ON A NOTION OF HOMOTOPY SEGAL FE.-HOPF COOPERAD

BENOIT FRESSE AND LORENZO GUERRA

ABSTRACT. We define a notion of homotopy Segal cooperad in the category
of Foo-algebras. This model of Segal cooperad that we define in the paper,
which we call ‘homotopy Segal Foo-Hopf cooperad’, covers examples given by
the cochain complex of topological operads and provides a framework for the
study of the homotopy of such objects.

In a first step, we consider a category of Segal E~-Hopf cooperads, which
consist of collections of E-algebras indexed by trees and equipped with co-
product operators, corresponding to tree morphisms, together with facet op-
erators, corresponding to subtree inclusions. The coproduct operators model
coproducts of operations inside a tree. The facet operators are assumed to
satisfy a Segal condition when we take a partition of a tree into subtrees. The
homotopy Segal cooperads that we aim to define are formed by integrating
homotopies in the composition schemes of the coproduct operators. For this
purpose, we replace the functorial structure that governs the composition of
the coproduct operators by the structure of a homotopy functor which we
shape on a cubical enrichment of the category of Es-algebras. (We then use
a particular model of the category of Foo-algebras which we associate to the
chain Barratt—Eccles operad.)

We prove that every homotopy Segal Eo.-Hopf cooperad in our sense is
weakly-equivalent to a strict Segal Foo-Hopf cooperad. We also define a notion
of homotopy morphism of homotopy Segal Eo.-Hopf cooperads. We prove that
every homotopy Segal E~-Hopf cooperad admits a cobar construction and that
every homotopy morphism of homotopy Segal Eo.-Hopf cooperads induces a
morphism on this cobar construction, so that our approach provides a lifting
to the context of F-algebras of classical homotopy cooperad structures that
are modeled on the bar duality of operads when we work in a category of
differential graded modules.

INTRODUCTION

The goal of this paper is to provide an effective framework for the study of homo-
topy models of operads. Various models of co-operads in simplicial sets and in topo-
logical spaces have been introduced in the literature. The model that we propose
in this paper elaborates on the Mandell model of the homotopy of spaces [12, 13],
which takes place in the category of E.-algebras.

By passing from spaces to F..-algebras, we replace operads by cooperad struc-
tures, which are dual to operad in the categorical sense. In a first step, we define a
notion of strict Segal E..-Hopf cooperad, which is close to an E,-algebra counter-
part of the Cisinski-Moerdijk notion of dendroidal space [3, 4]. In a second step,
we define a notion of homotopy Segal E..-Hopf cooperad. The idea is to integrate
homotopies in the composition schemes that govern the structure of our objects.
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This notion of homotopy Segal E.,-Hopf cooperad is the model that we aim to
define and study in the paper.

If we forget about FE..-algebra structures and focus on operads and cooperads
defined in a category of differential graded modules, then we can use the bar duality
theory to define notions of homotopy operads and of homotopy cooperads. The bar
duality approach enables authors to apply effective methods of perturbation the-
ory (like the basic perturbation lemma) for the study of homotopy operads and of
homotopy cooperads. We prove that every homotopy Segal E..-Hopf cooperad ad-
mits a cobar construction, and hence, defines a homotopy cooperad in the classical
sense. We also define a notion of homotopy morphism of homotopy Segal E..-Hopf
cooperads and we prove that every homotopy morphism induces a morphism on
the cobar construction. Hence, our notion of homotopy Segal E..-Hopf cooperad
provides a lift of the homotopy cooperads that are defined in terms of the cobar
construction when we forget about E,-algebra structures and work in a category
of differential graded modules.

The idea of our construction goes as follows. We work with the (chain) Barratt—
Eccles operad, denoted by E hereafter, which defines an E.-operad in the category
of differential graded modules. We take the category of algebras over the Barratt—
Eccles operad as a model for the category of E,-algebras in differential graded
modules. By the main result of the article [1], the normalized cochain complex of
a simplicial set N*(X) is endowed with an action of this operad. The object N*(X),
equipped with this particular F..-algebra structure, defines a representative of the
Mandell model of the space X.

The Barratt—Eccles operad is endowed with a diagonal. This observation implies
that the Barratt—Eccles operad acts on tensor products, and therefore, that the
category of algebras over the Barratt—Eccles operad inherits a monoidal structure
from the category of differential graded modules. But this monoidal structure is
only symmetric up to homotopy, because the diagonal of the Barratt—Eccles operad
is only homotopy cocommutative. For this reason, we can hardly define cooperads
in the ordinary sense in the category of algebras over the Barratt—Eccles operad.
To work out this problem, a first idea is to define homotopy cooperads in terms
of a functor on the category of trees, which represent the composition schemes of
operations in an operad. We follow this idea to define the notion of a strict Segal
F.-Hopf cooperad. We explicitly define a strict Segal E..,-Hopf cooperad as a
functor from the category of trees to the category of E..-algebras equipped with
facet operators that model subtree inclusions. The morphisms of E..-algebras that
we associate to the tree morphisms model the composition structure of our objects.
We will therefore refer to these morphisms as the coproduct operators attached to
our object.

We prove that every strict Segal E-Hopf cooperad is weakly-equivalent (quasi-
isomorphic) to a strict cooperad in the ordinary sense when we forget about Fo.-
algebra structures and transport our objects to the category of differential graded
modules. We use a particular feature of the category of algebras over the Barratt—
Eccles operad to simplify the definition of this forgetful functor: the coproduct of
any collection of objects in this category is weakly-equivalent to the tensor product
(in general, in a category of algebras over an Fo.-operad, such results are only valid
for cofibrant objects). We use a version of the Boardman—Vogt WW-construction to
establish this result.
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We already mentioned that the notion of a strict Segal E..-Hopf cooperad is close
to Cisinski-Moerdijk’s notion of a dendroidal space [3, 4]. (We also refer to [10] for
the definition of an analogous notion of homotopy operad in the differential graded
module context). The facet operators of our definition actually correspond to the
outer facets of dendroidal spaces, while the coproduct operators correspond to the
inner facets. The main difference lies in the fact that we do not take a counterpart
of operadic units and arity zero terms in our setting. The paper [2], about the bar
duality of operads in spectra, also involves a notion of quasi-cooperad, which forms
an analogue, in the category of spectra, of our strict cooperads.

To define a notion of a homotopy cooperad, an idea is to replace the category
of trees by a resolution of this category (actually, a form of the Boardman—Vogt
construction). We then replace our functors on trees by homotopy functors in order
to change the functoriality relation, which models the associativity of the coproduct
operators, into a homotopy relation. The resolution of the category of trees has
a cubical structure. We actually define our homotopy functor structure by taking
a cubical functor on this category, by using a cubical enrichment of the category
of F.-algebras. In the context of algebras over the Barratt—Eccles operad, this
cubical enrichment can be defined by using tensor products A ® I*, k > 0, where
I* represents the cellular cochain algebra of the k-dimensional cube [0,1]%. We
equivalently have I* = N*(A!)®* where we consider the k-fold tensor product
of the normalized cochain complex of the one-simplex A!. The cubical functor
structure that models the composition structure of our homotopy Segal cooperads
can then be defined explicitly, in terms of homotopy coproduct operators associated
to composable sequences of tree morphisms and with values in tensor products
with these cubical cochain algebras I*, k > 0. This is exactly what we do in
the paper to get our model of homotopy Segal F..-Hopf cooperads. To carry out
this construction, we crucially use that the object I* is endowed with an action of
the Barratt—Eccles operad and is equipped with compatible connection operators,
which we associate to certain degeneracies in the category of trees. Note that in
comparison to other constructions based on dendroidal objects (see for instance the
study of homotopy operads in differential graded modules of [10]), we keep strict
associativity relations for the facet operators corresponding to subtree inclusions.
To conclude the paper, we also prove that every homotopy Segal E.-Hopf cooperad
is weakly-equivalent to a strict Segal F,-Hopf cooperad

Previously, we mentioned that we use a comparison between coproducts and
tensor products to define a forgetful functor from Segal FE..-Hopf cooperads to
Segal cooperads in differential graded modules. However, the map that provides
this comparison, which is an instance of an Alexander—-Whitney diagonal, is not
symmetric. For this reason, we consider shuffle cooperads (in the sense of [5]) rather
than symmetric cooperads when we pass to Segal cooperads in differential graded
modules. Briefly recall that a shuffle (co)operad is a structure that retains the
symmetries of the composition schemes of operations in a (co)operad, but forgets
about the internal symmetric structure of (co)operads.

The category of shuffle operads and the dual category of shuffle cooperads were
introduced by Vladimir Dotsenko and Anton Khoroshkin in [5], with motivations
coming from the work of Eric Hoffbeck [9], in order to define an operadic counterpart
of the classical notion of a Grobner basis. This theory provides an effective approach
for the study of the homotopy of the bar construction of operads (in connection
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with the Koszul duality theory of Ginzburg-Kapranov [8]), because one can observe
that the (co)bar complex of a (co)operad only depends on the shuffle (co)operad
structure of this object (co)operad (when we forget the symmetric group actions).

We give brief recollections on the tree structures and on the conventions on
trees that we use all along this paper in a preliminary section. We also briefly
review the definition of cooperads in terms of functors defined on trees in this
section. We study the strict Segal cooperad model afterwards, in Section 1. Then
we explain our definition of homotopy Segal E..-Hopf cooperads. We address the
study of this notion in Section 2. We devote an appendix to brief recollections on the
definition of the Barratt—Eccles operad and to the proof of the crucial statements on
algebras over this operad that we use in the definition of homotopy Segal F..-Hopf
cooperads (the weak-equivalence between coproducts and tensor products, and the
compatibility of connections with the algebra structure of cubical complexes).

