morphism set Mor G collecting
all morphisms of G.

In this approach, a source s : Mor § — 0b G and target map ¢t : Mor § — 0b G are
given as part of the groupoid structure in order to identify the source and target of
morphisms, and we similarly provide a map e : 0b § — Mor G such that se = te = id
in order to specify the identity morphism associated to any object. The morphism
sets Morg(z,y), which we have considered so far, are identified with the subsets of
morphisms a € Mor § associated to a given source s(a) = z and target t(a) = y.
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The fiber product

Mor G X4 Mor § ! >Mor G,

, it
v
Mor § ————0b§

more explicitly defined as the set Mor G x g Mor G = {(a, 8)|s(a) = t(8)}, collects
all pairs of composable morphisms of the groupoid. The composition operation
of G is given by a product operation p : Mor § x4 MorG — Mor G, defined on
this fiber product, and such that sy = sq, tu = tp. In point-wise terms, these
latter requirements read s(af) = s() and t(af) = t(«) for all composable mor-
phisms («, 3) € Mor G x s Mor G, where we set a8 = (e, 8). Thus, these require-
ments are simply added to fix the target and source of composites.

To define the inverse of morphisms in a groupoid, we similarly consider a map
t:MorG — Mor§ such that st = t and ¢ = s. The unit, associativity, and in-
verse relations of the composition structure of groupoids can be written in terms of
commutative diagrams, involving the fiber product Mor § x & Mor G, but, for the mo-
ment, we define the product and the inversion as point-set mappings, and therefore,
we will still use the basic point-set interpretation of these relations.

2.2.8. The groupoids of colored braids. In the case of the colored braid groupoid
G = CoB(r), the object set O0b CoB(r) is defined to be the set of permutations
w € 3, which we regard as ordered sequences (w(1),...,w(r)) of integers w(i) €
{1,...,7}.

The morphisms of Mor CoB(r) are isotopy classes of braids « given together
with a bijection between {1,...,r} and the collection of strands {1, ..., a,} defin-
ing . Intuitively, the extra bijection assigns a color i € {1,...,r} to each strand «;,
and this interpretation motivates the name of colored braid given to our groupoid.

The given of the bijection amounts to assuming that the strand collection is
arranged on an r-tuple & = (aq,...,a;). Note that we take the ordering de-
termined by the bijection i — «;, given together with our braid «, in order
to form this r-tuple, and not the ordering of the points (aq(0),...,a,(0)) on
the axis (y = 0,t = 0), as in §2.0.5. Thus, we may have (a1(0),...,a,(0)) =
((xg(l),0,0)7 cee (xg(r),0,0) for some permutation u € X,, where we again use
the notation ) = —1+ (2k — 1)/(r + 1), k = 1,...,r, for the abscissa of the
contact points of braids on the axis y = 0 (see §2.0.5). This permutation pre-
cisely defines the source of our braid u = s(«) in the groupoid CoB. The tar-
get of the braid v = t(«) is the permutation v such that (a;(1),...,a,(1)) =
((wg(l), 0,1),..., (xg(r), 0,1). Intuitively, we simply take the ordering of the origin
points of the strands on the axis (y = 0,¢ = 0) to determine a color ordering yield-
ing the source permutation u of the colored braid «, and we the take the ordering of
the strand end points on the axis (y = 0,¢ = 1) to determine another color ordering
yielding the target permutation v.

To illustrate these definitions, we give an instance of a colored braid in Fig-
ure 2.13. The source and target permutations associated to this colored braid are
given by the ordered sequences u = (2,4,3,1) and v = (3,4,1,2).

The identity element, associated to any permutation w € 3., is given by the
isotopy class of the identity braid e(t) = ((332}(1), 0,t),..., (932}(7“), 0,t)), where the
given permutation w determines the coloring attached to this braid (see Figure 2.14
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for the representation), or equivalently, the ordering of the vertical strands (x%, 0,t),
k=1,...,r. The composition of the groupoid is given by the standard concatena-
tion operation on braids, inherited from the braid group, and represented in Fig-
ure 2.3. In our new context, we simply note that the colors assigned to strands agree
on contact points precisely when our braids (a, 8) satisfy the relation s(«) = t(8)
and hence are composable in the sense of §2.2.7. In this situation, each compos-
ite strand inherits a single color from its components, which we use to define the
coloring of the composite braid « - 3.

The inversion of colored braids can also be deduced from the inversion operation
in the braid groups, with the appropriate coloring switching the source and target
permutations.

2.2.9. Braid cosets and morphisms in the colored braid groupoids. In the pre-
vious paragraph, we chose an approach which provides an intuitive definition of
the colored braid groupoid. On the other hand, we immediately see, from this first
definition, that the color indexing of an element o € CoB(r) is determined by the
given of the permutation v = s(«), which represents the source of « in the colored
braid groupoid. Indeed, the ordered sequence u = (u(1),...,u(r)) corresponds to
the color indexing of the origin points ((x,0,0),..., (22,0,0)), which in turn deter-
mines the coloring of the braid strands. By using this observation, we can readily
identify the morphism set Mor ¢, g () (u, v) associated to fixed permutations u, v € X,
with the coset ¢;'(v~'u) C B,, where we consider the natural group morphism
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Gx : B, — 3, from braids to permutations. The composition operation of CoB(r)
is also identified with the operation ¢; ' (w™v) x ¢; 1 (v u) — ¢! (w™lu) obtained
by restriction of the natural multiplication of the braid group B,.. For a single per-
mutation w € ¥, we have an identity Mor cop () (w,w) = ¢; '(w™tw) = P, and
the identity morphism associated to w in the groupoid corresponds to the neutral
element of the pure braid group P,.

2.2.10. The symmetric structure of the colored braid groupoids. Each groupoid
of colored braids CoB(r) inherit a natural action of permutations. Therefore the
collection CoB = {CoB(r),r € N} forms a symmetric sequence of groupoids. To be
explicit, the groupoid morphism s, : CoB(r) — CoB(r) associated to any s € X,
is defined by the following process: for a permutation w € X, representing an
object of CoB(r), we set s.(w) = sw; for a braid « equipped with a strand coloring
i — «y, we define s,(a) by the same underlying braid as a, but we equip s.(«)
with the modified coloring s(7) — a; which assigns the value s(7) € {1,...,7} to the
strand «; which was previously colored by the index i € {1,...,r}. The mappings
S« : Mor CoB(r) — Mor CoB(r) and s, : 0b CoB(r) — 0b CoB(r) clearly preserve
the structure morphisms attached to our groupoid.

In the representation of §2.2.9, the morphism mapping s. : Mor ¢,p(r) (u,v) —
Mor cop(r) (8x(1), 54 (v)) changes the source and target objects according to the
rule s,(w) = sw, but is given by the identity on the coset g !(s.(v) !s.(u)) =
q; 1 (v™1u) C B, associated with both the source and the target of our mapping s,.

2.2.11. The operadic composition operations on colored braids. We have an ob-
vious identity CoB(1) = pt, giving a canonical operadic unit in the colored braid
groupoids. We also have operadic composition operations, deduced from the op-
eradic composition of permutations and braids, so that CoB inherits a full operad
structure. We proceed as follows to define these operations.

On object sets Ob CoB(r) = X, we simply use the operadic composition of
permutations. (Accordingly, the collection Ob CoB is identified with the permuta-
tion operad in the category of sets.) On morphism sets Mor CoB(r), we use the
operadic composition of braids, defined in §§2.1.2-2.1.3, together with an operadic
composition of the braid colorings which we define as follows.

Let @ € Mor CoB(m) and 8 € Mor CoB(n) be colored braids. Intuitively, to
define the composite avo; 8 € Mor CoB(m+n—1), we insert the ith input braid 8 in
the strand of a colored by ¢ € {1,...,m}. We simply apply the standard operadic
shift £ — k+14— 1 to the index of the strands of 8 in the composite braid, the shift
k — k+n—1 to the index of the strands of a when ¢ < k, and this gives the coloring
of avo; B. In comparison with the process of §§2.1.2-2.1.3, we simply use an ordering
defined by the color indexing of the strands of « instead of the natural ordering of
the source points on the line y = ¢t = 0. Thus, the composition of braids in the
colored braid groupoid is formally defined by the composition operation of §§2.1.2-
2.1.3 up to an input reordering, which we determine from the source permutation
of the braid «. To illustrate this process, we give an instance of partial composition
operation a0y 8 = a(f,1) in Figure 2.15. In order to ease the understanding of
this picture, we have added dotted lines marking the array in which the braid 3 is
inserted.

In the coset representation of morphism sets (§2.2.9), the partial compos-
ite MoT ¢ (m)(8,t) X MoT cop(n)(u,v) 2 MOT o B(m4n—1)(8 ©i u,t 0; v) maps ele-
ments o € ¢, 1(t7!s) and B € ¢! (v~ u) to the composite braid « 04-1(;) 3 which
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FIGURE 2.15. An operadic composition of colored braids

has g.(a og-1(5 B) = (t o v)~1 . (s 0; u) as associated permutation. This oper-
ation obviously preserves the groupoid structure, and hence, gives a morphism
o; : CoB(m) x CoB(n) — CoB(m +n — 1) in the category of groupoids.

The verification of the operad axioms is straightforward from the results already
obtained for the braid operad in §2.1.

The construction of this composition clearly extends to the degenerate case of a
colored braid 8 with an empty set of strands, and we readily deduce from this obser-
vation that the operad CoB has a unitary extension CoB . The deletion operation
u* : CoB4(n) — CoB4(m) can actually be identified with a natural generalization
to colored braids of the removal operations on braid groups, as described in §2.1.4,
just like the operadic composition of colored braids define a generalization of the
operadic composition of braids.

The definition of the colored braid operad is now complete and we aim to prove:

THEOREM 2.A (Z. Fiedorowicz [34]). The classifying space operad B(CoB)
associated to the operad of colored braids CoB is an FEs-operad, and the operad
B(CoB)4, associated to the unitary extension of CoB, forms an instance of unitary
FEs-operad similarly.

We focus on the non-unitary context. The unitary extension of our result
follows, again, from a straightforward adaptation of the arguments.

The idea is to identify B(CoB) with the symmetrization of a contractible
braided operad in order to deduce this result from the recognition theorem of §2.1.
This contractible braided operad is formed by a collection of contractible classifying
spaces E'B, naturally associated to the braid groups B,. In a preliminary stage,
we review the general definition of these contractible classifying spaces EG, which
can be associated to any group G.

2.2.12. Translation categories and their classifying spaces. First, to a group G,
we associate a translation category Eg which has 0b Fg = G as object set, and of
which morphism sets are reduced to a single element Morp, (o, 3) = {87 'a}, for
all a, 3 € G. This element S~ 1o represents the right translation connecting 8 and
«a in G. This interpretation motivates the name of translation category assigned
to Eg. The translation category F¢ obviously forms a groupoid, for any group G.

The translation category Eq is naturally equipped with a left G-action, which
assigns a functor g, : Fg¢ — Fg to each g € G. This functor is given by the left
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translation operation g.(«) = ga at the object level, and by the identity of the
translation elements (g3)~!(ga) = B~ ' at the morphism level.

The classifying space associated to the translation category E¢ is usually de-
noted by EG = B(FE¢g). By definition of E¢g, the n-simplices of this classifying
space have a representation of the form

a;lao a;lal a;lan,l
a={a a - an},
where (ag, ..., a,) runs over G"*1. The morphisms occurring in this simplex are
determined by the sequence of vertices (ay, ..., as), as we see in the above expres-

sion. Faces d; (respectively, degeneracies s;) are given by the omission (respectively,
repetition) of a vertex «; (respectively, «;). By functoriality of the classifying space
construction, the simplicial set FG inherits a left G-action from the translation cat-
egory F¢. This group action maps a simplex a as above to the simplex such that:

(ga1) ™ (geo) (ga2) " (gon) (gan) " (gan—1)
gal “ e

9+(a) = {90 gay}.

Together with EG, we have a natural map p, : EG — BG towards the classi-
fying space of the group G. If we regard the group G as a category with a single
object x, then this classifying space map is induced by the functor p : Eq — G
defined by p(a) = * on objects and by p(3~'a) = 8~ 'a on morphisms. The fol-
lowing standard observations provide the usual motivations for the introduction of
this space EG together with the map p, : EG — BG:

OBSERVATION 2.2.13.

(a) The groupoid E¢ is equivalent to a point and hence, the associated classi-
fying space EG = B(Eq) is contractible.

(b) The action of G on EG is free.

(¢) The mapping p. : EG — BG goes down to an isomorphism EG/G = BG
on the quotient space EG/G.

These observations follow from immediate inspections. In the topological con-
text, the contractibility of the simplicial set EG implies that the space |EG| is
contractible. The free action of G on EG gives rise to a free and proper action at
the topological level. Furthermore, the mapping p. : EG — BG induces a homeo-
morphism |EG|/G = |EG/G| = | BG| since we have | X/G| = | X|/G for any space
X equipped with a G-action.

We now consider the translation categories Ep_ associated to the braid groups
B,.. We immediately see that the collection E, formed by this sequence of groupoids
E(r) = Ep,, inherits a natural braided operad structure from the braid groups: the
natural action of the group B, on each Ep_ gives the braided structure of the
collection E; the identity Ep, = pt provides the operadic unit n : pt — E(1); and
the composition morphism is the functor o; : Ep,, x Ep, — EB,,,,_, determined
by the operadic composition of braids at the level of the object sets 0b Eg, = B,,.
We also easily check, by using the result obtained at the level of braid groups, that
these morphisms fulfill the structure axioms of braided operads.

We apply the symmetrization functor of Proposition 2.1.5 in the context of
the category of categories Base = Cat to form a symmetric operad Sym E naturally
associated to E. We have the following identification:
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LEMMA 2.2.14. The colored braid operad CoB is identified, as a symmetric
operad in groupoids, with the symmetrization of this braided operad E, formed by
the translation categories E(r) = Ep, of the braid groups B,..

PROOF. We use the definition of §2.2.9, where we identify the morphism sets
of the groupoid CoB(r) with the cosets Morcop(r)(u,v) = ¢; (v u) naturally
associated to the morphism ¢, : B, — X,. We have an obvious functor ¢, : Ep, —
CoB(r), given by the map ¢, : B, — X,. on the object set 0b Eg, = B,., and by the
embedding {7 a} — ¢;(¢.(8) '¢«()) on each morphism set Morg, (a,f3) =
{87ta}, for a, B € B,. We immediately see that this functor carries the action
of B, on Ep,_ to the natural action of ¥, on CoB(r), the action of P, C B, to a
trivial action. We can also readily check, by unraveling the definition of a quotient
object in the category of categories, that ¢, : Ep, — CoB(r) identifies CoB(r) with
the quotient category Ep, /P;.