We work in a category of differential graded modules over an arbitrary ground
ring k all along this paper, where a differential graded module (a dg module for
short) generally denotes a module over the ground ring M equipped with a decom-
position of the form M = 69*62 M, and with a differential § : M — M such that
(M) C M._1. We therefore assume that our dg modules are equipped with a
lower grading in general, but we may also consider dg modules that are naturally
equipped with an upper grading M = @, ., M* and with a differential such that
§(M*) C M**1. We then use the classical equivalence M, = M~* to convert the
upper grading on M into a lower grading. We equip the category of dg modules with
the standard symmetric monoidal structure, given by the tensor product of dg mod-
ules, with a sign in the definition of the symmetry operator that reflects the usual
commutation rule of differential graded algebra. We call weak-equivalences the
quasi-isomorphisms of dg modules and we transfer this class of weak-equivalences
to every category of structured objects (algebras, cooperads) that we may form
within the category of dg modules.

We take the category of algebras over the chain Barratt—Eccles operad, denoted
by E, as a model for the category of E-algebras in dg modules. We use the
notation E Alg for this category of dg algebras. We also adopt the notation Vv for
the coproduct in E Alg. We refer to the appendix §A for detailed recollections on
the definition and properties of the chain Barratt—Eccles operad, and for a study
of the properties of the coproduct, notably the existence of a weak-equivalence
EM: A® B =5 AV B that we use in our constructions. We also use that the
normalized cochain complex of a simplicial set N*(X) inherits the structure of an
E-algebra. We refer to [1] for the definition of this E-algebra structure. (We give
brief recollections on this subject in §A.) We also adopt the notation ¥, for the
symmetric group on r letters all along the paper.

The authors acknowledge support from the Labex CEMPI (ANR-11-LABX-
0007-01) and from the FNS-ANR project OCHoTop (ANR-18CE93-0002-01).

0. BACKGROUND

The first purpose of this section is to briefly explain the conventions on trees
that we use all along the paper. Then we briefly recall the definition of the notion
of a shuffle cooperad, which is intermediate between the notion of a non-symmetric
cooperad and the notion of a symmetric cooperad. The idea of shuffle cooperads
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is to retain the symmetries of the composition schemes of cooperads (based on
trees), but to forget about the internal symmetric structure of our objects, as we
already explained in the introduction of the paper. This construction is possible for
cooperads with no term in arity zero, because the trees that we consider in this case
have a natural planar embedding (and as such, have trivial automorphism groups).

In what follows, we mainly consider shuffle cooperads (rather than shuffle oper-
ads), and our main interest for this notion lies in the observation that the category
shuffle cooperads is endowed with a cobar complex functor, which is the same as
the cobar complex functor on the category of cooperads when we forget about the
internal symmetric structure of our objects.

0.1. Recollections and conventions on the categories of trees. In general,
we follow the conventions of the book [7, Appendix A] for the definitions that
concern the categories of trees.

To summarize, we consider the categories, denoted by Tree(r) in [7, §A.1], whose
objects are trees T with r ingoing edges eq, . . ., e, numbered from 1 to r (the leaves),
one outgoing edge ey (the root), and where each inner edge e is oriented from a
source vertex s(e) to a target vertex t(e) so that each vertex v has one outgoing
edge and at least one ingoing edge. The morphisms of Tree(r) are composed of
isomorphisms and of edge contractions, where we assume that the isomorphisms
preserve the numbering of the ingoing edges. The assumption that each vertex in
a tree has at least one ingoing edge implies that our trees have a trivial automor-
phism group (see [7, §A.1.8]). In what follows, we use this observation to simplify
our constructions. Namely, we can forget about isomorphisms by picking a repre-
sentative in each isomorphism class of trees, and we follow this convention all along
the paper.

The set of vertices of a tree T € Tree(r) is denoted by V(T) whereas the set of
edges is denoted by E(T). The set of inner edges (the edges which are neither a
leaf nor a root) is denoted by E(T). For a vertex v € V(T), we use the notation r,,
for the set of edges e such that t(e) = v.

The symmetric group X, acts on the category of r-trees Tree(r) by renumbering
the ingoing edges. In what follows, we also consider a version of the category of
trees Tree(r) where the ingoing edges of the trees are indexed by an arbitrary finite
set r, and not necessarily by an ordinal, so that the mapping r — Tree(r) defines a
functor from the category of finite sets and bijections between them to the category
of small categories. The categories of trees are endowed with composition operations
o; : Tree(k) x Tree(l) — Tree(k+1—1), which provide the collection Tree(r), r > 0,
with the structure of an operad in the category of categories. These composition
operations have a unit, the 1-tree J€ Tree(1), with a single edge which is both the
root and a leave, but we put this tree aside actually, and we do not consider it in
our forthcoming constructions.

Recall that we call r-corolla the r-tree Y € Tree(r) with a single vertex v, one
outgoing edge with this vertex v as a source, and r ingoing edges targeting to
v. We also consider corollas Y € Tree(r) whose sets of ingoing edges are indexed
by arbitrary finite sets r. To each vertex v in a tree T, we can associate an r,-
corolla Y, C T, with v as vertex, the ingoing edges of this vertex in T as set of
ingoing edges, and the outgoing edge of v as root. The existence of a tree morphism
f:T — S is equivalent to the existence of a decomposition T = As(X,,v € V(S)),
where As denotes a treewise operadic composition operation, shaped on the tree S,



6 BENOIT FRESSE AND LORENZO GUERRA

of subtrees X, C T, v € V(S), that represent the pre-image of the corollas Y, C S,
v € V(S), under our morphism. For tree with two vertices [, the composition T =
Ar(X,;X,) is equivalent to a operadic composition operation T = sh.(X,0; X,),
where sh, denotes the action of a permutation, associated to a partition of the
form {1 < --- <7} ={iy < - <ip<---<ixg}{j1 <--- < ji}, which reflects
the indexing of the leaves in the tree [. The index i, is a dummy composition
variable which we associate to the inner edge of this tree [. We can insert this
dummy variable at the position such that i,_1 < ji < ip41 inside the ordered set
{iy < <ip<---<ir} C{l<---<r}inorder to work out the symmetries of
this operation (we go back to this topic in the next paragraph).

Each r-tree T € Tree(r) has a natural planar embedding, which we determine
as follows. Let {eq, « € r,} be the set of ingoing edges of a vertex v € V(T). Each
edge e, can be connected to a leaf e; through a chain of edges eq = €ny, €y, - - -,
€a; = €., such that t(es,) = s(eq,_,), for k = 1,...,1. Let my € {1,...,r} be
the minimum of the indices ¢, of these leaves e;, that lie over the edge e, in the
tree T. We order the set of ingoing edges e,, a € r,, of our vertex v by taking
ea < eg when my < mg. We perform this ordering of the set of ingoing edges
for each vertex v € V(T) to get the planar embedding of our tree. We have an
obvious generalization of this result for the trees T € Tree(r) whose ingoing edges
are indexed by a set r equipped with a total ordering. The existence of this natural
planar embedding reflects the fact that the automorphism group of any object T is
trivial in our categories of trees Tree(r).

0.2. Recollections on the treewise definition of cooperads and of shuffle
cooperads. Throughout the paper, we mainly use a definition of cooperads in
terms of collections endowed with treewise composition coproducts. We refer to
[7, Appendix C] or [11, Section 5.6], for instance, for a detailed account of this
combinatorial approach to the definition of a cooperad.

In the paper, we more precisely use that a cooperad C is equivalent to a collection
of contravariant functors on the categories of trees C : T — C(T) such that C(T) =
Qpev ) C(Y,), for all T € Tree(r) and where the morphism prs : C(S) = C(T)
induced by a tree morphism f : T — S also admits a decomposition of the form
P15 = Quev(s) Px,—y, When we use the relation T >~ As(X,,v € V(S)). In the
standard definition, the definition of the structure of a cooperad is rather expressed
in terms of the coproduct operations py _,y ~which generate the general operators
pT—s associated to the tree morphisms f : T — S. (We review this reduction of
the definition later on in this paragraph.) The consideration of general coproduct
operators pt_,s in the definition of a cooperad is motivated by the definition of the
category of Segal cooperads in the next section.

In the definition of a symmetric cooperad, we assume, besides, that the symmet-
ric group X, acts on the collection C(T), in the sense that a natural transformation
s:C(T) = C(sT), T € Tree(r), is associated to each permutation s € ¥,, where
T — sT denotes the action of this permutation on the category of trees Tree(r).
Then we require that the decomposition C(T) = @),y (1) C(Y,) is, in some natural
sense, preserved by the action of the symmetric groups. Note that we can again
extend the definition of the functor underlying a cooperad C to the categories of
trees Tree(r) whose leaves are indexed by arbitrary finite sets r. We then consider
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an action of the bijection of finite sets to extend the action of the permutations on
ordinals.

Recall that Y,, denotes the corolla generated by a vertex v in a tree T. The object
C(Y) associated to a corolla Y only depends on the number of leaves of the corolla
(since all corollas with r leaves are canonically isomorphic). Thus the decomposi-
tion relations of the above definition imply that our functor is fully determined by
a sequence of objects C(r), r > 0, equipped with an action of the symmetric groups
Y., so that C(Y) = C(r) for a corolla with r-leaves, together with coproduct oper-
ations C(r) = C(Y) — C(T), which we associate to the tree morphisms with values
in a corolla T — Y. Furthermore, these coproduct operations can be generated by
coproduct operations with values in a term C(I) such that [ is a tree with two
vertices, because every tree morphism T — S can be decomposed into a sequence
of edge contractions, which are equivalent to the application of tree morphisms of
the form ' — Y, inside the tree T.

In this equivalence, we can still consider a collection C(r) indexed by arbi-
trary finite sets r, and take C(Y) = C(r) for a corolla Y whose set of leaves is
indexed by a finite set r. Note that such a consideration is necessary in the ex-
pression of the decomposition C(T) = @,cy 1) C(Y,), because we then take an
arbitrary set to index the edges of the corollas Y,, which correspond to the in-
going edges of the vertices of our tree (but we go back to this observation in the
next paragraph). If we unravel the construction, then we get that the 2-fold co-
products C(r) = C(Y) — C(I) are equivalent to coproduct operations of the form
of :+C(r) = C(r,) ® C(r,) with r, = {i1,...,ip,... i} and r, = {j1,...,ji} such
that {iq,... ,iAp, ooyt P I{G1, .- -, Ji} = r. (We then retrieve the dual of the classical
partial product operations associated to an operad.)

Recall that we assume by convention that the vertices of our trees have at least
one ingoing edge. (For this reason, we assume that the sequence of objects C(r),
which underlies an operad, is indexed by positive integers r > 0.) This convention
enables us to order the ingoing edges of each vertex in a tree whose leaves are
indexed by an ordinal r = {1 < --- < r}, and as a consequence, to get rid of the
actions of the symmetric groups in the construction of the tensor product C(T) =
yev ) C(Y,) (since we can use such a canonical ordering of the edges of the
corolla Y, to fix a bijection between the indexing set of this set of edges r, and an
ordinal {1 < --- < r,}). The idea, explained in [6], is to order the ingoing edges
according to the minimum of the index of the leaves of the subtree that lie over
each edge.

This observation is used to define the notion of a shuffle cooperad. Indeed, a
shuffle cooperad explicitly consists of a collection of contravariant functors on the
categories of trees C : T — C(T) with the same operations and structure properties
as the classical symmetric cooperads, but where we forget about the actions of
permutations. If we express the definition in terms of 2-fold coproducts, then we
get that a shuffle cooperad consists of a collection C(r), r > 0, equipped with
coproducts of : C({l < -~ <r}) = C({ir < <ip <....0}) @ C({j1 <+ <
ji1}), associated to partitions {i; < -+ < iy < --- < i} {j1 < - <ji}={l <
-+ < 1} such that i,_1 < j1 < ipy1 (see [5]). These partitions are equivalent to the
pointed shuffles of [9].

Note that we can extend the ordering of the ingoing edges of each vertex in a tree
to an ordering of the vertices themselves. We use this observation in our definition
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of the forgetful functor from the category of Segal cooperads in E.-algebras to the
category of Segal cooperads in dg modules.

0.3. Counits, connected cooperads and local conilpotence. In the standard
definition of a cooperad, we assume that the coproducts o;kp satisfy natural counit
relations with respect to a counit morphism which we associate to our objects,
but we forget about this counit morphism and about the counit conditions in the
definition of the previous paragraph. The cooperads that we consider are actually
equivalent to the coaugmentation coideal of coaugmented cooperads. If we start
with the standard definition of a cooperad (where we have a counit), then we should
take components of the coaugmentation coideal of our cooperad C in the defini-
tion of the treewise tensor products C(T) = @,cy (1) C(Y,,) and of the treewise
coproducts pr_s : C(S) — C(T). B

In the definition of cooperads, one often has to assume the validity of a local
conilpotence condition. In the treewise formalism, this local conilpotence condition
asserts that for every element z € C(S) in the component of a cooperad C associated
to atree S € Tree(r), we can pick a non-negative integer N, € N such that V' (T) >
N; = pros(x) = 0, for every tree T € Tree(r). This condition ensures that the
map p : C(S) — [[+_s C(T) induced by the collection of all coproducts pr_s :
C(S) — C(T) factors through the sum P+_, C(T).

In what follows, we may actually need a stronger connectedness condition, which
we define by requiring that the components of our object C(T) vanishes when the
tree T contains at least one vertex with a single ingoing edge. For an ordinary
cooperad, this requirement is equivalent to the relation C(1) = 0. In general, this
connectedness condition implies that our object C reduces to a structure given
by a collection of functors T +— C(T) on the subcategories Tree(r) C Tree(r)
formed by trees T where all the vertices have at least two ingoing edges (in [7,
§A.1.12] the terminology ‘reduced tree’ is used for this subcategory of trees). The
conilpotence of the cooperad C then follows from the observation that for any given
tree S € Tree(r), we have finitely many morphisms such that T — S in Tree(r). We
say that a cooperad is connected when it satisfies this connectedness requirement
C(1) =0, or equivalently, when T ¢ Tree(r) = C(T) = 0.

In what follows, we will similarly say that a Segal cooperad C when it satisfies
the same treewise condition T ¢ Tree(r) = C(T) = 0. We mainly use the local
conilpotence and the connectedness condition in our study of the W-construction
of (Segal) shuffle dg cooperads and in our definition of the cobar construction for
homotopy Segal shuffle dg cooperads.

1. THE CATEGORY OF STRICT SEGAL E..-HOPF COOPERADS

We study the category of Segal E.,-Hopf cooperads in this section. We devote
our first subsection to the definition of this category. We then study strict Segal dg
cooperads, which are structures, defined within the category of dg modules, which
we obtain by forgetting the E..-algebra structures attached to the definition of a
Segal E..,-Hopf cooperad. We also explain the definition of an equivalence between
our Segal dg cooperads and ordinary dg cooperads. We devote the second subsection
of this section to these topics. We study the cobar complex of Segal dg cooperads
afterwards, in a third subsection. We eventually explain a correspondence between
operads in simplicial sets and Segal F.,-Hopf cooperads. We prove that we can
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retrieve a completion of operads in simplicial sets from a corresponding Segal F.-
Hopf cooperad. We devote the fourth subsection of the section to this subject.

Recall that we use the notation E for the chain Barratt—Eccles operad and that
E Alg denotes the category of algebras in dg modules associated to this operad.

1.1. The definition of strict Segal FE..-Hopf cooperads. We begin our study
by defining the objects of our category of Segal FE.,-Hopf cooperads. We actu-
ally define beforehand a notion of Segal F.,-Hopf pre-cooperad, which consists of
objects equipped with all the operations that underlie the structure of a Segal F.-
Hopf cooperads (coproduct and facet operators), and then we just define a Segal
E.-Hopf cooperad as a Segal E..-Hopf pre-cooperad whose facet operators satisfy
an extra homotopy equivalence condition (the Segal condition). We make these
definitions explicit in the first paragraph of this subsection. We explain the defi-
nition of morphisms of Segal E,-Hopf cooperads afterwards in order to complete
the objectives of this subsection. We are guided by the combinatorial definition of
cooperads in terms of trees, which we briefly recalled in the overview of §0.2.

Definition 1.1.1. We call (strict) Segal E..-Hopf shuffle pre-cooperad the struc-
ture defined by a collection of E-algebras

A(T) € EAlg, T € Tree(r), r >0,
equipped with

— coproduct operators
pr1-s t AS) = A(T),

defined as morphisms of E-algebras, for all tree morphisms f : T — S,
and which satisfy the following standard functoriality constraints Pg =y =
idas) and pT—,y©pu—s = pTs, for all pairs of composable tree morphisms
T—-U=S,

— together with facet operators

iss: AZ) = A(S),

also defined as morphisms of E-algebras, for all subtree embeddings ¥ C
S, and which satisfy the following functoriality relations iss = ids and
losoize =ixs, forall X CO©CS,

— and where we also assume the verification of a compatibility relation be-
tween the facet operators and the coproduct operators. We express this
compatibility relation by the commutativity of the following diagram:

Pr

AS) —— = A(T)
A
is,s fp-lyT
Phip—1g 2
A(Z) =A(f~ L),

forall f: T — Sand £ C S, where f~}(X) C T denotes the subtree such
that V(f~1X) = f~1V(S) and we consider the obvious restricted morphism
flyag: fTIZ =X
We say that a Segal F,-Hopf shuffle pre-cooperad A is a Segal F..-Hopf shuffle
cooperad when it satisfies the following extra condition (the Segal condition):
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(*) The facet operators iz 1 : A(X,) — A(T) associated to a tree decomposi-
tion T = As(X,,v € V(S)) induce a weak-equivalence

vz V AEZ,) AT
VeV (S)

when we pass to the coproduct of the objects A(X,) in the category of
E-algebras. We refer to this weak-equivalence iygs ) as the Segal map

associated to the decomposition T = As(X,,v € V(S)).
We finally define a Segal E.,-Hopf symmetric (pre-)cooperad as a Segal E..-Hopf
shuffle (pre-)cooperad A equipped with an action of the permutations such that
s*: A(sT) — A(T), for s € ¥, and T € Tree(r), and which intertwine the facets
and the coproduct operators attached our object.

We have the following statement, which enables us to reduce the verification of
the Segal condition to particular tree decompositions.

Proposition 1.1.2. For any Segal E..-Hopf shuffle pre-cooperad A, we have an
equivalence between the following statements:

(1) The Segal condition holds for all tree decompositions T = As(X,,v € V(3)).

(2) The Segal condition holds for all tree decompositions of the form T =
Ar(Z,,X,) =X, 0, X, where we take an operadic composition along a tree
with two vertices [ equivalent to the performance of an operadic composi-
tion product X, 0; X, of a pair of trees X,,, X, C T (we abusively omit the
action of the shuffle permutation that we associate to general composition
operations of this form, see §0.1).

(3) The Segal condition holds for all decompositions of trees into corollas T =
Ar(Y,,v € V(T)). O

We now define morphisms of strict Segal E..-Hopf cooperads.

Definition 1.1.3. A morphism of Segal FE..-Hopf shuffle (pre-)cooperads ¢ : A —
B is a collection of E-algebra morphisms ¢7 : A(T) — B(T), T € Tree(r), r > 0,
which preserve the action of the facets and coproduct operators on our objects in
the sense that:

(1) the diagram

commutes for all tree morphisms T — S,
(2) the diagram

commutes for all subtree embeddings ¥ C S.
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If A and B are Segal E.,-Hopf symmetric (pre-)cooperads, then ¢ : A — B is
a morphism of Segal F..-Hopf symmetric (pre-)cooperads when ¢ preserves the
action of permutations on our objects in the sense that

(3) the diagram

A(sT) 22

A(i 4> B(I
commutes, for all s € ¥, and T € Tree(r).