We have already observed that g, : Fp, — CoB(r) transports the B,-action
on Ep_ to the natural ¥,-action attached to CoB(r). We readily obtain that ¢,
preserves the operadic composition structures too by using the coset definition of
this structure in §2.2.11. Accordingly, the collection of functors g, : Ep, — CoB(r)
defines a morphism ¢, : E — CoB in the category of braided operads, and the
relation Ep_ /P, = CoB(r) immediately implies that this morphism identifies CoB
with the symmetric operad naturally associated to E. [

The conclusion of Proposition 2.2.5 remains obviously valid in the context of
braided operads. In the particular case of the translation categories associated to
braid groups E(r) = Ep,, we deduce from this assertion:

FacT 2.2.15. The collection of classifying spaces BE(r) = B(Ep,) = EB,
inherits a braided operad structure.

The geometric realization and classifying space functors naturally commute
with quotients under group actions. In the case of the symmetrization functor Sym,
which is essentially given by such a quotient process, this observation implies:

OBSERVATION 2.2.16. We have operad identities Sym|BE| = |SymBE| =
|B(SymE)|.

Thus, from the identity SymE = CoB established in Lemma 2.2.14, we conclude
that |B(CoB)| is identified with the symmetrization of the contractible braided
operad |BE|. The braided operad BE is also contractible by observation 2.2.13
and the braid group B, operates freely and properly at the level of the topological
space |BE(r)| = EB,. By Theorem 2.1.14, these assertions imply that |B(CoB)| =
Sym |B E| forms an Fs-operad, as claimed in Theorem 2.A. O

2.2.17. Remark. The category of algebras associated with the unitary operad
CoB consists of braided categories equipped with a tensor product which is unitary
and associative in the strict sense. This statement is an operadic version of a result
of Joyal and Street [53] on free braided categories. In the next chapter, we establish
a similar result for the operad of parenthesized braids PaB., which we associate
to braided categories of which tensor product is unitary in the strict sense, but
associative up to coherent isomorphisms (not necessarily given by the identity of
objects).
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2.3. Fundamental groupoids and operads

In the previous section, we recalled that the definition an Eilenberg-MacLane
space gives a well determined homotopy type in the category of topological spaces.
Hence, the identification of the spaces Do (r) with Eilenberg-MacLane spaces K (P, 1),
obtained in §2.0, fully determines the homotopy type of the spaces underlying the
little discs operad Dy. However, we have needed to replace the pure braid groups P,
by groupoids of colored braids CoB(r) in order to retrieve a whole operad structure
at the level of our classifying space model of the little 2-discs operad.

The purpose of this section is to explain the source of our problems and to give
an a posteriori explanation for the introduction of colored braids in §2.2.

In short, the pure braid group P, represents the fundamental group of the little
2-discs space D2 (r), and involves, by definition of the fundamental group, the choice
of a base point in Da(r). The problem comes from this choice: base points can not
be chosen coherently with respect to all structure operations attached to an op-
erad. The natural idea is to replace fundamental groups by fundamental groupoids
in order to obtain the right objects, extending fundamental groups, on which the
structures attached to topological operads can be transported. In the case of the
little 2-discs operad Do, we prove precisely that the fundamental groupoids of the
spaces D2 (r) form an operad in groupoids which is equivalent to the colored braid
operad of §2.2. The ultimate purpose of this section is to establish this result. Be-
fore, we quickly recall the definition of the fundamental groupoid, as a functor from
spaces to groupoids, and we establish that the collection of fundamental groupoids
attached to a topological operad inherit a full operad structure in general.

2.3.1. Pundamental groupoids. The fundamental groupoid of a topological space
is denoted by mX. The object set of this groupoid 7.X is the underlying point-set
of the space X. Let z,y € X. The morphisms from z to y in 71X are the homotopy
classes of paths a : [0,1] — X with «(0) = z as prescribed origin and «a(1) = y as
prescribed endpoint. The composition of morphisms in 7X is given by the usual
composition operation on paths, and extends the composition of based loops con-
sidered in the definition of the fundamental group. The unit relation, associativity
and the existence of inverses in m.X is proved by a straightforward extension of the
arguments classically considered in the context of fundamental groups.

The fundamental group of X at a base point xg € X is clearly identified with
the automorphism set of zg in the fundamental groupoid

m1(X, 29) = Mo x (0, x0)

and we have an isomorphism connecting zy € X to another point z € X in n.X if
an only if zg and = belongs to the same path connected component of X.

Thus, if we regard a group as a groupoid with one object, then we can also
identify the fundamental group m (X, z¢) at a base point xg with the full subcat-
egory of X generated by the single object {zg} C€ X = 0bn X, and, when X is
path connected, the embedding 71 (X, z¢) < 7 X, which arises from this categor-
ical interpretation of the fundamental group, defines an equivalence of categories.
In general, the fundamental groupoid is equivalent (as a groupoid) to the coprod-
uct H[a:o]Eﬂ'o(X) m1 (X, zg) formed by picking a representative xg € C in each path
component [zg] = C € mp(X).

Even in the path connected case, we usually have no canonical choice for a
single base point x¢ in X. In subsequent applications, we rather consider subsets
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A C X and the full subcategories, denoted by X 14, which such subsets generate.
The embedding 7X 14— 7X defines an equivalence of groupoids as soon as A
includes a representative of each path connected of X.

The mapping 7 : X — 7X clearly gives a functor from spaces to groupoids,
and usual results on fundamental groups extend to fundamental groupoids. But,
in the groupoid context, we need to take care of the difference between the notion
of isomorphism and the notion of equivalence. For instance, a homeomorphism
induces an isomorphism on fundamental groupoids, but a homotopy equivalence
f: X 5 Y induces a groupoid equivalence f, : 7X = 7Y, and no more, unless f
is a bijection at the point set level.

In order to study the image of topological operads under the fundamental
groupoid functor 7 : Top — Grd, we establish as usual that:

PROPOSITION 2.3.2. The functor @ : Top — Grd is symmetric monoidal:

(a) In the case of a point pt, viewed as the unit object of the category of spaces,
we have an obvious identity m pt = pt.

(b) In the case of a cartesian product of spaces X X Y, the maps mX &
T(X xY) L5 7Y, associated to the canonical projections X & XxY LY
give rise to an isomorphism 1(X X Y) = 17X x 7Y,

(¢) The comparison isomorphisms obtained in (a-b) fulfill the unit, associativ-
ity and symmetry constraints of §11.5.1 too.

PROOF. The proof of assertion (a) is immediate. The proof of assertion (b)
reduces to a straightforward extension of arguments classically used in the case
of fundamental groups. The definition of the isomorphism 7(X x Y) = X x
wY from universal categorical constructions automatically ensures again that the
unit, associativity and symmetry constraints of symmetric monoidal functors are

fulfilled. 0
From this statement, the result of Proposition I1.1.4 gives:

PROPOSITION 2.3.3. Let P be an operad in topological spaces. The collection
of groupoids wP(r) associated to the spaces P(r) forms an operad in groupoids
naturally associated to P. O

From Proposition I1.1.4, we also deduce (as usual) that the mapping 7 : P —
7w P preserves unitary extensions: in the formalism of §1.4.5, we have an identity
m(P4) = (7 P)4 for any unitary operad in topological spaces P.

We use the expression of fundamental groupoid attached to the operad P in
order to refer to the operad in groupoids 7 P defined in that proposition.

We now aim to prove the following result:

THEOREM 2.3.4. The fundamental groupoid of the little 2-discs operad w Dy is
related to the colored braid operad CoB of §2.2 by categorical equivalences of operads
in groupoids, and similarly in the unitary context.

PRrROOF. We focus on the verification of the result in the non-unitary context.
The unitary case follows from a straightforward extension of our verifications (as
usual).

We use the embedding D; < Dj, defined in §1.1.5, to identify the operad of
little 1-discs D; with a suboperad of Dy. For each r, we consider the groupoid
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7 Da(r) 1p, () which we formally define as the full subcategory of 7 Do(r) generated
by the image of Di(r) in Ds(r) as object set. The collection of these groupoids
7 D2 ip,= {7 D2(r) ip, (r) }ren forms a suboperad of 7 D, since the associated object
sets D1 (r) are themselves identified with a suboperad of Ds.

We use this suboperad 7Dy ip, as an intermediate object between 7 Do and
the colored braid operad CoB. The embeddings 7 D2(r) ip, ()= 7 D2(r) are equiv-
alences of categories since each space Do(r) is connected. Hence, at the operad
level, we obtain that the embedding 7 D2 ip,~— 7 D2 is a categorical equivalence
of operads. To complete the proof of the theorem, we define a new categorical
equivalence of operads m Dy Ip, — CoB connecting m Dy ip, with the colored braid
operad CoB. In a preliminary stage, we construct the collection of groupoid equiv-
alences 7 Da(r) ip, (y— CoB(r), which will form our operad morphism.

Let M(r) be the subset of the configuration space F(If)Q,r) formed by the ele-
ments of the form a% = ((w(1),0),..., (w(r),0)), where w € %,.. If we go back to
the construction of §2.2.8, where we define the groupoids of colored braids, then
we immediately see that the isotopy classes of braids defining the morphisms of
the colored operad are nothing but homotopy classes of paths between elements
of M(r). In other words, we have a formal identity CoB(r) = 7 F(D2,r) Iner), for
each r € N.

The homotopy equivalence w : Da(r) —» F(IODQ,T), given by the disc cen-
ter mapping (see §§1.2.1-1.2.2), induces an equivalence of fundamental groupoids
wy : Da(r) = wF(D%,r). In order to connect mDy(r) D, (mC mDa(r) with
CoB(r) = WF([DDQ,’I") In(ry, we pick a collection of little 2-discs ¥ in the image
of our embedding Dy (r) — D2(r) so that w(c®) = a¥, = ((1,0),...,(r,0)). Then we
consider the subset =(r) formed by the elements % = w.(c°), w € ¥,, in D1(r) —
D2(r). The disc center mapping is clearly equivariant, so that w(c?) = a?, for all
w € %, and the equivalence mw : wDa(r) = 7 F(52, r) induces, by restriction to
=(r) C Da(r), a groupoid isomorphism 7 Do () 1z(y—> 7 F(D2,7) -

To recap, we now have a groupoid diagram

7 Da(r) I=(r) T F(BQ,T) Iner) —— CoB(r)

T D2 (7‘) |D1(r)

|

7 Dy(r) ——— F(I.E)Z,r)

where vertical morphisms are embeddings of full subgroupoids, the bottom hor-
izontal morphism is a groupoid equivalence, and the upper horizontal morphism
is a groupoid isomorphism. The connectedness of Dy(r) implies that the verti-
cal embedding 7 Da(r) 1=y~ 7 Da(r) Ip,(r) defines an equivalence of groupoids,
just like 7Da(r) ip, ()< mDa(r). The groupoid equivalence 7 Da(r) ip,(r)—>
0 F(E)Q,r) in@ry= CoB(r), which we aim to define, is obtained by picking an in-
verse equivalence of this embedding 7 Do (r) 1=(y<= ™ D2(7) 1p, (r)-

For that purpose, we essentially have to specify a path connecting any element ¢
in the image of the embedding Dy (r) < Da(r) to a little 2-disc configuration ¢ €
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=(r). Indeed, any such path « represents an isomorphism between ¢ and ¢ in
the fundamental groupoid 7 Do(r). The required equivalence maps each object ¢
to the corresponding element ¢? in =(r) and is given, at the morphism level, by
the composition with the isomorphism [7] € Mor,p,()(c,c%) determined by the
homotopy class of the path connecting ¥ and c.

In our context, we perform choices as follows. Recall that the embedding

of a configuration of little 1-discs ¢ = (c1,...,¢,) in the interval D' = [—1,1]
determines a linear ordering i; < --- < 4, of the indices of these 1-discs ¢;. In
proposition 1.1.6, we use this observation to assign a permutation w = (i1, ..., %)

to each element ¢ € Dy(r), and to establish the identity mo D1(r) = X,. To an
element ¢ in the image of Dy(r) < Da(r), we associate the element ¢ € =(r)
formed by applying the permutation w associated with ¢ to the initially chosen
configuration of little 2-discs ¢, which is also in the image of Di(r) < Da(r).
Essentially, this construction amounts to considering the element ¢ which comes
from the same connected component D;(r),, of the 1-disc space Di(r) as ¢. To
define our isomorphism between ¢ and ¢, we take a path v connecting ¢ and 2
in the subspace Dy(r), < D2(r). Since Di(r), is contractible, the paths of this
form have the same homotopy class, and hence define the same isomorphism in the
fundamental groupoid. Thus, we finally have an isomorphism [y] € Mor, p, () (¢, )
canonically associated to each little configuration ¢ of D1 (r) < Da(r).

The above construction is clearly equivariant with respect to the action of
the symmetric group ¥,. Hence, our choices provide an equivalence of groupoids
7 Da(r) D) T F(If)z, ) In¢) commuting with the action of permutations. In the
case r = 1, this morphism trivially maps the unit element of the operad 7 D2 ip, to
the unit element of CoB since CoB(1) =  F(D?,1) in(1)= pt. Hence, we essentially
have to check that our morphism preserves the operadic composition structures
to conclude that our construction provides a categorical equivalence of operad in
groupoids from 7 Ds ip, to CoB.

The existence of a groupoid equivalence between mDay(7) ip, () and CoB(r)
implies that the morphisms of 7 D2 () ip, () are composites of paths representing the

generating braids 7; in the little 2-discs space Da(r). Since our morphism 7 Dy 1p, —
CoB preserves the internal composition structure of groupoids, we are reduced to
check the commutation with operadic composites for these generating morphisms.
But we can easily see, by going back to our figures, that we retrieve the definition
of the operadic composites of generating and identity braids in Proposition 2.1.2
when we form the operadic composites of paths in the little 2-discs operads (see
Figure 2.12) corresponding to the generating elements of the braid group.

This inspection completes our verifications and the proof of Theorem 2.3.4. O

2.3.5. Addenda. The results of Theorem 2.A and Theorem 2.3.4 are actually
not independent though we give a direct proof of each statement. To explain
the precise relationship between our results, we move from topological spaces to
simplicial objects.

The classifying space construction of §2.2.3 is naturally given as a functor from
categories to simplicial sets. The fundamental groupoid construction, considered
in this section, has a combinatorial analogue, defined on the category of simpli-
cial sets, and yielding a functor « : 8imp — Grd. This functor represents the left
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adjoint of the restriction of the classifying space functor B : Cat — Simp to the cat-
egory of groupoids Grd C Cat. The fundamental groupoid functor 7 : Simp — Grd
from simplicial sets to groupoids, is also equal to the composite of the topolog-
ical fundamental groupoid functor w : TJop — Grd with the realization functor
| — | : 8imp — Top. In one direction, one can prove that the adjunction augmen-
tation 7BG§ — G is an isomorphism of groupoids, for all § € Grd. In the other
direction, the adjunction unit X — BnX defines a weak-equivalence of simplicial
sets precisely when X is a Kan complex with a trivial homotopy in degree x > 1.
This approach can be used to prove the homotopy uniqueness of Eilenberg-MacLane
spaces of a given type (the assertion recalled in the introduction of this section).
The simplicial version of the fundamental groupoid 7 : 8imp — Grd is a sym-
metric monoidal functor, like the topological one (this result is a variation on the
Eilenberg-Zilber correspondence). Therefore, the fundamental groupoid induces a
functor 7 : SimpOp — GrdOp from simplicial operads to operads in groupoids,
which is still left adjoint of the functor B : GrdOp — SimpOp defined by the
aritywise application of the classifying space functor from groupoids to simplicial
sets. By combining these adjoint functors with the singular complex and realization
functors, we obtain a chain of adjunctions
[ ™
TopOp (1) SimpOp () GrdOp
Map(A®,—) B

connecting the category of topological operads and the category of operads in
groupoids.

Recall that (1) is a Quillen equivalence of model categories. In (2), we deduce
from the corresponding results, obtained at the simplicial set level, that the adjunc-
tion augmentation 7B Q — Q defines an isomorphism of operads in groupoids, for
all Q € §rdOp, and the adjunction unit P — B7 P defines a weak-equivalence of op-
erads as soon as the underlying spaces of the operad P have a trivial homotopy in de-
gree * > 1. From these observations, we see that the existence of weak-equivalences
of operads Dy <= - =5 B CoB, asserted by Theorem 2.A, implies the existence of
categorical equivalences of groupoids connecting 7 Dy and 7B CoB = CoB. On
the other hand, since we observed that the underlying spaces of the little 2-discs
operad D5 are Eilenberg-MacLane spaces, we have weak-equivalences connecting Do
with the operad Bw Dy. Consequently, the existence of equivalences of operads in
groupoids between m Dy and CoB, asserted by Theorem 2.3.4, implies the existence
of weak-equivalences of simplicial operads connecting Dy and B CoB, the claim of
Theorem 2.A.

Our adjunctions (1-2) can also be used to give a necessary and sufficient recog-
nition criterion of FEs-operads. Namely, an operad P is Fs if and only if each space
P(r) has a trivial homotopy in degree * > 1 and 7 P is equivalent to the colored
braid operad CoB as an operad in groupoids.

2.4. The recognition of E,-operads for n > 2

The recognition of E,-operads is more difficult in the case n > 2 than in the
case n = 2, because the underlying spaces of the little n-discs operads are no longer
Eilenberg-MacLane spaces when n > 2. On the other hand, we do have sufficient
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conditions asserting, as in Theorem 2.1.14, that certain operads Sym, P obtained
by a quotient process from an appropriate contractible object P are E,,.

In the context of Theorem 2.1.14, we consider the category of braided operads,
the obvious restriction functor from symmetric operads to braided operads, and the
symmetrization functor which represents a left adjoint of this one. Nice analogues
of these notions have been introduced by Michael Batanin’s with the aim of defining
higher dimensional generalizations of fundamental groupoids (see [8] for this part
of the program). In Batanin’s approach [10, 9, 11], the category of braided operads
is replaced by a category of m-operads, which have an underlying collection P(7)
indexed by n-level trees, representing certain composition patterns that can be
formed from the structure of an n-category. We again have an obvious functor Op —
»n Op, from the category of ordinary operads to the category of n-operads, and we
consider an n-symmetrization functor in the converse direction Sym,, : , Op — Op.
In [9], Batanin establishes that the symmetrization of a contractible n-operad forms
an E,-operad. In [10], He proves further that many usual models of E,-operads,
like the Fulton-MacPherson operads (see [44]), can be obtained as such.

These recognition criterions are used to define models of F,-operads, for each n
independently. In [12], Clemens Berger explains that models of the little n-discs op-
erads, regarded as a nested sequence of operads, can be obtained from contractible
(symmetric) operads equipped with an appropriate cell structure. The first applica-
tion of this recognition method, given by Berger himself in [12], is the construction
of simplicial models of E,-operads from a basic simplicial operad, first considered
by Barratt-Eccles in [7], and given by an application of the translation category con-
struction of §§2.2.12-2.2.15 to the symmetric groups %,,. The obtained E, -operads
arising from the Barratt-Eccles operad are related to simplicial models of n-fold
spaces of suspensions Q"Y"X (defined by Jeff Smith in [84]). Berger’s method
has also been applied successfully by Jim McClure and Jeff Smith in [74] to prove
that a certain operad, defined by natural operations acting on Hochschild cochain
complexes, is F5. This result has lead to a new conceptual proof of the Deligne con-
jecture claiming the existence of a natural Es-structure on the Hochschild cochain
complex (see the preface of the book).

Other models of E,-operads, related to the topics studied in the present chap-
ter, arise from the iterated monoidal categories of [5], which generalize the classical
braided monoidal categories of quantum algebra (n = 2) and yield higher inter-
mediate structures between the standard (noncommutative) monoidal categories
(n = 1) and symmetric monoidal categories (n = 00).






CHAPTER 3

Malcev Completion of Es;-operads
&
Grothendieck-Teichmiiller Groups

The goal of this chapter is to explain the definition of the isomorphism between
the Grothendieck-Teichmiiller group and the group of homotopy automorphisms
of Es-operads over the rationals.

In a first step, addressed in §3.1, we give the definition of rational models F5-
operads. First, we quickly review the Malcev completion process (the rational-
ization) of groups. We observe that this process has an obvious extension to
groupoids, which, in turn, gives rise to a suitable rationalization functor on operads
in groupoids. In the previous chapter, we proved that the classifying space operad
of the colored braid groupoids forms a model of Es-operad. To define an instance
of rational Es-operad in topological spaces, we will precisely take the classifying
space operad associated with the Malcev completion of this operad in groupoids
CoB.

We go back to the rationalization of operads in the next chapters, where we
introduce an operadic version of Sullivan’s models to develop a complete rational
homotopy theory of operads.

In a second step, addressed in §3.2, we explain that the pro-unipotent Gro-
thendieck-Teichmiiller group GT*(Q), as defined by Drinfeld in [28], is identified
with the automorphism group of an operad in groupoids. This operad is the (ra-
tional completion of the) operad of parenthesized braids PaB, mentioned in the
book introduction, which we actually define by pulling back the operad of colored
braids CoB to objects sets forming a free operad. This pullback operation does not
change the homotopy type of classifying spaces but provides an operad in groupoids
satisfying better invariance properties than the operad of colored braids.

To complete our account, we explain the definition of a graded version of the
Grothendieck-Teichmiiller group GRTl(Q) as a group of operad automorphisms
associated to another categorical operad, the operad of parenthesized chord dia-
grams PaC, and we give a survey of the definition of Drinfeld associators. To be
more precise, we explain that Drinfeld associators determine isomorphisms from
the operad of parenthesized braids PaB towards the operad of parenthezised chord
diagrams PaC'. These topics will be included in the final version of this chapter.

The interpretation of the Grothendieck-Teichmiiller groups in terms of operad
automorphisms, and the similar interpretation of Drinfeld’s associators in terms
of operad isomorphisms, are reformulations of ideas of [6, 28, 91]. The purpose
of §3.2 is to provide detailed arguments for this relationship between Drinfeld’s
initial definitions and the operadic interpretations. By the way, we prove that the
operad of parenthesized braids PaB has the category of braided monoidal categories
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with strict unit as associated category of algebras. This observation can be used to
give an explicit realization, in terms of free algebras over the operad PaB, of the
free braided monoidal categories considered by Joyal and Street in [53].

The statement of our main result, on homotopy automorphisms of FEs-operads,
is the purpose of the concluding section of the chapter §3.3. In this chapter, we
really start to explain our original results. The relationship of our statements with
the existing literature is explained in detail alongside our account, and we give
explicit references for the results, borrowed from other authors, which we use in
our own work.

Throughout this chapter, we consider both non-unitary and unitary operads, in
the sense of §1.4, and we again use the formalism of unitary extensions introduced
in §1.4.

3.1. The Malcev completion of operads in groupoids and of F>-operads

In the appendix chapter §E, we briefly recall that, according to Quillen [77,
§A], the adjunction between groups and Hopf algebras can be used to process the
Malcev completion of groups.

To be more explicit, we have already explained, in a previous chapter §II, that
the free k-module functor k{—} : X — k{X} induces a functor from sets Set
to augmented cocommutative coalgebras Com , which has a functor of group-like
elements G : ComS — 8Set as right adjoint (see §I1.0.5). Recall that the set of
group-like elements G(C') of an (augmented cocommutative) coalgebra C' consists
of the elements ¢ € C such that e(c) =1 and A(c) =cQec.

The coalgebra k{G} associated to a group G inherits an extra structure, con-
sisting of a unit element, an associative multiplication, and an antipode, so that the
mapping k{—} : G — k{G} actually gives a functor from groups to Hopf algebras.
Conversely, the set of group-like elements of a Hopf algebra G(H) inherits a group
structure, and the mapping G(—) : H — G(H) also induces a functor from Hopf
algebras to groups. These functors between the category of groups Grp and the
category of Hopf algebras HopfGrp are adjoint too.

From now on, we take the field of rationals as ground ring k = Q. To obtain the
Malcev completion of groups, we consider an extension of this adjunction relation

6{—} :Grp = .’}Co/pﬁrp .G

where the category of plam Hopf algebras HopfSrp is replaced by a category of
complete Hopf algebras Hopf Gi opfGrp. The complete Hopf algebra Q{G} associated to
a group G can be defined explicitly as the completion Q{G} = lim,, Q{G}/ I" Q{G}
of the Hopf algebra associated to G’ with respect to the powers of the augmentation
ideal IQ{G} = ker(e : Q{G} — Q). The Malcev completion functor on groups
can formally be defined as the composite functor Id = é(@{—}) arising from this
adjunction relation with complete Hopf algebras.

The first purpose of this section is to check that this completion process for
groups formally extends to groupoids. Then we prove that our completion func-
tor preserves symmetric monoidal structures, so that the Malcev completion of
groupoids can be applied to operads arity-wise in order to yield a Malcev comple-
tion functor on operads in groupoids. Some care is necessary when we deal with
groupoids, and not all arguments are generalizable from groups to groupoids, since
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the morphism sets of groupoids, as opposed to the underlying set of a group, are
not naturally pointed.

To begin with, we define a notion of Hopf groupoid, extending the classical
notion of Hopf algebra, which we need to form the Hopf side of our completion
process in the groupoid context. In summary, our Hopf groupoids are groupoids
enriched in coalgebras. The main purpose of the next paragraphs is to unravel this
definition.

3.1.1. Hopf categories. Before introducing Hopf groupoids, we make explicit
the definition of the notion of a Hopf category, which we obtain by specializing the
general definition of an enriched category (see §§0.9-0.10) to the coalgebra context.
We formally define a Hopf category as a small category €, together with a collection
of hom-coalgebras Home(X,Y), X, Y € 0bC, equipped with morphisms

(a) k 22X, Home (X, X),
(b) Home (Y, Z) ® Home (X, Y) < Home (X, Z),

given for any XY, Z € 0b(C, and satisfying the usual unit and associativity ax-
ioms of categories within the symmetric monoidal category of coalgebras (see §0.9).
We also assume that coalgebra morphisms ¢ : k{More(X,Y)} — Home(X,Y) are
given for any X,Y € 0bC, so that the unit and composition structure of the hom-
objects Home (X, Y) extends the unit and composition structure of the plain set-
theoretic category given with € (see §0.10).

The morphism idx : K — Home(X, X), which models the identity morphism
associated to any object X € 0bC, is formally determined by a group-like element
idx € Home (X, X) such that idx (1) = idx. Furthermore, the object k{More(X,Y)}
arising from the general construction of §0.10 can be identified with the coal-
gebra k{More(X,Y)}, associated to the set More(X,Y), and of which each gen-
erating element f € More(X,Y) is group-like. Consequently, our morphism ¢ :
k{More(X,Y)} — Home(X,Y) assigns a group like element +(f) € Home(X,Y) to
any f € More(X,Y). Recall that t(idx) = idx, by preservation of unit structures,
and that the composition with the image of morphisms in hom-objects makes the
collection of hom-objects into a bifunctor Home(—, —) : € x € — Com. (see §0.10
for details).

In practice, one can define Hopf categories by giving the object set 0bC, the
coalgebras Home (X, Y), the associated unit and composition structure, and define
the morphism sets More(X,Y') as particular subsets of group-like elements in the
hom-objects Home (X, Y). In this context, the coalgebra morphism

t: k{More(X,Y)} — Home(X,Y),

associated to any pair of objects (X,Y) is defined by adjunction from the set
embedding More(X,Y) C G(Home(X,Y)). On the other hand, we soon deal with
Hopf categories with a prescribed underlying category in sets. Our initial definition
is more natural in this setting, and therefore, we use this approach rather than
the above identification. Nonetheless, we often assume that the natural coalgebra
morphisms ¢ : K{More(X,Y)} — Home(X,Y) associated to a Hopf category C are
adjoint to embeddings ¢, : More(X,Y) — G(Home(X,Y')). Thus, any Hopf category
which we consider can be put in the above form, with morphisms identified with
particular group-like elements of the hom-objects.
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3.1.2. Hopf groupoids. We define a Hopf groupoid as a Hopf category G equipped
with an extra inversion operation o : Homg(X,Y) — Homg(Y, X), defined for any
X,Y € 0b G, and so that the following diagram commutes

ne
Homg (X,X)<————————Homg (X,Y)

Homg (V,Y")
I A jz

Homg (Y, X )®Homg (X,Y)<——Homg (X,Y)®@Homg (X ,Y ) ——>Homg (X,Y) ®Homg (Y, X)
o®id id Qo

for any X,Y € 0bC. This diagram is naturally a coalgebra analogue of the inversion
relation in groupoids. For a group-like element f, representing a morphism in G, the
relations read f - o(f) = id, o(f) - f = id, and hence amounts to the requirement
that f is invertible with o(f) = f~! as inverse. From this observation, we also
deduce that the underlying category of a Hopf groupoid is a groupoid (assuming,
as stated, that morphisms form subsets of the set of group-like elements in hom-
objects). One can also prove, by an easy extension of the standard argument in the
Hopf algebra context, that the inversion operation in a Hopf groupoid is unique and
satisfies the relation o(idx) = idx,for any X € 0b G, as well as o(u-v) = o(v)-o(u),
for any pair of composable homomorphisms u € Homg (Y, Z), v € Homg(X,Y').