The morphisms of Segal E.-Hopf shuffle (pre-)cooperads can obviously be com-
posed, as well as the morphisms of Segal F..-Hopf symmetric (pre-)cooperads, so
that we can form a category of Segal E..-Hopf shuffle (pre-)cooperads and a cat-
egory of Segal E..-Hopf symmetric (pre-)cooperads. In what follows, we adopt
the notation E Hopf sh SeqgOp© for the category of Segal F.,-Hopf shuffle cooperads
and the notation E Hopf > SegOp° for the category of Segal F..,-Hopf symmetric
cooperads.

1.2. The forgetting of F.,-structures. To any Segal F..-Hopf cooperad A, we
can associate a Segal cooperad in dg modules by forgetting the E-algebra structure
attached to each object A(T). We examine this construction in this subsection. We
need to assume that the vertices of our trees are totally ordered in order to make
the construction of the forgetful functor from Segal E..-Hopf cooperads to Segal
dg cooperads work. For this reason, we restrict ourselves to Segal shuffle cooperads
all along this subsection, though our definition of Segal dg cooperads makes sense
in the symmetric setting.

Definition 1.2.1. We call Segal shuffle dg pre-cooperad the structure defined by
a collection of dg modules

A(T) € dg Mod, T € Tree(r), r > 0,
equipped with
— coproduct operators
pra—s t AS) — A(D),

defined as morphisms of dg modules, for all tree morphisms f : T — S, and
which satisfy the same standard functoriality constraints as in the case of
Segal E..-Hopf shuffle cooperads,

— together with Segal maps

Z)\s ® A )

veV(S)

defined as morphisms of dg modules, for all tree decompositions T =
As(X,,v € V(S)), and such that for the trivial decomposition T = Ay(T),
we have iy, (1) = ida(T), while for nested decompositions T = = Au(9,,u €
V(U)) and ©, = As (X,,v € V(S,)), u € V(U), we have
i) (@) ing, (2) = irs(z.):
ueV(U)
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where we consider the composite decomposition T = As(X,, v € V(S)) with
S = Au(S,.u e V(U)),

— and where we still assume the verification of a compatibility relation be-
tween the Segal maps and the coproduct operators. We express this dg
module version of the compatibility relation by the commutativity of the
following diagram:

Pr

AT)

iAu@*)T T%(flz*)

®u€V(g) A(Zu) ®uEV(g) A(f_l Zu)

®uev(g) pf‘fflzu

for all tree morphisms f : T — S and decompositions S = Ay(X,,v € V(U)),
where we consider the pre-image f~! ¥, C T of the subtrees ¥, C S.

We then say that a Segal shuffle dg pre-cooperad A is a Segal shuffle dg cooperad
when the following Segal condition holds:

(*) The Segal map s ) is a weak-equivalence

i) Q) AL, = AT,
veV(S)
for every decomposition T = As(X,,v € V(S)).
We still define a morphism of Segal shuffle dg (pre-)cooperads ¢ : A — B as a
collection of dg module morphisms ¢t : A(T) — B(T) that preserve the coproduct
operators pr—,s and the Segal maps iy (x_) in the obvious sense. We use the notation

dg sh SeqOp° for the category of Segal shuffle dg cooperads, which we equip with
this notion of morphism.

The forgetful functor from the category of strict Segal E.-Hopf shuffle cooperads
to the category of Segal shuffle dg cooperads essentially ignores the F-structures
attached to our objects. However, Definition 1.1.1 uses the coproduct of E-algebras
V, while Definition 1.2.1 uses the tensor product ®. To pass from one to the other,
we need to use the natural transformation EM described in Construction A.3.

Proposition 1.2.2. Let A be a strict Segal Eo.-Hopf shuffle cooperad, with coprod-
uct operators pr—s : A(S) — A(T) and facet operators ix s : A(X) — A(S). The
collection A(T), T € Tree(r), equipped with the coproduct operators inherited from
A and the Segal maps given by the composites

EM Irg(Z,)
R Az, =\ AEZ,) = AT,
veEV(S) veV(S)

for all tree decompositions T = As(X,,,v € V(S)), is a Segal shuffle dg cooperad.

Proof. We easily deduce from the associativity of the facet operators in the defini-
tion of a Segal E.,-Hopf shuffle cooperad (§1.1.1) that the Segal maps of E-algebras
ix(z,) © Voev(s) AZ,) — A(T) satisfy natural associativity relations, which par-
allel the associativity relations of the Segal maps of Segal shuffle cooperads in dg
module. (By the universal properties of coproducts, we are left to verifying such
a relation on a single summand of our coproducts.) We use the associativity of
the transformation EM to pass from this associativity relation on coproducts to
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the associativity relation on tensor products which is required in the definition of
Segal shuffle dg cooperad. We eventually deduce from the result of Proposition A.4
that the dg cooperad version of the Segal condition for A is equivalent to the Segal
condition of strict Segal E..-Hopf cooperads. O

Remark 1.2.3. Note that the definition of the Segal map in the construction of
this proposition requires to pick an order on the vertices of the tree S since the
transformation EM is not commutative.

We immediately see that an ordinary shuffle dg cooperad, in the sense of the
definition of §0.2, is equivalent to a Segal shuffle dg cooperad where the Segal
maps define isomorphisms ix,(x ) : @ ,ev(s) AZ,) = A(T). We aim to prove that
every Segal shuffle dg cooperad is weakly-equivalent to such an ordinary shuffle dg
cooperad. We then need to assume that our Segal shuffle dg cooperad satisfies the
connectedness condition of §0.3. Namely, we have to assume that A(T) = 0 when
the tree T is not reduced (contains at least one vertex with a single ingoing edge).
Recall that we say that A is connected when it satisfies this condition.

We use a version of the Boardman—Vogt W-construction in order to establish the
existence of our equivalences. We explain the definition of this construction in the
next paragraphs. We first explain the definition of a covariant functor of cubical
cochains on the category of trees. We will pair this functor with the contravariant
functor underlying a Segal shuffle dg cooperad to define the W-construction.

In fact, we do not need the full connectedness condition for the definition of
the Boardman—Vogt W-construction of a Segal shuffle dg cooperad A, because the
definition makes sense as soon as the coproduct operators of our object fulfill the
local conilpotence property of §0.3 (which is implied by the connectedness condition,
but can be satisfied in a broader context). We will explain the definition of the
Boardman—Vogt W-construction in this setting.

Construction 1.2.4. Fix S € Tree(r). For a tree morphism T — S, equivalent to
a treewise decomposition T = As(X,,v € V(S)), we set:

0'T/s) = X (A,

c€B(L,)veV(S) T,

where we associate a factor I, = N*(Al) to every inner edge of a subtree ¥, C T
(recall that £(8) denotes the set of inner edges, which we associate to any tree ©
in our category).

This collection of dg modules O0*(T /S) defines a covariant functor on the over
category of tree morphisms T — S, where T € Tree(r). Recall that the cochain
complex N*(A1) is given by N*(A!) = k0* @k 1* k 01°, with the differential such that
5(0%) = —01* and 6(1%) = 01* (see §A.5). We use that a composite of tree morphisms
T — U — S is equivalent to a double decomposition U = A,cv(s)(S,,v € V(S))
and T = Ayevy(Z,,uv € V(U)), which yields T = Xycv(s)(Q,,v € V(§)), with
9, = Auevs,)(Zy,u € V(S,)). We define

Orouys:O°(T/S) - 0O(U/YS)

as the morphism of dg modules inducedoby the identity mapping on the factors I,
associated to the edges such that e ¢ E(X,), for all w € V(U), and by the map
do : I. — k such that do(1*) = 1 and dp(0*) = do(01*) = 0 on the factors I.
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associated to the edges e such that we have e € E(X,), for some u € V(U) (the
edges which collapse when we pass to U).

The collection O*(T /S) also defines a contravariant functor on the under cat-
egory of tree morphisms T — S, when we fix T € Tree(r) instead of S € Tree(r).
For tree morphisms T — U — S as above, we then consider the map

p1/uss 10N (T/S) = O%(T/V)
induced by the identity mapping on the factors I. associated to the edges such that
e € B(L,), for some u € V(U), and by the map dy : I, — k such that d; (0%) = 1
and d; (ﬂ) = d; (ﬂu) = 0 on the factors I, associated to the edges e such that
e d B(L,), for all u € V(U).

We easily check that the above constructions yield associative covariant and
contravariant actions on our collection of dg modules [0*(T /S), which, in addition,
commute to each other. We accordingly get that our mapping (T — S) — O*(T/S)
defines a covariant functor on the comma category of tree morphisms T — S.

Remark 1.2.5. The application of the face operator dy for the definition of the co-
variant functor structure on the collection (0*(T /S) and the application of the face
operator dy for the definition of the contravariant functor structure is converse to
the usual convention for the definition of the W-construction. This choice is moti-
vated by our choices regarding the definition of the cobar construction of homotopy
Segal dg cooperads, which are themselves forced by the definition of connections in
the category of E-algebras, and by a seek of coherence between the definition of the
W-construction and the definition of the cobar construction of (homotopy) Segal
dg cooperads, which we need in order to be able to compare the W-construction
with the cobar construction.

We now address the definition of the W-construction.