We immediately see that a Hopf algebra is identified with a Hopf groupoid with
one object.

3.1.3. Morphisms of Hopf categories and of Hopf groupoids. We have a natural
notion of morphism associated to Hopf categories, which we use to form a cate-
gory HopfCat with Hopf categories as objects. To be explicit, a morphism of Hopf
categories ¢ : € — D consists of a functor between the underlying set-theoretic
categories of C and D, together with a collection of coalgebra morphisms

(a) Home(X,Y) % Homp (6.X, ¢Y),

given for all X, Y € C, preserving the enriched category unit and products on
hom-coalgebras, and making the following diagram commute

(b) K{More(X,Y)} — > k{Morn (6X,$Y)}

| |

Home (X, Y) i Homyp (¢ X, ¢Y)

for all X,Y € 0b C, where we consider the natural morphisms, attached to € and D,
identifying the (set-theoretic morphisms) of these categories with group-like homo-
morphisms in the Hopf category structure.

We have a category of Hopf groupoids HopfGrd as well, which we simply de-
fine as the full subcategory of the category of Hopf categories generated by Hopf
groupoids. We should note that a morphism of Hopf groupoids automatically pre-
serves the extra structure given by the inversion operations (this assertion is a
variation of the uniqueness of inversion morphisms in Hopf algebras).

In subsequent constructions, we also consider subcategories of the category of
Hopf categories Hopf Cat formed by Hopf categories with a prescribed object set X.
We use the notation HopfCaty to refer to such a category, of which morphisms
are the morphisms of Hopf categories that reduced to the identity of X at the
object level. We similarly consider subcategories HopfGrdy of the category of
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Hopf groupoids HopfGrd formed by Hopf groupoids with a prescribed object set
X.

We have the following result, extending the classical adjunction relation be-
tween groups and Hopf algebras:

PROPOSITION 3.1.4.

(a) The coalgebras kK{Morg(X,Y)} associated to the morphism sets of a groupoid
G define the hom-objects of a Hopf groupoid K{G} with G as underlying
groupoid in sets.

(b) The set of group-like elements G(Homg¢(X,Y")) associated to the hom-coal-
gebras of a Hopf groupoid F form the hom-objects of a groupoid G(H),
naturally associated to H, and so that the mapping G : H — G(H) gives
a right adjoint of the functor k{—} : Grd — HopfGrd defined in asser-
tion (a).

PROOF. The definition of the Hopf groupoid k{G} in assertion (a) is a straight-
forward extension of the definition of the Hopf algebra k{G} in the group context,
and similarly as regards the definition of a groupoid structure on the group-like
element sets G(Homg (X, Y")) associated to a Hopf groupoid H in assertion (b). One
can also readily check that the adjunction relations between coalgebra morphisms
f:k{X} = C and set maps g : X — G(C) make morphisms of Hopf groupoids
f : k{G} = H correspond to groupoid morphisms ¢ : § — G(H) so that the map-
pings kK{—} : § +— k{G} and G : H — G(H) define adjoint functors between the
category of groupoids Grd and the category of Hopf groupoids HopfGrd. (Il

To obtain the Malcev completion of groupoids, we consider, as in the group
context, an extension of this adjunction relation involving a natural completion
functor for Hopf groupoids. We now give the definition of this completion functor,
and by the way, we make explicit the structure carried by the completion of a Hopf
groupoid.

3.1.5. The completion of Hopf categories and of Hopf groupoids. To form the
completion of a Hopf category H, we assume that the hom-objects of H are equipped
with decreasing filtrations

Homg¢ (X, Y) = FO Homge (X, Y) D F' Homge(X,Y) D -+ D F" Homg¢(X,Y) D - --
such that the relation
A(F"Homg((X,Y)) C i FP Homg((X,Y) ® F* P Homg( (X, Y)
p=0
holds with respect to the coproduct of each Homg¢(X,Y), as well as the relation
F” Homg (Y, Z) - F? Homgc (X, Y) C FPT 7 Homg( (X, Z)

with respect to the composition structure of the category, and so that the augmen-
tation € : Homg¢(X,Y) — K vanishes over F” Homg¢(X,Y") for all n > 0.
The completion

Homg((X,Y) = lim Homg (X, Y)/ F" Homg¢ (X, Y)
n

of each hom-object Homg¢(X,Y") forms an augmented cocommutative coalgebra in
the category of complete k-modules Mod (a complete augmented cocommutative
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coalgebra). Identity morphisms k ddx, I%Tng}((X ,X), simply defined by extend-
ing the identity morphism of Homs¢ (X, X) to Homg(X, X), are associated to these
completed hom-objects. The composition products of H also induce composition
products

- : Homg (Y, Z)@Homg (X, Y) — Homg(X, Z)

so that the completed hom-objects I'TOE}((X ,Y) define the hom-objects of an en-
riched category in the category of complete augmented cocommutative coalgebras (a

~

complete Hopf category) naturally associated to H. We denote this category by H.
We still have coalgebra morphisms k{Mors¢(X,Y)} % Homgc(X,Y), extending the
morphisms towards Homg(X,Y'), and H has the same underlying set-theoretic cat-
egory as JH.

In the context of Hopf groupoids, we assume that the inversion morphism
o : Homg¢(X,Y) — Homg(Y, X) preserves the filtration on hom-objects. This re-
quirement implies that o induces a morphisms Homg; (X,v) % Homy¢ (Y, X), on the
completed hom-object, so that a version of the inversion relation of §3.1.2 in the
symmetric monoidal category of complete k-modules holds. Hence, the complete
Hopf category associated to a Hopf groupoid forms an analogue, in the category of
complete k-modules, of a Hopf groupoid. We will use the terminology of complete
Hopf groupoid to refer to a general structure of this form.

3.1.6. The category of complete Hopf categories and of complete Hopf groupoids.
We formally define a complete Hopf category as an analogue, in the category of
complete K-modules, of the Hopf categories of §3.1.1, and a complete Hopf groupoid
as an analogue of the Hopf groupoids of §3.1.2. In summary, when we deal with
complete structures, we simply assume that hom-objects are complete coalgebras,
instead of plain coalgebras. Thus, to make our definitions fully explicit, we just have
to replace the plain tensor product in the axioms of §§3.1.1-3.1.2 by the completed
one. Similarly, we define morphisms of complete Hopf categories by considering
morphisms of complete coalgebras (preserving the structure filtration) at the hom-
object level instead of morphisms of plain augmented cocommutative coalgebras in
the definition of §3.1.3.

We use the notation fJ-Co/pf\Gat (respectively, fHo/pErd ) for the category of com-
plete Hopf categories (respectively, groupoids). We also consider the full subcat-

egory of %o/pﬁat (respectively, J—Co/pﬁrd) formed by complete Hopf categories
(respectively, groupoids), with a prescribed object set X. We then simply add this
object set X as a lower script to our notation, as usual.

3.1.7. The complete Hopf groupoid associated to a groupoid. The natural fil-
tration of Hopf algebras, arising from the tensor powers of the augmentation ideal,
has also a natural generalization in the context of a Hopf groupoid H. We then
consider the submodules I" Homg¢(X,Y") C Homg¢(X,Y") spanned by all n-fold com-
posites of composable homomorphisms f; - ... f, such that €(f;) = 0, for each
i = 1,...,n. We equivalently assume that each f; lies in the kernel of the aug-
mentation on hom-objects I Homg¢(—, —) = ker{Homg¢(—, —) — K} giving the n = 1
layer of this submodule sequence. We readily check that the nested sequence of
submodules I™Homg¢(X,Y") fulfill the requirements of §3.1.5. We can therefore
form a complete Hopf groupoid f]ff, naturally associated to H, with I-ﬁm(X YY) =
lim,, Homg¢ (X, Y)/ I" Homg¢ (X, Y") as hom-objects.
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The mapping Id: H - CJ?C, defined by processing the completi/on\ with re-
spect to this natural filtration, yields a functor Id - HopfGrd — HopfGrd from
Hopf groupoids to complete Hopf groupoids. On the category of groupoids, now,
we consider the functor E{—} : Grd — ?Co/pﬁrd defined as the composite of the
Hopf groupoid functor of Proposition 3.1.4 with this completion functor on Hopf
groupoids:

k{-} I o e
Srd —— HopfGrd — HopfSGrd.

Recall that the set of group-like element G(C) associated to a coalgebra C
consists of the elements ¢ € C' such that e(c) =1 and A(c) = ¢® ¢. For a complete
coalgebra c , we similarly set

G(C) = {c e Cle(c) =1 and A(c) = cRc}.

Proposition 3.1.4(b) has the following analogue in the context of complete Hopf
groupoids:

PROPOSITION 3.1.8. The set of group-like elements G(Homs¢(X,Y)) associated
to the (complete) hom- coalgebms of a (complete) Hopf groupoz'd H form the hom-
objects of a groupozd G( ) € Srd naturally associated to He fHopfSrd and the
mapping G : — G( ) defines a right-adjoint of the functor k{—} : Srd —
Ho/pErd.

PROOF. The definition of the groupoid G(UTC) is a straightforward generalization
of the construction of Proposition 3.1.4(b).

Let C be any complete Coalgebra satlsfymg C = lim,, C /F" C for some struc-
ture filtration C = F°C > --- > F"C > .... To prove our adjunction relation,
we first observe that we have G(@) = lim, G(a/ F" C) for any such C, where we
consider the set of group-like elements of the (discrete) coalgebras C /F" C on the
right-hand side. This identity follows from a straightforward verification. For a
complete Hopf groupoid JA{ we deduce from this preliminary statement on coalge-
bras that we have an identity (more properly, an 1somorphlsm) of groupmds G(f]/-\f) =
lim,, G (ZJ-C/ F? ) induced by the canonical projections G(H) — G(ﬂ-f/ F* K), where
we now consider the groupoid of (complete) group-like elements in iH and the
groupoids of (discrete) group-like elements in the quotients Hopf groupoids H J/F" H

The definition of a morphism of complete Hopf groupoids implies that any
such f : E{S} — 3 arises from the limit of a tower of Hopf groupoid morphisms
fn: R{S}/ " R{S} — f]?f/ F" H, where we consider the (discrete) Hopf groupoids
k{G}/ 1" E{S} = k{9}/ 1" k{S} associated to k{G}. The adjunction relation of
Proposition 3.1.4 implies that the composites of the morphisms f,, with the projec-
tions k{G} — k{S} / I"k{G} are associated with a sequence of groupoid morphisms

:§ — G(ﬂ-(/ F" H) which we can lift to the limit G(ﬂ{) = lim,, G (fH/ F"H) in
order to obtain a morphism ¢g : § — G( ) naturally associated to f : K{G} — K.
We easily check that this mapping defines a one-to-one correspondence so that the
functors E{—} : Grd — }(o/pﬁrd and G : }(o/pﬁrd — Grd are adjoint to each other
as asserted in the proposition. O

The definition of a Hopf groupoid in §3.1.2 implies that the endomorphism
coalgebra Homg (X, X) of any object X € 0b 3 in a Hopf groupoid H forms a Hopf
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algebra in the classical sense, just as the endomorphism set Morg(X, X) of any
object X € 0b§ in a groupoid § forms a group, and similarly in the context of
complete Hopf groupoids. We easily check that:

LEMMA 3.1.9.

(a) Let H be a Hopf groupoid. Suppose that any pair of objects (X,Y) € 0bH
are connected by a group-like element in H (equivalently, the underlying
set-theoretic groupoid of H is connected). The endomorphism coalgebras
I-To\mg{(X7X) of the objects X € ObH in the completion of H are isomor-
phic to the completion of the Hopf algebras Homg¢ (X, X) associated to each
object X € Ob H individually.

(b) For a connected groupoid G € Srd, the endomorphism coalgebras
}ﬁk{g}(X, X) of the objects X € 0b G in the complete Hopf groupoid E{S}
associated to G are isomorphic to the complete group algebras E{Morg (X, X)
associated to each group Morg(X,X), X € 009, individually.

ProoF. To check the first assertion (a), we just observe that the filtration
of §3.1.7, where we consider all composites of composable homomorphisms in X,
agrees with the filtration of the Hopf algebra Homg¢ (X, X) by the powers of the
augmentation ideal of Homg¢(X, X), where we only consider composites of endo-
morphisms of X in H. The latter is obviously included in the former. The converse
inclusion immediately follows from our assumption ensuring that we can insert

appropriate invertible elements to convert any sequence of composable homomor-

phisms X f—1> X1 f—2> ... f—"> X, going from Xy = X to X,, = X into a sequence

of endomorphisms of X.
The second assertion of the lemma is a corollary of the first one. O

3.1.10. The Malcev completion of groupoids. From now on, we take kK = Q as
ring of coeflicients. We define the Malcev completion § of a groupoid § as the image
of G under the composite functor Id = (Q{ }) on groupmds We have a natural
morphism 7 : § — 9 given by the unit of the adjunction Q Srd = ﬂ-(opfgrd G.
We say that a groupoid is Malcev complete when this morphism is iso.

Lemma 3.1.9, together with the results obtained for Hopf algebras in [77, §A],
readily imply:

LEMMA 3.1.11. The augmentation of the adjunction 6{ }:Grd = ﬂ{opfgrd

G defines an iso e : Q{G( )= x, for any complete Hopf groupoid He f]-(opfgrd
of which underlying set-theoretic groupoid is connected.

PROOF. Let K be any complete Hopf groupoid. The endomorphism group
Morg A)(X X) in the groupoid 6(5{) agrees by definition with the group of group-
like elements G(Homg (X, X)) associated to the Hopf algebra Homg (X, X) in the
classical Malcev completion process.