Construction 1.2.6. Let A be a Segal shuffle dg pre-cooperad. We assume that
the treewise coproduct operators on A satisfies the local conilpotence condition
of §0.3. We set:

S0

. T

W (A)(S) = eq( Br s T (T/S) @ AT) % Drous U/ @A),

where we take the equalizer eq of the map d° induced by the covariant action
O*(T/S) — O%(U/S) of the tree morphisms T — U and of the map d' induced
by the contravariant action A(U) — A(T) on our tensors. (The reflection map s is
given by the projection onto the summands such that T = U.) We may equivalently
use the following end-style notation for this equalizer:

W (A)(S) = / O(T/9) 9 AT)

where the notation [ " refers to the consideration of sums (rather than products)
in the above equalizer definition of our object. We note that this additive end is
well defined because the local conilpotence condition implies that the contravariant
action operations A(U) — A(T) land in a sum when T varies, while the covariant
action operations O0*(T /S) — O*(U /S) land in a sum because each tree morphism
T — S has finitely many factorizations T — U — S.
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The objects W¢(A)(S) inherit natural coproduct operators pﬂ’ s W(ANS) —
We(A)(U) by covariant functoriality of the objects O0*(T /S). Besides, we have, for
each tree decomposition S = A\y(X,,,u € V(U)), a natural Segal map

i Q) W(A(Z,) > W(A)S),

ueV(U)

induced by the following operators on our additive end

X 07(@u/Z.) ® A©,) — T"(Au(@,)/S) ® Au(8,)),

ueV ()

where we fix a collection of tree morphisms ©, — X, v € V(U), which we put
together on U in order to get a tree morphism )xU(@ ) = Au(X,) =S, and we use
the obvious isomorphism &), ¢y ) 0" (€, / Z,) = 0" (Au(©,)/S) together with the
Segal map iy, (e,) : Quevu) A(@u) = A(T) on A for the tree T = Ay(0,)).

We check that the above construction provide the object W(A) with a well-
defined Segal dg cooperad structure later on. We define, before carrying this ver-
ification, a decomposed version of the W-construction. The idea is to replace the
contravariant functor A(T) in the definition of the W-construction by a decomposed
version of this functor, which we construct in the next paragraph.

Construction 1.2.7. We again assume A that is a Segal shuffle dg pre-cooperad.
For a tree morphism T — S, equivalent to a treewise decomposition T = As(X,,v €

V(9)), we set:
AT/S) = Q) AZ,)
veV(S)

The collection of these objects inherits the structure of a contravariant functor
on the over category of tree morphisms T — S, where we fix the tree S € Tree(r)
and T varies. We proceed as follows. Let f : U — T be a tree morphism, which
we compose with the above morphism T — S to get U — S. In this case, for
the decomposition U = As(0,,v € V(S)), we have ©, = f~1 L, C U denotes the
pre-image of the subtree X, C T under the morphism f : U — T. Furthermore, we
can identify our morphism f : U — T. with the morphism As(©,) — As(X,) which
we obtain by putting together the morphisms flg :©, — X, on the tree S. We
just define the decomposed coproduct operator

pusT /st AT/S) = AU/S)

as the tensor product of the coproduct operators pe —~x :A(Z,) — A(8,) which
we associate to these restrictions f |@U 19, — L,

The collection A(T /S) also defines a covariant functor on the under category
of tree morphisms T — S, when we make the tree S vary and we fix T € Tree(r).
We consider a composable sequence of morphisms T — U — S. We write U =
Avev(s)(S,) for the decomposition equivalent to the morphism f : U — S and
T = Mev(X,) for the decomposition equivalent to the morphism T — U.
Then the decomposition equivalent to the composite morphism T — S reads T =
Aoev(s)(©,,v € V(§)) with ©, = As (X,,u € V(S,)), for v € V(S). The operator

U ?

it/uss tA(T/U) = AT/ V)
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of the covariant action of f : U — S on our collection is given by the tensor product
of the Segal maps iy, (5 ) : ®ueV(§U) A(X,) — A(©,) which we associate to the
decompositions ©, = As (X,,u € V(S,)).

We easily check that the above constructions yield associative covariant and
contravariant actions on our collection A(T /S), which, in addition, commute to
each other. We accordingly get that our mapping (T — S) — A(T/S) defines a

contravariant functor on the comma category of tree morphisms T — S.
We can now proceed to the definition of our decomposed W-construction.

Construction 1.2.8. Let A be a Segal shuffle dg cooperad. We assume that A
satisfies the local conilpotence condition of §0.3 as in Construction 1.2.6. We set:

W (A)(S) = / O(IT/S) 9 AT/S)

where the notation [ " refers to the same additive end construction as in Construc-
tion 1.2.6, and we consider the decomposed contravariant functor A(T /S) defined
in the previous paragraph. We note again that this additive end is well defined
because the local conilpotence condition implies that the decomposed coproduct
operators A(T/S) — A(U/S) land in a direct sum when U varies, like the coprod-
uct operators A(T) — A(U) in Construction 1.2.6 (and yet because the covariant
action on [0*(T /S) involves finitely many terms on each term of the end).

The coproduct operators p{} s : WS,.(A)(S) — WS, .(A)(U) are defined by using
the covariant functoriality of the objects 0*(T/S) and A(T/S). For each tree
decomposition S = Ay(L,,, v € V(U)), we define the Segal map

i s R W(AZ,) = W(A)S),
ueV (U)

termwise, by the morphisms

Q) 070, /L.)®A©,/L,) = 0" (\(8,)/S) @ A\u(8,)/9S),
uev (L)
associated to the collections of tree morphisms ©, — X,,, v € V(U), which we get
by tensoring the same isomorphisms @,y ) 0" (€, / L,) =~ 0" (Au(©,)/S) as in
Construction 1.2.6 with parallel isomorphisms &),y ) A(Q, / Z.,) =~ A(Au(©,)/S),
which we associate to the objects of Construction 1.2.7.

We have the following observation, which can be used to give a reduced de-
scription of both the W-construction W¢(A) and the decomposed W-construction
Wiee(A)-

Lemma 1.2.9. The additive end equalizers in the definition of the W -construction
We(A) in Construction 1.2.6 and in the definition of the decomposed W -construction
WS..(A) in Construction 1.2.8 split when we forget about differentials, so that the
terms of these objects have a reduced description of the form:

W(A)(S) = €D LO"(T/S) ® A(T),

TS

Wiee(A)(S) = @D LO*(T/S) @ A(T/S),

TS
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where, for a tree morphism T — S equivalent to a tree decomposition such that T =
Avev(s)(Zy,v € V(S)), we define LO*(T /S) C O*(T /S) by the tensor product:

Lo(T/s)= Q)  (kofekol?).

c€B(Z,),veV(S) .

(Thus, we just drop the factors 1% from the normalized cochain complezes I, =
N*(AY) in the expression of the object 0*(T /S).)

Proof. This lemma readily follows from the fact that the terms w = o ® a €
O*(T/S) ® A(T) (respectively, w = 0 @ o € O0*(T /S) ® A(T /S)) with 1¥ factors
in the additive end definition of the object W°(A)(S) (respectively, WS,.(A)(S)) are
determined by the equalizer relations, which identify such terms with the image
of tensors of the form @' = o’ @ o/ € LO*(T'/S) ® A(T') (respectively, @’ =
o' ®a’ € LO*(T'/S) ® A(T' /S)) under the action of coproduct operators, where
o’ is defined by withdrawing the factors 1% from o € O*(T/S) and T is the tree
obtained by contracting the edges e that correspond to such factors in T. Indeed,
we then have 0’ = 0r_,1//s(0) and, in the case of W-construction W(A), from the
zigzag of morphisms

0*(T/S) ® A(T) 0T /S ® AT,

0T /s) ® A(T)

which we extract from our equalizer, we see that we have the identity o’ @ a = ¢’ ®
pro1 () = a = pro1(a). We argue similarly in the case of the decomposable
W -construction. (]

We now check the validity of the definition of our Segal shuffle dg pre-cooperad
structure on the W-construction W¢(A) in Construction 1.2.6 and on the decomposed
W-construction W5, .(A) in Construction 1.2.8. We use the following straightforward
observation (see [7, Appendix A]).

Lemma 1.2.10. Let S = Ay(X,,u € V(U)) be a tree decomposition. There is
a bijection between the set of collections of composable pairs of tree morphisms
{©, =T, = X,,uecVU)} indexed by V(U) and the set of composable pairs of
tree morphisms © — T — S, which associates the morphisms Ay(9,,,u € V(U)) —

Aw(TueVU)) = (X, u € V(U)) =S to any such collection {©, — T, —
x,,ueV(U}. O

Theorem-Definition 1.2.11. The objects W(A) and W5, .(A), equipped with the
coproduct operators and the Segal maps defined in Construction 1.2.6, form Segal
shuffle dg pre-cooperads, to which we respectively refer as the W -construction and
the decomposed W -construction of the Segal shuffle dg (pre-)cooperad A.

For the decomposed W -construction W5, .(A), we get in addition that the Segal

maps define isomorphisms
i)t @) WieelA(E,) = Wieo(A)(D),
veV(S)

for all tree decompositions T = Xs(X,,v € V(S)), so that W, .(A) is identified with
a shuffle dg cooperad in the ordinary sense.
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Proof. The associativity of the coproduct operators on W°(A) and WS,.(A) is im-
mediate from the definition of these morphisms in terms of associative actions on
the terms of our additive ends in Construction 1.2.6 and Construction 1.2.8. We
similarly check the validity of the associativity condition for the Segal maps that
we attach to our objects. We also deduce the compatibility between the Segal maps
and the coproduct operators from termwise counterparts of this relation.