The morphism e : Q{G(Hcm% (X, X))} — Homg (X, X) is iso for each endomor-
phism Hopf algebra Hom (X, X) by [77, §A, Theorem 3.3]. To address the case
of the hom-coalgebra HomA 5(X,Y) associated to a pair of objects (X,Y’) € ObJ,
we just use that the composition with an (invertible) morphism a € Morg(X,Y)
induced an iso between the endomorphism coalgebras associated to X and the
homomorphism coalgebras associated to that pair (X,Y). ([
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From this lemma we immediately conclude:

PRrOPOSITION 3.1.12. If G is a connected groupoid, then the natural morphism

n: § — §, associated to the completion of G, is iso. Furthermore, any groupoid
morphism f : G — H, towards the Malcev completion of some groupoid H € Grd,
admits a unique factorization through G. (I

Thus, the Malcev completion functor is idempotent on connected groupoids.
Lemma 3.1.9 also readily implies:

PRrROPOSITION 3.1.13. The endomorphism group of an object X € 0b§ in the
Malcev completion G of a connected groupoid G is identified with the Malcev com-
pletion (in the classical sense) of the group of endomorphisms of X in §. O

3.1.14. Symmetric monoidal structures on Hopf categories and Hopf groupoids.
In §2.2.1, we equip the category of categories with the symmetric monoidal structure
defined by the cartesian product of categories. In §I1.0.3, we observe that the tensor
product defines the cartesian product in the category of augmented cocommutative
coalgebras.

To Hopf categories € and D, we now associate the Hopf category € ® D with the
cartesian product 0b(C® D) = 0b € x 0b D as object set, and the coalgebra tensor
products Home g o ((X,Y), (Z,T)) = Home (X, Z) ® Homp (Y, T) as hom-coalgebras.
These tensor products inherit identity morphisms and composition products from
the hom-coalgebras of € and D so that C® D forms a Hopf category. We more-
over have natural functors € <= €®D % D given by the natural projections

0bC < 0bCx0bD L 0bD on object sets, and yielded by the tensor products

with augmentation morphisms Home (X, Z) (Lo Home (X, Z) ® Homp (Y, T') 44 ®e,

Homq (Y, T') on hom-coalgebras (in §I1.0.3, we precisely use these morphisms to iden-
tify the tensor product with the cartesian product in the category of coalgebras).
This Hopf category C® D actually represents the cartesian product of € and D in
the category of Hopf categories.

We can replace the plain tensor pEOdEct by the completed one to define an
analogous tensor product construction €®D in the context oAf coAmplete Hopf cate-
gories. We also readily see that the complete IiIopf category C®D obtained by this
operation represents the cartesian product of € and D in the category of complete
Hopf categories.

In §2.2.1, we observe that the cartesian product of groupoids § x H, formed
in the category of small categories, defines a groupoid and represents the cartesian
product of § and H in the category of groupoids as well. In the context of Hopf
categories, we can similarly prove that the tensor product of Hopf groupoids § ® H
forms a Hopf groupoid and defines the cartesian product of § and H in the cate-
gory of Hopf groupoids too. Similar results hold in the context of complete Hopf
groupoids.

We now consider operads in Hopf groupoids and in complete Hopf groupoids.
We aim to define a Malcev completion process on operads by using the Malcev
completion of groupoids. We actually check that each step of the process of §3.1.10
works well with operads, and for that purpose, we prove:

ProrosiTIiON 3.1.15.
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(a) The functors 6{—} : Grd — i}{o/pﬁrd and G : i}{o/pﬁrd — Grd, between
groupoids and complete Hopf groupoids, are symmetric monoidal, as well
as the adjunction relation between them.

(b) The above functors can be applied arity-wise to operads in order to yield
functors 6{7} : Grd Op — %Wrd Op and G: U{@Td Op — Srd Op
on operad categories, and we still have an adjunction relation 6{7} :
Srd Op = ﬂ{@rd Op : G at this level.

This result also holds for the plain version of our functors k{—} : Grd —
HopfGrd and G : HopfGrd — Grd and for any choice of coefficient ring K.

PROOF. The functor G : J-Co/pErd — Srd, defining a right-adjoint of (3{—} :
Srd — fHo/pErd, preserves terminal objects and cartesian products and is there-
fore symmetric monoidal since we observed that the (complete) tensor product of
(complete) Hopf groupoids represent the cartesian product (as well as the cartesian
product of groupoids).

For the trivial one-point set groupoid pt, we obviously have Q{pt} = Q. For
a cartesian product of groupoids G x H, we can easily check that the filtration
of §3.1.7 satisfies

I" Q{Morg x 5c((X,Y), (Z,T))} = Y 17 Q{Morg(X, Z)} ® I" 7 Q{Morg (Y, T)}
p=0

in the coalgebra tensor product
Q{MorQ X W((Xa Y)7 (27 T))} = Q{Mor9 (Xv Z) X MOIS(Yv T)}
= Q{Morg (X, Z)} ® Q{Morg(Y,T)}.

Therefore, we have a limit identity
lim Q{Morg « 5¢((X, ). (Z,7))}/ I" QfMorg x 5c((X.Y). (Z.T)}
= lim Q{Morg (X, Z)}/ I” Q{Morg(X, Z)} ® Q{Morg(Y,T)}/ 19 Q{Moxrg(Y,T)}
X

from which we deduce that the natural morphism (3{9 x H} — 6{9}@)6{9{}, de-
duced from the canonical projections G LoxHL K by using the interpretation
of the complete tensor product as a categorical product, is an iso. As usual, the def-
inition of this comparison isomorphism from categorical constructions immediately
implies the verification of the unit, associativity and symmetry constraints of §I11.3.1.

The proof that the adjunction relation is symmetric monoidal is straightfoward as
well. O

This proposition implies:

PRrROPOSITION 3.1.16. The Malcev completion functor on groupoids Id : Grd —
@ is symmetric monoidal (as a composite of symmetric monoidal functors) and
can be applied arity-wise to operads in groupoids in order to yield a Malcev comple-
tion functor at the level of operad categories Id : Srd Op — §%E Op.

To recap the construction, the Malcev completior}\ of an operad in groupoids
P € Grd Op is the operad P formed by the collection P(r), where we consider the
Malcev completion of each groupoid P(r). We also have P = G(Q{P}), where Q{P}
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is the operad in complete Hopf groupoids defined by the completion of the Hopf
groupoid Q{P(r)} associated to each P(r) € Grd, and 6(—) refers to the arity-wise
application of the group-like functor on complete Hopf groupoids G: J—C@rd —

Recall that in the situation of Proposition 3.1.15(a), the functors Q{—} :
Srd Op — J{o/p]@rd Op and G: J{o/p]@rd Op — Grd Op, preserves unitary exten-
sions of operads (see Proposition I1.1.4), and as a byproduet, so does the composite

functors Id = G((A){—}) In the notation of §1.4.5, we have the identity (FD =(P)s
for any unitary operad in simplicial sets P..

We apply the operadic Malcev completion functor, defined in this proposition,
to the operad of colored braids CoB, as defined in §2.2 (and to the associated
unitary operad CoB_). We obtain the following result:

THEOREM 3.A. The operad B(@) is a rationalization of the operad of little
2-discs Do in the sense that we have a chain of operad morphisms

Dy <~ - = B(CoB) — B(CoB)

inducing the Malcev completion at the level of fundamental groups, and we obviously
still have

T (B(CoB(r))) = ma(Da(r)) = *

for n # 1. The same result holds in the unitary setting, for the unitary extension
B(CoB)4+ = B(CoB) of the operad B(CoB). O

3.2. The operad of parenthesized braids and the pro-unipotent
Grothendieck-Teichmiiller group

The pro-unipotent Grothendieck-Teichmiiller group GTl(Q), which we con-
sider all through this monograph, has formally been defined by Drinfeld in [28] as a
group of power series satisfying certain equations in the Malcev completion of the
pure braid groups. In this initial approach, the elements ¢ € GT"'(Q) are regarded
as universal transformations acting on (the completion of) braided monoidal cate-
gories and the equations of [28] reflect coherence constraints associated with these
monoidal structures. The goal of this section is to explain that the Grothendieck-
Teichmiiller group G Tl(Q) can be interpreted as a group of automorphisms associ-
ated to the Malcev completion of an operad in groupoids. This operad, the operad
of parenthesized braid PaB, is a variant of the operad of colored braids CoB such
that the object sets Ob PaB(r) form a free operad with a generating element in
arity 2.

In §2.2.2, we distinguish the class formed by the morphisms of operads in
groupoids ¢ : P — Q which are equivalence of categories ¢ : P(r) — Q(r) in each
arity r. We use the expression of categorical equivalence of operads to refer to a
morphism in this class. Since a weak-equivalence of topological spaces induces an
equivalence of categories at the fundamental groupoid level, we immediately see
that a weak-equivalence of topological operads induces a categorical equivalence at
the fundamental groupoid level. Since an equivalence of categories induces a ho-
motopy equivalence at the classifying space level, we also obtain that a categorical
equivalence of operads in groupoids ¢ : P — Q induces a weak-equivalence of topo-
logical operads B¢ : BP — B Q when we apply the classifying space construction.
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On the other hand, we mentioned in §2.2.2 that categorical equivalences of operads
can be inverted arity-wise, but not globally in general (as morphisms of operads in
groupoids). Similarly, the weak-equivalence of topological operads B¢ : BP — BQ
induced by a categorical equivalence is a homotopy equivalence of spaces arity-wise,
but does not define a homotopy equivalence in the category of operads in general.

A first motivation for the introduction of the parenthesized braid operad lies
in the following general proposition:

PrROPOSITION 3.A. Let ¢ : P — Q be a categorical equivalence of operads in
groupoids. If the object sets of the operad Q form a free operad in sets, then we have
a morphism of operads in groupoids 1 : Q — P, going in the converse direction as
o, and of which components ¥(r) : Q(r) — P(r) define inverse equivalences of the
groupoid morphisms ¢(r) : P(r) — Q(r), for all r € N.

Furthermore, the equivalences 0(X) connecting the composite functors ¥ (r) -
@(r) (respectively, ¢(r)-1p(r)) to the identity functors on the groupoids P(r) (respec-
tively, Q(r)) are operadic in the sense that we have (1) = idy, for the operadic unit
1 € 0bP(1) (respectively, 1 € 0bQ(1)), the equivariance relation 6(sX) = s0(X)
for each s € ¥, and X € 0bP(r) (respectively, X € 0bQ(r)), as well as the multi-
plication relation (X o, Y) = 0(X) o; 6(Y) for each composite object X o; Y in P
(respectively, Q).

PRrROOF. This proposition is stated as a remark. Therefore the proof is left as
an exercise for interested readers. O

For the operad of parenthesized braids PaB (which we define soon), this propo-
sition implies that in any diagram

PaB 5 > PaB

such that the diagonal arrows are categorical equivalences of operads we have a
fill-in morphism ¢ making the diagram commute up to an equivalence which is
operadic (in the sense specified in the proposition). In subsequent applications,
we consider morphisms which reduce to the identity in arity 2. This requirement
implies that the equivalence arising from the construction of the proposition reduces
to the identity (because the operad of objects 0b PaB is generated by an element
in arity 2), and in this situation, the morphism ¢, returned by the fill-in process,
is an actual isomorphism (not a categorical equivalence) of operads in groupoids.

We now explain the definition of the operad PaB. We will give the precise
definition of the Grothendieck-Teichmiiller group GT*(Q) afterwards. We formally
define the operad PaB by applying a general pullback process to the operad of
colored braids CoB, which we explain first.

3.2.1. Object-wise pullbacks of groupoids. Recall that Grdy denotes the cate-
gory of groupoids with a prescribed object set X. Suppose we have a map f :
Y — X from one set Y to another X. Then, to any § € Grdy, we can asso-
ciate a groupoid f*§ € Grdy with 0b f*G =Y as object set (as required in Grdy)
and Mor s+ g(X,Y) = Morg(f(X), f(Y)) as morphism sets, for all X, Y € Y. We take
the structure unit of the groupoid § to define identity morphisms idx = idyx) €
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Morg(f(X), f(X)) and the composition operation of § to define composition op-
erations on these morphism sets Morg(f(X), f(Y)). We have a natural groupoid
morphism f : f*G — G defined by the mapping f : X — Y on object sets and the
structure identity id : Mor - g(X,Y) — Morg(f(X), f(Y)) on morphism sets. This
morphism is automatically fully faithful by definition and forms an equivalence of
groupoids as soon as the given map f : Y — X is surjective.

The above construction gives a pullback functor f* : Grdy — Grdy, and we
have an obvious analogue of this functor in the context of Hopf groupoids f* :
HopfGrdy — HopfGrdy, as well as in the pro-nilpotent variant of the category of
groupoids f* : @x — @\j and in the complete variant of the category of Hopf
groupoids f* : f]{o/pf\Qrdx — ﬂfo/pf\grdy too. Moreover, we easily see that these
pullback functors f* commute with all functors considered in the previous section,
including the adjunction functors E{—} : Grd — %@T’d : G(—) which we use to
define the Malcev completion of groupoids.

3.2.2. Object-wise pullbacks of operads in groupoids. Suppose now that a mor-
phism of set operads f : B — A is given. Let P be an operad in groupoids with
Ob P = A as underlying object operad. The collection of groupoids f* P(r) obtained
by arity-wise pullbacks from the collection P(r) forms an operad f*P with B as
underlying object operad:

— the operadic unit of this operad 1 € 0b f* P(1) is inherited from the set
operad B;

— the composition products o; : f*P(m) ® f*P(n) — f*P(m +n —1).
are given by the composition products of B on object sets and by the
composition products

MorP(m) (f(X)7 f(Y)) X MorP(n) (f(Z)7 f(T))
RN MOTp (mqn—1)(f(X 0; Z), f(Y 0; T)),

inherited from P (using that f preserves operadic composites), on mor-
phism sets.

The functors f : f*P(r) — P(r) naturally define a morphism of operads in groupoids
f:f*P—=P.

We can again define an analogous construction for operads in Hopf groupoids,
operads in pro-nilpotent groupoids, and operads in complete Hopf groupoids. We
moreover see that these pullback constructions commute with our adjoint functors
E{f} : Grd — Ufo/g)jf?rd : 6(7) which we apply to operads arity-wise.

Recall that the operad of colored braids has the permutation operad I, with
M(r) = X,, as underlying object operad. To define the operad of parenthesized
braids PaB, we consider a free set-theoretic operad Q = O(u(x1, x2), (2, x1)) with
a generating operation g = u(x1,x2) in arity 2 on which the symmetric group X
acts freely. Formally, we define PaB by pulling-back CoB to this object-set operad
Q. We also consider a unitary extension of this construction. Before performing
this process, we review the definition of this particular free operad 2, which we
call the Magma operad, in order to relate our definition with other representations
occurring in the literature.