To establish that Segal maps define isomorphisms in the case of the decomposed
W-construction, we use the reduced expression of Lemma 1.2.9, the fact that the
tensor products of this reduced expression have a factorization of the form

LOT/9eAT/9=( @ Lo Q AZ))

e€B(X,)vEV(S) veV(s)
~ R QR Lo AL )
veV(S)  eck(Z,) —AE./Y.)
%, /Y,
=L0O"(%,/Y,)
and the bijective correspondence of Lemma 1.2.10. g

Theorem 1.2.12. If A is a connected Segal shuffle dg pre-cooperad A (where we
use the connectedness condition of §0.3), then we have a zigzag of natural transfor-
mations of Segal shuffle dg pre-cooperads

A = WE(A) WS, (A)

where the morphism on the left-hand side is a weak-equivalence termuwise.

If A satisfies the Segal condition (and, therefore, is a Segal shuffle dg cooperad A),
then the morphism on the right-hand side of this zigzag is also a weak-equivalence
and the W -construction W(A) also satisfies the Segal condition, so that A is, as a
Segal shuffle dg cooperad, weakly-equivalent to a shuffle dg cooperad in the ordinary
sense.

Proof. We address the definition of the morphism 3 : A — W¢(A) first. We consider
the dg module morphisms s : A(S) — O*(T/S) ® A(T) defined by pairing the
coproducts pt_s : A(S) — A(T) associated to the morphisms T — S with the unit
morphisms 7 : K — I, of the cochain algebras I, = N*(A!) in J*(T /S). We readily
check that these morphisms fr_s : A(S) — O*(T/S) ® A(T) induce a morphism
with values in the additive end of Construction 1.2.6. (We just note that the local
conilpotence condition implies again that the collection of these morphisms land in
the sum of the objects O0*(T /S) ® A(T) when T varies.) We accordingly get a dg
module morphism S : A(S) — W(A)(S), for each tree S. We easily deduce from the
associativity of the coproduct operators that these morphisms commute with the
coproduct operators on A and on W¢(A)(S). We similarly prove that our morphisms
preserve the Segal maps by reducing the verification of this claim to a termwise
relation. We therefore get a well defined morphism of Segal shuffle dg cooperads
B :A— We(A) as requested.

We now check that this morphism defines a termwise weak-equivalence [ :
A(S) = Wwe(A)(S). For this purpose, we use the reduced expression of the W-
construction given in Lemma 1.2.9, and we take a filtration of our object by the
number of vertices of the trees T in this expansion. We see that the terms of the
differential given by the map § (Qu) = —01% in the normalized cochain complexes
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I, = N*(A') preserve this grading, as well as the term of the differential induced
by the internal differential of the dg modules A(T), but the terms of the differential
given by the map §(1*) = 01% increase the number of vertices when we pass to the
reduced expansion. We just take the spectral sequence associated to our filtration
to neglect the latter terms and to reduce the differential of our object to the terms
given by the maps §(0%) = —01% and the internal differential of the dg modules A(T).
The acyclicity of the cochain complex IDe = (kQﬁ @ k01, 6(Qﬁ) = —mﬁ) implies that
all terms of our reduced expansion have a trivial homology, except the term asso-
ciated to the identity morphism T = S — S for which we have LO*(S/S) = k.
Hence, our map  : A(S) — W¢(A)(S) induces an isomorphism on the first page of
the spectral sequence associated to our filtration, and we conclude from this result
that 8 : A(S) — W°(A)(S) defines a weak-equivalence of dg modules, as requested.
Note simply that the connectedness assumption of the theorem implies that the
object W¢(A)(S) reduces to a finite sum, for any given tree S, because we have only
finitely many morphism T — S such that T is reduced, and for which the object
A(T) does not vanish (see §0.3). This observation ensures that no convergence issue
occurs in this spectral argument.

We obviously define our second morphism « : W5,.(A) — W°(A) termwise, by
taking the tensor product of the identity map on [0*(T /S) with the morphism

AT/S) = R AEZ,) 25 AT) (%)

veV(S)

given by the Segal map on A, where we consider the decomposition T = A,cy (s)(Z,)
equivalent to the morphism T — S. We just check that these maps (%) define a
morphism of bifunctors on the comma category of tree morphisms T — S to obtain
that they induce a well-defined map on our additive end, which also commutes with
the action of our coproduct operators on W5, .(A) and W¢(A). We easily deduce, from
the associativity relations of the Segal maps, that the maps (*) intertwine the action
of the Segal operators in on W5,.(A) and W(A) and hence, define a morphism of
shuffie dg pre-cooperad.

We again use the spectral sequence determined by the filtration by the number
of vertices of trees in the reduced expansions of Lemma 1.2.9 to study the effect
of our map in homology. We use that the first page of the spectral sequence is
given by these reduced expansions with the differential inherited from our objects

(T/S) and A(T) and from the terms 6(0F) = —01% of the differential on the
factors I, C I, = N* (A'). We immediately deduce that our morphism induces an
isomorphism on the first page of this spectral sequence as our maps (x), which we
pair with the identify of the object L[I*(T /S) in our reduced expansions, are weak-
equivalences when we assume that A satisfies the Segal condition. We conclude from
this observation that our morphism o : W5,.(A) — W(A) defines a termwise weak-
equivalence of Segal shuffle dg pre-cooperads. (We again use the connectedness
assumption to ensure that no convergence issue occurs in this spectral sequence
argument.)

Finally, the existence of such a weak-equivalence of Segal shuffle dg pre-cooperads
a W, (A) = W(A) immediately implies that WS (A) fulfills the Segal condition,
and hence, defines a Segal shuffle dg cooperad, since the Segal maps for W¢(A) are
weakly-equivalent to the Segal maps for WS,.(A), which are isomorphisms by the
result of Proposition 1.2.11. [



20 BENOIT FRESSE AND LORENZO GUERRA

1.3. The application of cobar complexes. In this subsection, we describe a
cobar construction for Segal shuffle dg (pre-)cooperads. This is a construction
that, from the structure of a Segal shuffle dg pre-cooperad A produces an operad
in dg modules B°(A). We make explicit the definition of the structure operations
of the cobar construction B¢(A) in the next paragraph. We check the validity of
these definitions afterwards. We eventually make a formal statement to record the
definition of this dg operad B¢(A).

Construction 1.3.1. We define the graded modules B¢(A)(r) which form the com-
ponents of the cobar construction B¢(A) by the following formula:

B(A)(r) = P D AD,

T€E Tree(r)

where T is the suspension functor on graded modules. We also have an identity
V@D AT) = (®veV(I) 01?) ® A(T), where we associate a factor of cohomological

degree one 01¢ to every vertex v € V(T). We just need to fix an ordering choice
on the vertices of our tree to get this representation, as a permutation of factors
produces a sign in the tensor product ®veV(T) @ﬁ

To every pair (T,e), with T € Tree(r) and e € E(T), we associate the map
O(T.0) Ly iV(@D+1 AT Je) — y—tV (@D A(T)

given by the coproduct operator Ot ) = pr—1/ on A(T /e), where T /e is defined
by contracting the edge e in T, together with the mapping 01,,—, — 01, ®01,, in the
tensor product 01,—, ® ®r€V(I/e)\{uEv} 01, where u and v respectively denote
the source and the target of the edge e in T, while u = v denotes the result of the
fusion of these vertices in T /e. (Note that V(T /e) = V(T) \ {u,v} I {u = v}.) To
perform this construction, we put the factor 01, _, associated to the merged vertex
r = u = v in front position of the tensor product ®a:EV(I/e) @i, using a tensor
permutation if necessary (recall simply that such a tensor permutation produces
a sign). The other option is to transport the map 01,_, — 01, ® 01, over some
tensors in order to reach the factor 01,_, inside the tensor product ®:1:6V(I Je) 01%.
This operation produces a sign too (because this map 01,_, + 01,®01, has degree
1 and therefore the permutation of this map with a tensor return a sign). Both
procedures yield equivalent results. Then we take

0= 0.

(Tre)

the sum of these maps () associated to the pairs (T, e).

The next lemma implies that this map 0 defines a twisting differential on B¢(A)(r),
so that we can provide B¢(A)(r) with a dg module structure with the sum § + 0 :
B¢(A)(r) — B°(A)(r) as total differential, where 6 : B¢(A)(r) — B°(A)(r) denotes
the differential induced by the internal differential of the objects A(T) in B¢(A)(r).

We now fix a pointed shuffle decomposition {1 < --- < r} = {iy < -+ < i) <
s <t I {j1 < -+ < 4} associated to the composition scheme of an operadic
composition product o; , which we can also represent by a tree with two vertices
[. For a pair of trees T € Tree({i1 < --- < ix}) and S € Tree({j1 < --- < ji}), we
consider the map

O%;I VO AG) @z VD AT) - £ EewD ASo; T)
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yielded by the Segal map iso, 1 : A(S) ® A(T) — A(So;, T) associated to the
decomposition of the grafting So; T = Ar(S,T), together with the obvious tensor
identity @ ,cv(s) 01t ® Ruev 01f = ®wev(50 )Olm, which we deduce from
the relation V(So;, T) = V/(S) L V(T). Then we consider the composition product

oi, 1 BYA){ir <+ <ip}) @B(A) ({1 <o <i}) 2 B(A{L <o <1})

defined by the sum of these maps OZ%I associated to the pairs (S, T). We check in
a forthcoming lemma that these operations preserve our differentials, and hence,
provide our object with well-defined dg module operations.

We first check the validity of the definition of our twisting differential on the
cobar construction. We have the following more precise statement.

Lemma 1.3.2. We have the relations 9*> = 60 + 95 = 0 on B¢(A)(r), where § :
B°(A)(r) — B(A)(r) denotes the differential induced by the internal differential of
the objects A(T) (as we explained in the above construction).

Proof. The identity 60+ 00 = 0 reduces to the termwise relations 60t ) +0(1,¢)0 =
0, which in turn, are reformulation of the fact that the coproduct operators pr_,1 /¢
are morphisms of dg modules.

We check that the relation 92 = 0 holds on each summand £~#V(D A(T) C B¢(A)
in the target of our map. Note that E(T /e) = E(T)\{e}. Hence the components of
9? which land in =8V (@D A(T) are defined on a summand £~V & A(S) c B¢(A) such
that S =T /{e, f}, for somee, f € E(T), e # f, and are given by the composites:

g VDH AT Je)

A /e.s) w*

y— iV (D+2 AT /e, f}) y— V(D) A(T)

M%f

VML AT /e)
Both composites are given by composite coproduct operators such that

PT=T /e ©PT /{e.f} =T /e = PT/{e.f}»T = PI=T/f ©PT /{e.f}=T/f
by functoriality of the object A. We just note that the above composites differ

by an order of tensor factors 01 to conclude that these composite coproducts occur
with opposite signs in 2, and hence, cancel each other. The conclusion follows. [

We check the validity of our definition of the composition products on the cobar
construction. We have the following more precise statement.

Lemma 1.3.3. The composition products o;, of Construction 1.5.1 preserve both
the cobar differential O and the differential § induced by the internal differential
of the object A on the cobar construction B¢(A), and hence, form morphisms of dg
modules.

Proof. We prove that o;, commutes with the differentials on each summand A(S) ®
A(T) of the tensor product B°(A)({i1 < --- < ix}) @ B°(A)({j1 < --- < ji}), where
Se Tree({in < -+ <ig}), T € Tree({j1 < - - < ji}). We just use that the Segal
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maps, which induce our composition product componentwise, are morphisms of dg
modules to conclude that o;, preserves the internal differentials on our objects. We
focus on the verification that o;  preserves the cobar differential. We set © = So; T
and we consider a tree © such that © = @ /e for an edge e € E‘(@') which is
contracted in a vertex in ©. This vertex comes either from S of from T. In the first
case, we have @ =& o;, T, for a tree S" ¢ © such that e € E(S) and S’ /e =S
(we can actually identify S’ C ©' with the pre-image of the subtree S C © under
the morphism @ — @' /e = ©). In the second case, we have @' = So;, T/, for a
tree T C ©’ such that e € E(T') and T' /e = T (we can then identify T' C ©’
with the pre-image of the subtree T C © under our edge contraction morphism
Q' — @' /e = ©). The compatibility between the Segal maps and the coproduct
operators imply that the following diagrams commute:

AS )@ AT 2 AS feon T) o AS) @ AT e 2L AS o, T fe)
P/ s/ /e®idl lPS’HS' /e id @prr 1/ /el iPTuT' /e
AS) @ AT) — " Ao, T) AS) © AT~ A(S0,, T)
This yields the relation s/ 0i, Toe) © O% /el _ oi’l 0 (O(s',e) ® id) in the first case

and the relation 8(§oip T/e) © O%;I/ /e = O%’I/ o (id ®J(1',¢)) in the second case. By

summing these equalities with suitable suspension factors proves that 0 defines a
derivation with respect to o;,. [

We immediately deduce from the associativity of the Segal maps that the com-
position products of Construction 1.3.1 satisfy the associativity relations of the
composition products of an operad. We therefore get the following concluding
statement:

Theorem-Definition 1.3.4. The collection B°(A) = {B°(A)(r),r > 0} equipped
with the differential and structure operations defined in Construction 1.3.1 forms
a shuffle operad in dg modules. This operad B°(A) is the cobar construction of the
Segal shuffle dg (pre-)cooperad A. O

Remark 1.3.5. In the case of an ordinary dg cooperad, we just retrieve the cobar
construction functor of the classical theory of operads C +— B¢(C), which goes from
the category of locally conilpotent (coaugmented) dg cooperads to the category of
(augmented) dg operads. (Recall simply that we drop units from our definitions so
that our cooperads are equivalent to the coaugmentation coideal of coaugmented
cooperads, whereas our cobar construction is equivalent to the augmentation ideal
of the classical unital cobar construction.) By classical operad theory, we also have
a bar construction functor P +— B(P), which goes in the converse direction, from
the category of (augmented) dg operads to the usual category of locally conilpotent
(coaugmented) dg cooperads. For a locally conilpotent Segal shuffle dg pre-cooperad
A, we actually have an identity WS,.(A) = BB°(A), where we consider the decom-
posed W-construction of the previous subsection and the cobar operad B°(A), such
as defined in this subsection.

1.4. The strict Segal E.,-Hopf cooperad associated to an operad in sim-
plicial sets. In this subsection, we study a correspondence between the category
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of operads in simplicial sets and the category of Segal E..,-Hopf cooperads. In a
first step, we explain the construction of the structure of a strict Segal E..-Hopf
cooperad on the normalized cochain complex of a simplicial operad.

Construction 1.4.1. Let P be a (symmetric) operad in the category of simplicial
sets s Set. Let N* : s Set®” — E Alg be the normalized cochain complex functor,
where we consider on N*(—) the E-algebra structure defined in [1] (see also our
overview in §A). For a tree T € Tree(r), we set P(T) = [[,cy (1) P(r,). Then we
set:
Ap(T) =" (P(T)).

We equip this collection with the coproduct operators prs : Ap(S) — Ap(T) in-
duced by the treewise composition products on P and with the facet operators ix g :
Ap(X) — Ap(T) induced by the projection maps [],cy 1) P(r,) = [I,ev (s P(ry),
for ¥ € T. We also have operators s* : Ap(sT) — Ap(T), associated to the permu-
tations s € X,., which are induced by the corresponding action of the permutations
S« : P(T) — P(sT) on our simplicial sets.

Proposition 1.4.2. Let P be an operad in s Set. The collection Ap(T), equipped
with the coproduct operators and facet operators defined in the above construction,
and with our action of permutations, defines a strict Segal Eo-Hopf symmetric
cooperad. Moreover, the construction is functorial in P.

Proof. The associativity of the coproduct maps is a direct consequence of the as-
sociativity of the products in P and of the functoriality of the normalized cochain
complex N*(—). The associativity of the facet operators and their compatibility
with the coproducts also follows from the counterpart of these relations at the sim-
plicial set level and from the functoriality of the normalized cochain complex N*(—),
and similarly as regards the compatibility between the action of permutations, the
coproduct operators and the facet operators.

We only need to prove the Segal condition. By Proposition 1.1.2; we can reduce
our verifications to the case of a decomposition T = Ar(X,,X,) over a tree with
two internal vertices [. We observe that, as our facet operators are induced by
simplicial projections, there is a commutative diagram:

EAL(Z4,Eo)

Ap(L,) V Ar(L,) =W (P(Z,)) VI*(P(L,)) — Ap(T) = N*(P(L,) x P(%,)) ,

k TAW

N(P(X,)) @ N*(P(L,))

where AW denotes the classical Alexander—Whitney product AW : N* (X )@N*(Y) —
N*(X xY). Both maps EM and AW are weak-equivalences (the map EM by Propo-
sition A.4). Hence iy (z 5 ) is also a weak-equivalence. The conclusion follows. [

The normalized cochain complex functor N* : s Set®” — E Alg admits a left ad-
joint G : E Alg — s Set®?, which is defined by the formula G(A) = Morg a5 (A4,N*(A®)),
for all A € E Alg (see [12] for a variant of this construction). This pair of adjoint
functors also defines a Quillen adjunction between the Kan model category of sim-
plicial sets and the model category of E-algebras (we refer to [1] for the definition
of the model structure on the category of E-algebras). By the main result of [12],
if we take k = F, as ring of coefficients, then the object LG(N*(X)), which we
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obtain by applying the normalized cochain complex functor to a connected sim-
plicial sets X € sSet and by going back to simplicial sets by using the derived
functor L G(—) of our left adjoint G(—) = Morg 4;5(—,N*(A®)), is weakly-equivalent
to the p-completion of the space X (under standard nilpotence and cohomological
finiteness assumptions).

We aim to examine the application of this adjoint functor construction to our
Segal F..-Hopf cooperads. We need to form resolutions of our objects with the
category of Segal F..-Hopf symmetric cooperads with cofibrant F.,-algebras as
components to give a sense to the application of the derived functor G to our objects.
We rely on the following observation.

Lemma 1.4.3. Let R : E Alg — E Alg be a functorial cofibrant replacement functor
on the model category of E-algebras (which exists because the category of E-algebras
is cofibrantly generated). If A € E Hopf ¥ SegOp° is a Segal Eo-Hopf symmetric
pre-cooperad, then the collection R(T) = RA(T) € E Alg, T € Tree(r), r > 0,
inherits a Segal Eo-Hopf symmetric pre-cooperad structure by functoriality. If A
satisfies the Segal condition and is such that the objects A(T) are cofibrant as dg
modules, then R = R A also satisfies the Segal condition, and hence, forms a Segal
E-Hopf symmetric cooperad.

Proof. The first claim, that the collection R(T) = RA(T) € E Alg, T € Tree(r),
r > 0, inherits a Segal F.,-Hopf symmetric pre-cooperad structure, is immediate.
To establish that R A also satisfies the Segal condition, we just use the result of
Proposition A.4 (we merely need the extra assumption that the objects A(T) are
cofibrant as dg modules, like the cofibrant E-algebras R A(T), to get that the weak-
equivalences RA(T) = A(T) induce a weak-equivalence when we pass to a tensor
product). O

The application of the functor G(—) to the Segal E.-Hopf symmetric cooperad
R A defined in this proposition returns a Segal symmetric operad in the category of
simplicial sets, where a Segal symmetric operad is the obvious counterpart, in the
category of simplicial sets, of our notion of a Segal F.,-Hopf symmetric cooperad
(we just have to dualize the definition).