3.2.3. The Magma operad. Intuitively, the elements of the operad €2 are formal
composite of the operation p(z1,z2), and of the associated transpose operation
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w(xa, x1). If we use the short notation 29 = p(xy,z2) for this generating opera-
tion, then the monomials defining the elements of Q2 have the form of parenthesized
words

Q(2) = {(ziz))[(i, j) € Xa},
Q(3) = {((wizj)zk), (xi(zzk))|(4, 5, k) € X3},
Q(4) = {(((zszj)zr) ), (25 (2j2R))20), (232 5) (TRT1)),
(zi((zjzr)m)), (i(z(zpa)))| (4, 4, k, 1) € Bat,
Q5) = ---

defined by providing any permutation of the variables (z1,...,,) with a full bi-
nary bracketing (the parenthesization). Certain authors use the term of magma,
borrowed from [20, §I.1], to refer to this structure. We actually use this expres-
sion as a proper noun, Magma, for the operad Q. In this algebraic representation,
the symmetric groups act by permuting variable indices, the operadic unit is de-
fined by the one-variable word 1 = x1, and the operadic composition operations
0; : Q(m) xQ(n) — Q(m+n—1) are defined by the insertion of parenthesized words
on variables (after performing the usual index shift), as in the following example

((z371)z2) 01 ((T221)73) = ((T5((T271)73))74).

The above monomials have a convenient graphical representation, in terms of
planar binary trees, which is also used in the literature. The correspondence be-
tween the algebraic representation and the tree representation is given in Figure 3.1.
The indexing of ingoing edges in this tree representation correspond to the variable
indexing in the algebraic interpretation. The symmetric action, the operadic unit
and the operadic composition operations are given on these trees by planar vari-
ants of the operations considered in §B.1. For instance, the previous example of
composite parenthesized words (given to illustrate the algebraic definition of Q) is
equivalent to the following composition operation on trees:

5 2.1 3 4
3.1 2 1.2 3
x‘/olx‘/:\y,
I

In our general construction of the free operad, the elements & € Q(r) are repre-
sented by trees with r ingoing edges, indexed by {1,...,r}, and of which vertices are
labeled by the generating operation p = u(x1,x2), and the associated transposed
operation ¢ -y = p(x9,x1), where we set t = (1 2). In the general construction of
free operads, we assume that the ingoing edges of vertices are in bijection with the
inputs of the corresponding operation. In the case of the Magma operad €2, this re-
quirement implies that we have to restrict ourselves to binary trees, of which vertices
have two ingoing edges, no more no less. The equivariance relations of §I1.1.4 (see
also §B.2) moreover implies that any tree-wise element of Q(r) has a reduced form,
defined by a planar binary tree of which all vertices are labeled by p = u(x1,x2).
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FIGURE 3.1. The correspondence between parenthesized words,
binary trees, operadic composites of a generating little 2-disc
configurations and diadic decompositions of the interval in arity
r = 2,3,4,.... The indices (i,j), (i,4,k), (i,7,k,1), ...run over
permutations of (1,2), (1,2,3), (1,2,3,4), ... The diadic decompo-
sitions of the interval are counterparts, in the little 1-disc operad,
of the little 2-disc composites considered in this picture (see proof
of Proposition 3.2.6 for detailed explanations).

To give an example, we have the relation

in Q(4). Recall that the choice of a planar embedding is equivalent to the choice
of an ordering between the ingoing edges of each vertex v (see again §1.1.4). This
ordering determines the correspondence between the ingoing edges of the vertex v
and the inputs of the operation p = p(x1, z2) attached to this vertex v.
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Thus, we finally retrieve, our planar binary representation of the Magma op-
erad (we simply omit some information, given by the labeling of vertices, the edge
orientation and the output mark 0, which become unnecessary in the reduced rep-
resentation of tree-wise elements).

The composition process of the free operad, as defined in §B.3, preserves ele-
ments in reduced forms too, and so do symmetric group actions. This explains that
the composition structure of the operad Q can be given by the process introduced
earlier in this paragraph, in terms of the single structure of planar binary trees.

3.2.4. The unitary extension of the Magma operad. The Magma operad has a
natural unitary extension. We use the process of §1.4.9, and the construction of Q
as a free operad, to formalize the definition of this unitary extension. In short, as in
the case of the associative operad (see §1.4.11) we provide the generating sequence
of Q with the deletion operations such that 01pu = dopr = 1 for the generating
operation p = u(x1,x2). We complete the definition for the transposed element
tp = p(ze, 21) by using the equivariance of deletion morphisms.

Recall that the operations 9; represent partial composites 9;(p) = p o, * with a
unitary element *, and we use the associativity of partial composites of operads in
order to extend these operations from generating elements to the whole free operad.
In fact, we can readily identify the action of the deletion morphisms 9; : Q4 (r) —
Q4 (r — 1) on the unitary Magma operad Q4 (r) with the removal of ingoing edges
in planar binary trees, as in the following example:

5021 3 4 4 2 1 3 4 91 3
o0 N\ = NS =N
\ \ !
where we perform the appropriate shift on the input indices (as usual).
3.2.5. The operad of parenthesized braids. We now form the operad morphism
p : Q — Il mapping the generating operation p of Q to the identity permutation
id € Xo. This morphism p is identified with the quotient morphism

O(u(w1, x2), u(x2,21)) * O(p(wr, @), plwa, 21) = p(p, 1) = p(1, )

arising from the definition of the associative operad by generators and relations
(see §1.2.6) and the identity between the permutation operad and the associative
operad (see §1.2.7). In the algebraic description of §3.2.3, the map p is defined on
parenthesized words by forgetting the bracketing and retaining the variable per-
mutation as single information. This map p has also an obvious unitary extension
p:Qy — 4.

We define the operad of parenthesized braids PaB as the pullback of the operad
of colored braids CoB along this morphism of operads in sets Q 2 M = 0b CoB.
Accordingly, the operad PaB = p* CoB has 0b PaB = Q as underlying operad of
objects, and the sets of colored braids Mor pap(r) (U, v) = Morc,op(r)(p(u), p(v)) as
morphism sets, for u,v € Q(r). We have a categorical equivalence of operads in
groupoids p : PaB — CoB by construction of PaB. We also consider a unitary
extension of PaB, which we can obtain by a pullback PaB, = p} CoB along the
unitary extension of p.

We can actually give a direct topological interpretation of the operad PaB (and
of the associated unitary operad PaB.), improving on the result of Theorem 2.A
which connects the operad of colored braids CoB to the fundamental groupoid of
the operad of little 2-discs 7 Ds.
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FIGURE 3.2. An instance of

Q}\ parenthesized braids.

To explain the idea, recall that in the definition of the operad of colored braids
CoB we make a choice of contact points a on the medium axis y = 0 of the open
disc D2. To give a topological interpretation of the composition structure of this
operad, we have to use that these contact points lie in a contractible subspace of
the configuration space F(D2,r). This need clearly appears when we address the
proof of Theorem 2.A. Indeed, to define the operad equivalences

7Dy <~ 7Dy Ip,— CoB

occurring in the statement of that theorem, we picked a little 2-disc configuration
¢ = (c1,...,¢.) with the chosen contact points @ = (aq,...,a,) as associated cen-
ters, for each r € N. But these little 2-disc configurations are not preserved by
the operadic composition products in general. Therefore, in order to retrieve our
chosen contact points, we have needed to introduce extra path concatenations in
each operadic composition operation (see the proof of Theorem 2.A for details).

The planar binary trees, defining the objects of the groupoids PaB(r), have a
topological interpretation in terms of configurations of contact points: instead of the
equidistant contact points of §2.0, we consider the centers of diadic decompositions
of the axis y = 0 of the open disc |:°)27 which actually correspond to particular
composite elements in the little 2-disc operad. We precisely claim that we have
a bijection between such particular configurations and planar binary trees. The
formal definition of this correspondence arises from the next proposition. For the
moment, simply look at the picture of Figure 3.1 to see the little 2-disc composites
and the point configurations corresponding to the elements of the first terms of the
Magma operad Q(r), r =2,3,4,....

The morphisms of the parenthesized braid groupoid PaB(r) are, in this set-
ting, identified with colored braids going from one configuration of contact points
of the considered form to another one. The source (respectively, target) of the mor-
phism is the binary tree corresponding to the configuration of contact points at the
origin (respectively, end-point) of our braid. Figure 3.2 gives an example of appli-
cation of this convention. In subsequent identifications, we deal with fundamental
morphisms, the associator ® € Morp,p(((x122)23), (z1(z223))) and the braiding
O € Morp.p((x122), (xax1)), of which representation is given in Figure 3.3.

The following proposition, giving the announced improvement of Theorem 2.A,
motivates our interpretation of parenthesized braids in terms of strands connecting
contact points which are associated with a diadic decomposition of the axis y = 0
of the open disc D2. In short, these configurations of contact points correspond to
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FI1GURE 3.3. The represen-

' Y, tation of the associator &
\ \\ X x ¢ and of the braiding © in mor-
o phism sets of the parenthe-
sized braid operad.

the centers of the little 2-disc configurations forming the free operad considered in
the proposition.

PROPOSITION 3.2.6.
(a) The little 2-disc configuration

X -

generates a free operad, isomorphic to S, within the little 2-disc operad Ds.
(b) The disc center mapping of §1.2.2, applied point-wise to paths in little
2-disc spaces, induces an isomorphism

Wy Do IQE—> PaB

from the restriction to Q of the fundamental groupoid operad of Do towards
the operad of parentheszzed bmzds PaB.

_q_92++g+_> g VG50

PRrROOF. Let ¢ : Q — Dy be the morphism sending the generating element
uw € Q(2) of the free operad Q to the little 2-disc configuration p € Dy(2) of
assertion (a). The claim of assertion (a) is that this morphism defines an embedding.

In our verification, we use the symmetric collection representation of the operad
Q, and we consider Magma operations p = p(z;,,...,x;,) € Q(r) of which variables
may be indexed by an arbitrary finite set r = {i1,...,7,} (not necessarily a standard
ordinal). Since p visibly comes from the operad of little 1-discs D;, regarded as
a suboperad of Dy (see §1.1.5 and §2.1.7), our morphism ¢ admits a factorization
through D1, and we are therefore reduced to prove that this factorization ¢ : Q — D,
is an injection. Equivalently, we look at the trace of little 2-disc configurations
¢ € Dy(r) on the axis y = 0 in the ambient disc D* to determine the counter-image
of elements ¢ in Q. (Recall that the image of Dy in D2 consists of configurations of
little disc centered on this axis y = 0, and the trace, considered in our process, can
be used to determine the counter-image in D; of an element of Ds.)

The little interval configurations lying in the image of our map ¢ are associated
with diadic decomposition of the interval [—1, 1] (see Figure 3.1 for examples). To
retrieve an element of Q from the corresponding little interval configuration c,
just observe that we have ¢ = p(a,b) where a € Dy({i1,...,im}) (respectively,
beDi1({j1,---,Jn})) is produced by applying the affine transformation ¢ — 2t 4+ 1
(respectively, t — 2¢t—1) the configuration of little intervals lying in [—1,0] C [—1, 1]
(respectively, [0,1] C [—1,1]) in the collection ¢. We continue by induction to obtain
the full decomposition of ¢ and to determine the counter-image of ¢ in .
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Omega is not preserved by the deletion operations on the little 2-disc operad.
This makes the unitary extension more intricate.
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FiGURE 3.4. The
pentagon constraint

m(m(m(z1,x2),x3),24)

\imll)

m(m(zy,z2),m(z3,z4))

/(l,l,m)

m(z1,m(ze,m(zs,z4)

m(m(zy,m(x2,23)),24)

a(1,m,1)

m(z1,m(m(z2,23),24))

m<$

m(m(zy,z2),x3)
m(c,1)

m(m(z2,21),23) m(z1,m(z2,z3))

a c(1,m)
m(m(z2,23),71)

m(x2,m(z1,x3))

m(1,c) a

m(zz,m(zs,z1))

m(xz1,m(z2,x3))
m(1,c)
m(z1,m(zs3,x2))
a1
m(m(z1,73),72)

m(c,1)

m(m(zs,z1),x2)

-1
a

m(m(z1,22),23)

c(m,1)

m(zz,m(z1,22))

a71

FI1GURE 3.5. The hexagon constraints

The second claim of the proposition is a variation of the result of Theorem 2.A.
Simply note that we now have a direct isomorphism w, : 7 Do io—s PaB which

actually lift the chain of category equivalences

W

7 Da(7) 10¢r > PaB(r)
f l
7 Da(r) 1p, (ry — CoB(r)
I
7 Da(r)

considered in the proof of Theorem 2.A.

The—proofthat—w, has—annitasy—extension—asserted-in—{h}reduces—to-the
straightforward—verification—that—w, pyesepves—delemeﬂ—epepaaens—ése%llpepea-
tion1.4.6)-

In §2.2.17, we briefly mention that the category of algebras associated with the
operad CoB_ consists of braided categories of which tensor product is unitary and
associative in the strict sense. The operad PaB governs the category formed by
braided categories of which tensor product is unitary in the strict sense, but asso-
ciative up to coherent isomorphism, not necessarily given by identity morphisms.
This claim is a consequence of the following statement:
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THEOREM 3.2.7.

(a) Any morphism ¢ : PaB — Q towards an operad in the category of cate-
gories Q € CatOp is uniquely determined by an object

m =m(x1,22) € 0bQ(2)
and invertible morphisms

a = a(x1, 2, 23) € Morqesy(m(m(z1, x2), x3), m(x1, m(xa, 23)))

and ¢ = c(x1,x2) € Morq(a)(m(z1, 2), m(x2,21))

such that the diagrams of Figure 3.4-3.5 commute. The object m represents
the image of the generating element of the magma operad p = (x1x2) €
Q(2) under the mapping Q(2) = 0b PaB(2) 2, ob Q(2). The morphism
a(xy,xo,x3) represents the image of the associator ® and c(xy,x2) rep-
resents the image of the braiding © under the mapping defined by ¢ on
morphisms.

(b) When Q is equipped with a deletion structure, we have a morphism of
unitary operads ¢ : PaBy — Qy extending ¢ if and only if the object
m = m(xy,x2) satisfies Oym = dem = 1 in ObQ(1), the morphism a =
a(x1, T2, x3) satisfies O1a = Ora = J3a = idy, in Morqy(m,m), and ¢ =
c(x1,w2) satisfies O1c = Oac = idy in Morq(r)(1,1).

We explain how to retrieve our claim about the structures governed by the op-
erad PaB before tackling the proof of this theorem. We consider the endomorphism
operad Ende, associated to any category €, of which arity r component Ende(7) is
the category formed by the multi-functors F : €*" — € as objects together with the
natural transformations between them as morphisms. This operad is equipped with
deletion morphisms, corresponding to a unitary structure, whenever the category
C is provided with a unit object 1 € €. Theorem 3.2.7 implies that a morphism
¢ : PaB — Endge, defining an action of the operad PaB on C, is uniquely deter-
mined by a bifunctor m(X;, X2) = X; ® X5 on € together with an associativity
isomorphisms a(X1, X2, X3) : (X1 ® X2) ® X3 = X1 ® (X2 ® X3) and a symmetry
isomorphism ¢(X1, X2) : X1 ® Xo = X, ® X1 so the relations of Figure 3.4-
3.5, which are actually nothing but the classical coherence constraints of braided
monoidal categories, are fulfilled. The preservation of deletion structures is equiv-
alent to the strict unit constraint X ® 1 = X = 1 ®X at the tensor product level,
together with the identities a(1, X1, X3) = a(X1,1, X5) = a(X1,22,1) = idx,0x,
and ¢(X,1) = idx = ¢(1,X) on the corresponding associativity and symmetry
isomorphisms.

We defer the proof of Theorem 3.2.7 to a series of lemma.

We immediately see that the morphisms a = a(x1,22,23) and ¢ = ¢(x1, x2),
given as the image of the associativity iso ® and of the braiding © in Theorem 3.2.7,
have to fulfill the coherence constraints of Figure 3.4-3.5, because these relations
involve structure operations of operads in groupoids (which are preserved by mor-
phisms) and:

LEMMA 3.2.8. The associativity iso ® and the braiding © satisfy the relations
of Figure 3.4-3.5 within the operad of parenthesized braids.
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PrOOF. The verification of this lemma is entirely given by the following picture:

ST, 1] G
NI o v

The pentagonal equation, which we identify as an identity of parenthesized braids
in this picture, is also a formal consequence of our definition of the morphism sets
of the parenthesized braid groupoids as object-wise pullbacks. ([l

The next lemma is a standard statement of the theory of braided monoidal
categories (see [53]):

LEMMA 3.2.9. If the morphisms a(x1,x2,x3) and c¢(x1,x2) make the hexagon
diagrams of Figure 3.5 commute, then the duodecagon

m(m(ml,xQ),xs)L>m(x1,m(m,zs))gm(zl,m(x3,12))“471>m(m(11,zs),m) ,
m(c,1) m(c,1)
m(m(z2,z1),23) m(m(zs,r1),22)
a e(1,m) e(1,m) a
m(z2,m(z1,23)) m(zs,m(z1,22))
m(1,c) m(1,c)

N \
m(wz,m(:pg,:vl))ﬁ-m(m(wg,wg),a:l)Hm(m(a:g,wg)@l)?m(a:g,m(zg,931))
a” m(c,

tiled with two hexagons and one square, commutes as well.

We suggest the reader to make these relations explicit for the associator ® and
the braiding © of the parenthesized braid operad PaB.

ProOOF. The left hand side and right hand side hexagons in the duodecagon
tiling of the lemma are identified with the hexagons of Figure 3.5 (with a factor a™*
inverted) and therefore, these hexagons commute. The medium square commutes
as well. Indeed, for the morphism ¢ = c¢(z1,22), going from m = m(zy1,z2) to
(1 2) - m = m(xq,x1), the functoriality of the composition product oy : PaB(2) x
PaB(2) — PaB(3) gives coz ((12)-m)-mogec=cozc=((12)-m)ogc-coym,
which is the identity asserted by the commutation of that square. O

We now check that:
LEMMA 3.2.10. The mapping of Theorem 3.2.7 is one-to-one: for any object
m = m(x1,x2) and morphisms a = a(x1,22,23) and ¢ = c(x1,x2) satisfying our

constraints in Q we have one and only one morphism of operads in groupoids ¢ :
PaB — Q such that ¢(pu) =m, ¢(P) = a and $(O) = c.
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PROOF. Any element m € 0b Q(2) is associated with a morphism of set-operads
¢ : 0b PaB — 0bQ, such that m = ¢(u), since Q = 0b PaB is, by definition, a free
operad. We aim to determine a map on morphisms sets from a given associator
a(x1,x9,23) and braiding c(z1,22) in Q. We first observe that any morphism
B € Morpap(r)(p,q) can be decomposed into a product of morphisms formed by
operadic composites of associators and braiding morphisms.

In our argument lines, we use (an operadic interpretation of) Mac Lane’s coher-
ence theorem asserting that, if the pentagon constraint of Figure 3.4 is fulfilled, then
all composites of associators going from one parenthesization p = p(z 41y, - .-, Zs())
to another ¢ = q(z4(1),...,2s¢) (for a fixed underlying permutation s) define the
same isomorphism (see [65, §VIL.2]).

To begin with, since we have Mor p,p () (P, q) = Mor cop(ry (p(P), p(q))) by defi-
nition of the groupoids of parenthesized braids, we immediately see that any £ €
Mor pap(r) (P, q) admits a decomposition 3 = f; - ... - 3,, where each factor ; €
Mor pap(r) (Pi; @i) consists, after forgetting about parenthesizations, of a single gen-
erating element 75 in the colored braid coset Morc,p(r(p(pi), p(¢:))) C B,. 1If
pi = pi(T1y, .-, Ts(ry) has s = (s(1),...,s(k),s(k 4+ 1),...,s(r)) as associated
permutation, then ¢; has an associated permutation of the form (s(1),...,s(k +
1), s(k),...,s(r)), with the factors (s(k), s(k+1)) switched. We pick a parenthesiza-
tion gathering the factors w,(xy and x4 1) in the word z(1)-. . .-z 4. We thus con-
sider a parenthesized word of the form o; = m;(w4(1), - -, (T s(k)s Ts(kt1))s - -+ Ts(r))s
where 7; € Q(r—1). We can take a composite of associators « in order to go from p;
to o5 = Ti(Ts(1ys - - s (T (k)s Ts(kt1))s - - - » Ts(r)), and we similarly pick a composite
of associators v going from ¢; to 7; = mi(Ts(1), -5 W(Ts(kt1) Ts(k))s - -+ Ts(ry) We
therefore have a decomposition 3; = v~ !-m; (Tg(1ys s OBy, To(hg1))s - -+ s Ts(r)) X
of each f;, with a composite of associators involved in =y, as well as a, and with a
medium factor s.(m;0,0) = m;(T5(1), - - -, O(Ts(k)s Ts(kt1))s - - - » Ts(ry) Teduced to the
application of a braiding © within a fixed parenthesized word. The image of 5 under
a morphism ¢ : PaB — Q is determined, from this decomposition, by the preser-
vation of products, operadic composites, and the assignments ® +— a(z1,x2,x3),
O — c(x1,x2).

As an example, the braid of Figure 3.2 admits a decomposition of the form

P L]
LT
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from which we deduce that the image of this braid under any morphism ¢ is given
by the product

a=m(l,at)m(1,m(1,¢))-m(1,a) - a(l,m,1) -m(m(1,c), 1)
m(a, 1) -m(m(c,1),1) -m(a=t,1) - m(m(1,¢),1) - m(a, 1).

(To simplify, we have not specified the variable permutations occurring in this
composite.)

This analysis proves the uniqueness of the morphism ¢ associated to given
elements m = m(z1,22), a = a(x1,z2,23) and ¢ = c(x1,22). To prove the
existence part of our assertion, we first check that the definition of a mapping
¢ : Morpap(r)(P,q) — Morq(p(p), p(q)) from decompositions of the form consid-
ered in our argument line does not depend on choices. The Mac Lane coherence
theorem implies that ¢(5) does not depend on the choice of the associator decompo-
sitions between the parenthesized words occurring in our factorization of morphisms
B € Mor pap(ry (P, q). The result of our construction does not depend on the paren-
thesizations m € Q(r — 1), which we chose to gather the factors of the braiding
operations, too. Indeed, we can go from one parenthesization m; = m;(z1,...,Zr—1)
to another p; = p;(21,...,2,—1) by a morphism o = a(z1,...,z,—1) (formed by a
composite of associators) in the parenthesized braid operad. The middle square in
the commutative diagram

Pi(Zs(1)seTs(r))
/ QoL \
Ti(Zs(1) 50 (T (k) Lo (k1) )seerTs(r)) >0i(Ts(1) s (T o (k) sTs(kt1)) 1T s(r))
;0,0 pioL©
QOf [
Ti(Ts(1) 50 (T s (k1) 5T s (k) )seerTs(r)) > Pi(To(1) s (T o (k1) ,Ts(k)) 51T s(r))
Qi (Ts(1)s 1T s(r))

is carried to a commutative square by our morphism ¢, for any choice of assignment
¢ = ¢(0), by functoriality of the composition products of operads in categories.
The external triangles are carried to commutative triangles in Q too (by the al-
ready mentioned MacLane’s coherence theorem), and we conclude that both paths
from p; = pi(T1y,-- -, Ts(ry) t0 @ = Gi(Ts(1),- -+ Ts(r)) yields the same resulting
morphism in Q, should we take m; and p; as both possible braiding parenthesiza-
tions.

We still have to establish that ¢(3) does not depend on the decomposition 3 =
b1 ... By formed from the image of 8 in the coloured braid operad CoB. We are
reduced to check, for this purpose, that the application of the generating relations
of braids does not change the result of our construction.

In the case of the commutation relations 7,7, = 7,75, we assume that a parenthe-
sization of the form o; = i (2 s(1), - -, (T s(k), To(ht1))s - - - s M(Ts(1)s To(i41))5 - - Ts(r))
is chosen when we proceed to determine the image of the factors g; and ;41 associ-
ated with the elementary braids of this relation. The identity of the result associated
to the decompositions 8 =01 -... B - Bix1- - Bn =01 .. Big1-Bi--.. - Pn
follows, in that case, from the associativity of the composition product of operads.
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In the case of the braiding relations 75 754+17x = Tk4+17kTk+1, We assume that a
parenthesization of the form o; = m;(zg(1), - -, W Ts(k)s Ts(k+1))s Ts(k42))s -+ > Ts(r))
is chosen when we proceed to determine the image of the factors associated with
the elementary braids of the relation. The identity of our morphisms in Q reduces
in that case to the commutation of the duodecagon of Lemma 3.2.9.

Our previous verifications imply that each mapping ¢ : PaB(r) — Q(r) is
coherently defined as a morphism of groupoids, but we still have to check that the
collection of these morphisms defines an operad morphism. Since the equivariance of
our morphisms and the preservation of operadic unit are immediate, we only have
to check the preservation of operadic composition products. The decomposition
of morphisms, which we have used to determine ¢, can be applied to reduce the
verification of the relations ¢(«o;8) = ¢(a)o;p(8) to the case where «v (respectively,
B) is an identity morphism in PaB and S (respectively, «) is produced by the
application of a braiding within a parenthesized word, after sorting out the case of
associator composites (which follows again from Mac Lane’s coherence theorem).
The relation is immediate in the case where « is the identity o = id,, for some
7w € Q(m), and the braiding occurs in 8 = poy, ©, p € Q(n — 1). In the symmetric
case, where we have a = mo, © and 8 = id,, for some 7 € Q(m — 1) and p € Q(n),
we can still use the decomposition of p within the Magma operad to reduce our
verification to the case where p = pu and n = 2. The cases where 8 = id, is
plugged in an input i # k,k 4+ 1 of @ = 7 oy, O, follows from the associativity of
the composition products in Q. In the remaining cases, where we plug 8 = id,
in an input of the braiding © within the composite & = 7 o ©, we see that
the decomposition of the morphism © oy id,, involved in the construction of our
map ¢, amounts to the application of the hexagon relations of Figure 3.5 within the
parenthesized braid operad. Thus, the commutation of these diagrams in Q implies
the preservation of the operadic composition operation in this case. ([

The verification of this lemma completes the proof of assertion (a) in Theo-
rem 3.2.7. The second assertion of the theorem, assertion (b), is a consequence of
the following lemma:

LEMMA 3.2.11. The morphism ¢ in Theorem 3.2.7 preserves the deletion mor-
phisms on the whole operad PaB as soon as the object m = m(x1,x2) and the
morphisms a = a(z1,2,23) and ¢ = c(x1,Ta5x3) salisfy the relations of asser-
tion (b) in the theorem.

PRrROOF. Assuming the relations 0ym = dom = 1, d1a = dea = 03a = id,,, and
01¢ = 0a¢ = idy in Q amounts to requiring that our morphism ¢ : PaB — Q pre-
serves the deletion operations on the objects u € 0b PaB(2), and on the morphisms
® € Mor p,p(3)(((w122)23), (1 (2223))) and © € Mor pop(2)((2122), (x221)). Since p
is by definition a generating element of the operad O0b PaB = §2, the requirement
on m = ¢(u) implies that ¢ preserves deletion operations on all objects of PaB.
In the proof of Lemma 3.2.10 we also observe that all morphisms of PaB can be
decomposed into a product of operadic composites of the generating elements ®
and ©. Thus our requirement on a = ¢(®) and ¢ = ¢(©) implies that ¢ preserves
deletion operations on all morphisms of PaB, and not only on these generating
morphisms. (I

The verification of this lemma completes the proof of Theorem 3.2.7. g
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We can now give the formal definition of the pro-unipotent Grothendieck-
Teichmiiller group GT(Q).

3.2.12. The Grothendieck-Teichmiiller group as a group of operad automor-
phzsms We consider the Malcev completlon of the operad of parenthesized braids
PaB and the assomated unitary operad PaBJr Recall that the operad in pro-
nilpotent groupoids PaB has still the Magma operad Ob PaB = ObPaB = Q as
objects by construction.

The Grothendieck-Teichmiiller group G Tl(Q) is the group of automorphisms

¢+Z@+3R/Q\B+

of the unitary operad in pro-nilpotent groupoids PaB + which:

(a) are the identity on object sets;
(b) and fix the braiding morphism © € Mor@(z)((xlxg), (x221)).

Recall that such a morphism of unitary operads ¢ is equivalent to a morphism
of connected operads ¢ : PaB — PaB preserving deletion operations, and as in
Theorem 3.2.7, we usually give this associated morphism to determine ¢,. By
idempotence of the completion process, a morphism ¢ : PaB — PaB is equivalent
to a morphism of operads in groupoids ¢ : PaB — PaB , where we now consider the
plain version of the parenthesized braid operad PaB. Since we fix the image of the
generating object u € Ob PaB(2) and of the braiding © in the definition of GT*(Q),
our morphism ¢ : PaB — PaB is uniquely determined by an associated element

a(x1,x9,23) in the morphlsm set Mor 5— (((w122)23), (x1(2223))) of the completed
parenthesized braid operad PaB and satisfying the requirements of Theorem 3.2.7
in that operad.

We go back to the completion process in order to figure out the explicit defini-
tion of such an element a(x1,z2,23). We have

Hom 5 (((2122)3), (71 (2223))) = G(Q{Mor pap (((z172)73), (w1(x273)))}),

Mor pap (((w172)x3), (21(7273))) = Mor o (ids, id3),

and this latter morphism set, the endomorphism set of the identity permutation
of (1,2,3) in the groupoid of colored braids CoB, is identified with the pure braid
group on 3 strands Ps;. We therefore have

Hom@(((xle)x3)’ (331(.’1321‘3))) = é(@{PP’}) = ﬁS

Thus, our element a(z1,x2,x3) is determined by an element in the Malcev
completion of Pj, or equivalently, by a group-like element in the completion of the
Hopf algebra associated to this group Q{ Ps}. Intuitively, we regard such an element
a € P; as a formal (rational pro-nilpotent) composite of pure braids on 3 strands
which we insert on the associator of Figure 3.3 (see the picture in Theorem 3.B).

The group of pure braid groups on 3 strands Ps is generated by the elements

] Rr -
"D BT A |

N2
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and is also isomorphic to the cartesian product of a central cyclic subgroup < E >,
generated by the following element

with the free group generated by A;o and Ass (see for instance [55, §1.3]). We
actually have E = A5 A23A413.

Our element a(x1, T, 73) consequently splits as a product a = E*- F(Aj2, Aa3),
for some formal exponent A € Q of the central element E, and where F(Ajs, As3)
is an element in the Malcev completion of the free group F(Ajs, Aas) generated by
the pure braids A;5 and As3. Equivalently, the element F'(Ajq, Ass) is a group-like
element in the completion of the Hopf algebra associated to F(A12, A23).

Since the factor E is central in Pz, we can collect the occurrences of the factors

CE)‘ in the hexagon equation satisfied by a to conclude that we necessarily have

E> = nce, we finally obtain that a = a(x1, 2, x3) reduces to the element a =

F(Aj2,453) in the Malcev completion of the free group F(A12, A23). To complete

this analysis, we write down the pentagon and hexagon relations satisfied by a =
a(x1, 9, x3) in terms of this F' = F(Aj2, Asz). This gives the following theorem:

THEOREM 3.B (V. Drinfeld [28], see also D. Bar-Natan [6]). An element ¢
of the Grothendieck-Teichmiiller group GT'(Q), characterized by giving ¢(©) =
c(z1,72) = © and some ¢(®) = a(x1, w2, 23) € Mor 55 (((z1272)73), (21(2273))), 48
also uniquely determined by an element F(Aja, Ass) in the Malcev completion of

the free group F(A12, Aa3) so that

/ &

T

,,,,,,,,,,,,,,,,,, N1

in the rational pro-nilpotent groupoid PaB(3). The hexagon constraints of Theo-
rem 3.2.7 are equivalent, for this Malcev group element F(X,Y), to the conjunction
of the involution

v v

F(xvy) : F(yvx) =1,
and hexagon equation
F(x7y) F(Z’:L') F(y,z) =1,
where (x,y, 2) is any triple of variables (x,y, z) such that z-y-x = 1. The pentagon

constraint is equivalent to the equation of Figure 3.6 and the deletion constraints
are equivalent to the identities F(xz,1) =1 = F(1,x). O

PROOF. The expression of a(x1,xs2,x3) has been determined before the state-
ment of the theorem. We now determine the expression of the hexagon and pen-
tagon constraints associated with the braiding c¢(x1,22) = © and an element of

/x
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FIGURE 3.6. The pentagon constraints for the group element
F = F(Ajg, Ass) determining an element of the Grothendieck-
Teichmiiller group GT(Q). The relation holds in the Malcev
completion of the braid group 134. The factors of this relation
are obtained by applying F', which we regard as an element of the
Malcev completion of free group on two generators (z,y), to the
various braids o € P, represented in the picture.

this form a(xq,z2,23). The equivalence between the pentagon constraint of Fig-
ure 3.4 and the equation of Figure 3.6 is immediate (we just expand the expression
of a(x1,x2,x3) in the general relation).

To express the hexagon constraints in terms of F'(x,y), we apply formal identi-
ties g~ F(x,y) -9 = F(9~'zg,9 'yg) in the Malcev completion of the pure braid
group P3, and we rewrite the equations given by these constraints

m(1l,¢)-a-m(c,1) =a-c(m,1)-a
m(c,1)-a ' -m(l,c) =a" - ¢(m,1)-a™?
a=(m(1,¢)ta-m(1,¢) - (m(c,1) -a-m(c,1)7 1)
ey - (m(1,0)7 -a™t - m(1,¢) = (e(m, 1) -a - e(m, 1) -at

in order to gather and simplify the braiding factors. Since we have

m(c, 1) . A12 . m(c, 1)_1 = Alg, m(c, 1) . A23 . m(c, 1)_1 = A13,
c(m, 1)71 . A12 . c(m, 1) = A;;g,lB c(m, 1)71 . A23 . c(m, ].) = Alg,
m(l, C)_l . A12 . m(l, C) = A13, m(l,c)_l . A23 . m(l, C) = A23,

(draw the pictures corresponding to these conjugation relations), we obtain that
the above equations are equivalent to the identities

F(A12, Aoz) = F(A13, Agz) - (A2, A13),
F(Ay3, A1g) ™" = F(Ayz, Ags) ™" - F(A1p, Ag3) ™,
which we can rewrite as ~ .
F(Ai2, A13) = F(A1s, Ags) ™ F(A2, Azs),
F(Agz, A1)t = F(Auz, Agz) ™ F(Ar2, Az) ™,
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in the group 133.

The elements © = A; and y = Aj3 generate a free group in Ps (like Apg
and Ass), and the already mentioned relation £ = Aj2A423415 implies that Asg
agrees with the product z = 27 'y~! up to a central factor E which we can extract
from any formal expression in the plain group P; and in the Malcev completion ]33
similarly. From these observations all together, we see that our last equations are
equivalent to the system of relations

F(z,y) = F(y,z)™' and F(z,y) - F(z,z) - F(y,z) =1

given in the statement of the theorem.
The reduction of the deletion constraints of Theorem 3.2.7 to F(z,1) = 1 =
F(1,z) is immediate, and the proof of Theorem 3.B is therefore complete. O

3.3. The Grothendieck-Teichmiiller group
is the group of homotopy automorphisms of Es-operads

We consider the classifying spaces B (ﬁc—z\B ) associated to the Malcev completion
of the operad of Parenthesized braids PaB. We have already observed that the defi-

nition Mor a5 (p, q) = Mor cop (p(p), p(q)) implies Mor py (p, q) = Mor cos (p(p), p(q))
for the morphism sets of the completed operads associated to PaB and CoB. We

therefore have a categorical equivalence of operads PaB = @, which induces a
weak-equivalence at the classifying space level, so that the operad B(ﬁ(-z\B) forms,
like B(@) (see Theorem 3.A), a model of the rationalization of the little 2-disc
operad. We pick a cofibrant replacement of this operad (52 5B (P/a\B ).

We can perform this process in the category of operads with deletion mor-
phisms to obtain a cofibrant replacement of B (FTaj? ) in that category, and of which
associated unitary operad (32+ defines a cofibrant model of the rationalization of
the unitary little 2-disc operad. We obviously have B (ﬁa\B)Jr = B(P/azh). Any
element of the Grothendieck-Teichmiiller group ¢ € G Tl(Q) induces an isomor-
phism Bg, : B(P/a\B)+ = B (P/a\B)+ which we can lift to a weak-equivalence on
our cofibrant replacement:

~ 3Bé,  ~
Qat > Qo

B(PaB), —= B(PaB);

We readily see that the mapping B-: ¢4 +— Bvqb . induces a group morphism
B-: GTl (Q) - AutHo(‘J’opOp)(62+)

from GT'(Q) towards the group of homotopy automorphism classes of (52+, since
our lifting construction has, by a general statement of the theory of model cate-
gories, a result which is homotopically unique. We moreover have:

PROPOSITION 3.B. The morphism B¢, : B(ﬁa\B)+ — B(ﬁc—z\B)+ associated to
an element of the Grothendieck-Teichmiiller group ¢ € GTI(Q) acts identically in
homology.

\beta

\beta
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EXPLANATIONS. We know from the classical homotopy theory that the spaces
B(PaB(r)) satisty H,(B(PaB(r))) = H.(Da(r)), where we consider the homol-
ogy with Q coefficients (see [24, §V]). Consequently, we have an identity between
H.(B (P/a73 )) and the Gerstenhaber operad Gersty. The proposition follows from the
requirement that the elements of the Grothendieck-Teichmiiller group ¢ € GT*(Q)
act identically in arity 2 and the preliminary observation that the Gerstenhaber op-
erad is generated by operations u = p(x1,z2) and A = A(x1,x2) in arity 2 precisely
(see §1.2.13). O

Recall that we use the notation Op; for the category of unitary operads in
general, and the notation Op,, in the special case where the tensor unit of the
ambient symmetric monoidal category is the final object (see §1.4). In this context,
which includes the case of operads in topological spaces, the category Op, actually
forms a full subcategory of Op (with the same class of weak-equivalence). Thus,
we can equally keep or omit the mark * in the expression of morphism sets (and
in the expression of homotopy automorphisms similarly). In the definition of the
mapping B (before Proposition 3.B), this mark * has omitted. From now on, we
prefer to carefully recall the consideration of category structures in our formulas.

We have already mentioned that we have a functor H, : TopOp — gr Op, from
the category of topological operads TopOp towards the category of graded operads
gr Op, yielded by the classical homology of topology spaces, and an induced functor

« : JopOp, — ¢gr Op,; on unitary operads. We easily see that homotopic operad
morphisms ¢, : P — Q induce the same morphism in homology: the underlying
spaces QAl (r) of a path object of Q in the category of operads are path objects in
topological spaces; morphisms ¢, : P — Q, which are homotopic in the category
operads, are therefore homotopic as maps of topological spaces. Accordingly, the
homology defines a functor H, : Ho(TopOp) — gr Op on the homotopy category of
topological operads Ho(TopOp), and similarly in the unitary setting, which we now
consider. R

Proposition 3.B implies that the mapping B : GT*(Q) — Auty,(Topop, ) (Qay)
lands in the kernel of the group morphism

~

Autyo(g0p0p.) (Qot) = Autyr 0p, (Ha(Qay))

deduced from the homology functor H, : Ho(TopOp,) — gr Op,.

Recall that AutHo(qopop*)(Q%) represents the set of connected components of
a space hAutg,p0p, ((52+) (actually a monoid) associated to the operad 62+ To
be more explicit, we have a connected component hAuty,,0p, (Q2+)¢ Canomcally
associated to each homotopy class of homotopy automorphism ¢ : Q2+ = Q2+
Motivated by the result of Proposition 3.B, we consider the space hAut(IOpOp* (Q2+)
formed by the sum of connected components of hAutqopop*(CAQng) associated to

maps ¢ such that H.(¢) = Id.
The main result of this monograph reads:
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THEOREM 3.C. Our mapping B : GT'(Q) — AutHo(qop@p*)(62+) nduces a
group isomorphism,

GT'(Q) = ker{H, : Autyo(7opop.)(Qar) = Auty, 0p, (He(Qay )},

o hAut'.lTopOp* (Q2+)

and we have

7. (Eropor. Q1 )f= 0 )

when * >0~

We will actually start the proof of this theorem in §9, after a tour through
deformation complexes.

Remarks. We will not used the f
might however be obtained
in the previous one-

In §2.2, we mention that the fundamental groupoid functor defines a left adjoint
of the classifying space functor from operads in groupoids to operads in simplicial
sets. The augmentation of this adjunction 7B(P) = P is an isomorphism of op-

ng approach, but some partial results
constructions sketched in the present chapter and

erads in groupoids, for any P € GrdOp, and the weak-equivalence Qy, —+ PaB.,
associated to our cofibrant replacement 622, induces a categorical equivalence of
operads in groupoids at the fundamental groupoid level. Thus, we can apply fun-
damental groupoids to retrieve a commutative diagram of operads in groupoids of
the form

(a) (@) " 7(Quy)

P/C:B+T.P/(-1.\B+

By Proposition 3.A, we have an operad morphism s : @+ — 77((3%) giving,
in each arity, an inverse equivalence of the morphism 7Qq (r) 2+ mBPaB, (1) =

PaB +(r). Moreover, we can establish that the natural equivalences connecting the
composites sp and ps to the identity are operadic (in the sense of Proposition 3.A)
too.

This construction CouAld be used to prove the injectivity of our map from
GTl(Q) to AUtHo(‘J“opOp*)(QQ—&-)'

One could also define the cofibrant replacement 62 from the cotriple resolution
of PaB in the category of operads in groupoids (we refer to a next chapter §5 for
detailed recollections on cotriple resolutions). Indeed, one can check that the clas-
sifying space construction preserves free operads (because free operads are made
of coproducts and cartesian products). Therefore, the classifying space operad
B(FAQ.) of a cotriple resolution ﬁ. is a cotriple resolution is simplicial operads, and
hence, defines a natural cofibrant replacement of B(P/a\B) in the category of sim-
plicial operads. Then the problem is to relate homotopy classes of morphisms of
operads in simplicial sets B (ﬁ.) — B (ﬁc-z\B) to morphisms of operads in groupoids
WO(FAQ.) = PaB — PaB in order to prove the surjectivity of our mapping.
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But—we will not follow such a direct approach. Instead, we will use a de-
composition of an operadic mapping space Map%pop*(Qg_H Es+) (where we take
E,=B (60?) instead of B (}%\B) by the way) into a tower of fibrations involving

classifying spaces of chord diagrams as fibers, and we will adapt arguments of [24,
§IX] to prove the bijectivity of our mapping.
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