We mention in the introduction of this paper that such structures are close
to Cisinski-Moerdijk’s notion of a dendroidal Segal space (see [3]). We can also
check that every Segal symmetric operad is weakly-equivalent to an operad in the
ordinary sense. We can proceed along the lines of Cisinski-Moerdijk’s dendroidal
nerve construction or use a counterpart, in the category of simplicial sets, of the
W-constructions of §1.2. We then get that every Segal symmetric operad in the
category of simplicial sets P is connected to an ordinary symmetric operad Wae.(P)
by a zigzag of natural weak-equivalences of Segal symmetric operads:

P <= W(P) = Waee(P).

We record the following straightforward consequence of our statements to conclude
this subsection.

Proposition 1.4.4. We assume kK = F,, and we consider normalized cochains with
coefficients in this field, so that N*(X, Iip) represents the Mandell model of the space
X in the category of E-algebras. We use the notation G(—) for the adjoint functor
of N*(=), from the category of E-algebras to the category of simplicial sets.
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(1) Let P be a symmetric operad in simplicial sets. We consider the Segal Eo-
Hopf symmetric cooperad Ap = N*(P(—)) given by the resolution of Proposi-
tion 1.4.2 and its resolution R A in the category of Segal FEo,-Hopf symmet-
ric cooperads. If P consists of connected nilpotent spaces with a cohomology
H*(—,F,) of finite dimension degrecwise, then the object G(R Ap) defines a
Segal symmetric operad in simplicial sets such that G(RAp)(T) = P(T);,
for each tree T € Tree(r), r > 0, where we consider the p-completion of the
space P(T). Thus, if we apply our functor Wae.(—) to this Segal symmet-
ric operad G(R Ap) then we get a model of the p-completion P(=); in the
category of ordinary operads.

(2) If we have a pair of symmetric operads in simplicial sets P and Q which
satisfy these connectedness, nilpotence and cohomological finiteness assump-
tions, then the existence of a weak-equivalence Ap ~ Ag at the level of the
category of Segal E.-Hopf symmetric cooperads implies the existence of a
weak-equivalence P(—); ~ Q(=)) at the level of the p-completion of our

P
operads. O

2. THE CATEGORY OF HOMOTOPY SEGAL F..-HOPF COOPERADS

We study the homotopical version of Segal E.,-Hopf cooperads in this section.
The informal idea is to require that the coproduct operators satisfy the associativity
relation pt_yopy—s = pT—s only up to homotopy. We construct a model to govern
the homotopies that govern these associativity relations and the compatibility rela-
tion between these homotopies and the facet operators. We explain our definition
of homotopy Segal E..-Hopf cooperad with full details in the first subsection of
this section. We then examine the forgetting of E-algebra in the definition of this
structure, as in a study of strict homotopy F.,-Hopf cooperads, and we examine
the application of the cobar construction to homotopy Segal cooperads. We devote
our second and third subsection to these topics. We study a homotopy version
of morphisms of Segal F..-Hopf cooperads afterwards, in a fourth subsection, and
we eventually prove, in the fifth subsection, that every homotopy Segal E..-Hopf
cooperad is weakly equivalent to a strict Segal E..-Hopf cooperad.

We still take the category of algebras E Alg associated to the chain Barratt—
Eccles operadE as a model of a category of E.-algebras in dg modules all along
this section.

2.1. The definition of homotopy Segal E.,-Hopf cooperads. We define ho-
motopy Segal E..-Hopf cooperads essentially along the same plan as strict Segal
E-Hopf cooperads. We still define a notion of homotopy Segal E..-Hopf pre-
cooperad beforehand, as a structure equipped with operations that underlie the
definition of a homotopy Segal E..-Hopf cooperad. We define the notion of a
homotopy Segal E..-Hopf cooperad afterwards, as a Segal F.,-Hopf pre-cooperad
equipped with facet operators that satisfy the Segal condition. In comparison to the
definition of strict Segal F.-Hopf cooperads, we mainly consider higher coproduct
operators, which we use to govern the homotopical associativity of the composi-
tion of coproduct operators. We use a complex of cubical cochains, which we define
from the cochain algebra of the interval I = N*(A!), in our definition scheme of this
model of higher coproduct operators. We explain the definition of the structure of
this complex of cubical cochains in the next preliminary construction. We address
the definition of homotopy Segal E..-Hopf cooperads afterwards. We explain a
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definition of strict morphisms of homotopy Segal E..-Hopf cooperads to complete
the objectives of this subsection. (These strict morphisms are particular cases of
the homotopy morphisms that we define in the fourth subsection of the section.)

Construction 2.1.1. We define our cubical cochain algebras I*, k € N, as the
tensor powers of the cochain algebra of the interval:

I"=I®---@I, I=N(A.
k

We make the Barratt—Eccles operad acts on these tensor products through its diag-
onal A : E — E® E and its action on each factor I = N*(A') so that our objects I*
inherit a natural E-algebra structure (see Construction A.3 and Construction A.5).

We can identify the object I* with the cellular cochain complex of the k-cube
0%, We define face operators d? : I¥ — I*=1 for 1 <4 < k and € € {0,1}, and
degeneracy operators s* : [*~1 — I* for 0 < i < k, which reflect classical face and
degeneracy operations on the topological cubes (0. We determine these operators
from the maps

N(AY) L5 N (A% =k, e€{0,1} and k=N*(A") 2% N*(AL),

induced by simplicial coface and codegeneracy operators of the 1-simplex d¢ : A% —
Al and s : Al = A% and from the connection of Construction A.5

v (AN 5w (A @ 8T (A,

which we associate to the simplicial map min : A x A — A! such that min :
(s,t) — min(s,t) on topological realization.

Recall briefly that we have an identity N*(Al) = k0! @ k1 @ k01%, where 0
and 1% denote elements of (cohomological) degree 0, dual to the classes of the
vertices 0,1 € A! in the normal chain complex N,(A'), whereas 01* denotes an
element of (cohomological) degree 1 dual to the class of the fundamental simplex
01 € A'. This cochain complex N*(A!) is equipped with the differential such that
5(0%) = —01* and §(1%) = —01°. The face operators dy, d; : N*(A!) — N*(A°) = k
are defined by the formulas do(0%) = 0, do(1*) = 1, d1(0%) = 1, d1(1*) = 0, and
do(01%) = d;(01%) = 0, while the degeneracy operator sg : k = N*(A%) — N*(A!)
is defined by the formula so(1) = 0% 4+ 1F. We refer to Construction A.5 for the
explicit definition of the connection V* on basis elements. We mainly use that this
connection satisfies relations of the form (d; ® id) o V* = sod; = (id ®dy) o V* and
(do ® id) o V* = id = (id ®dp) o V*, which reflect the identities mino(d! x id) =
d*s® = (minoid) x d* and mino(d® x id) = id = (minoid) x d° at the topological
level.

We number our factors from right to left in our cubical cochain algebras

Ik:N*(A1)®-~-®N*(A1)
k 1

and we use this numbering convention to index our face and degeneracy operators
(the superscript in the notation of the faces d! indicates the factor of this tensor
product on which we apply a simplicial face operator d. and the superscript in the
notation of the degeneracies s/ similarly indicates the factor of the tensor product
I*=1 on which we apply a simplicial degeneracy or a connection operator). We



ON A NOTION OF HOMOTOPY SEGAL E..-HOPF COOPERAD 27

precisely define the face operators of our cubical cochain algebras di : I¥ — [*~1,
i1=1,...,k, e =0,1, by the formula:

di = id®" " @d. @ id®"?
and our degeneracy operators s/ : I*~' — I* j =0,... k, by the formulas:
§0 = jd®k-t ®50,
1 =id®* I @V @id® Tt forj=1,....k—1,
sF =50 ® z'd®k71,
We are now ready to define our main objects.

Definition 2.1.2. We call homotopy Segal F,-Hopf shuffle pre-cooperad the struc-
ture defined by a collection of E-algebras

AT) e EAlg, Te€ Tree(r), r >0,
equipped with
— homotopy coproduct operators

PToT T, P AS) = A(T) @ IF,

defined as morphisms of E-algebras, for all composable sequences of tree
morphisms T — T, — --- = T; = S, k > 0, and which satisfy the face
and degeneracy relations depicted in Figure 1-3,

— together with facet operators

iss : A(X) = A(S),

defined as morphisms of E-algebras again, for all subtree embeddings ¥ C S,
and which satisfy the usual functoriality relations is s = ids and ig soix @ =
issgforallX CO©CS,

— and where we also assume the verification of compatibility relations between
the facet operators and the coproduct operators, which we express by the
commutativity of the diagram of Figure 4.

We again say that a Segal F.,-Hopf shuffle pre-cooperad A is a Segal E..-Hopf
shuffle cooperad when the facet operators satisfy a Segal condition, which reads
exactly as in the context of strict Segal F..-Hopf shuffle cooperad:
(*) The facet operators ix 1 : A(X,) — A(T) associated to a tree decomposi-
tion T = As(X,,v € V(S)) induce a weak-equivalence

vV OAE,) AT
eV (s)

when we pass to the coproduct of the objects A(X,) in the category of
E-algebras.
We also define a homotopy Segal E.-Hopf symmetric (pre-)cooperad as a homotopy
Segal E..-Hopf shuffle pre-cooperad A equipped with an action of the permutations
such that s* : A(sT) — A(T), for s € ¥, and T € Tree(r), and which intertwine
the facets and the homotopy coproduct operators attached our object.

Note that the statement of Proposition 1.1.2, where we reduce the verification of
the Segal condition to various particular cases, obviously holds for homotopy Segal
E.-Hopf cooperads too.
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PT—Ty—-—T1—S

AT) @ I*

~ id ®d}
PTs. T, =5

A(I) ® Ik—l

FIGURE 1. The compatibility of homotopy coproducts with O-
faces. The diagram commutes for all sequences of composable tree
morphisms T — T, — --- — T; — S and for all 1 < < k, where
i means that we delete the node T, and we replace the morphisms
T,y =T, — T, ; by their composite T,,; — T, ;.

PT—T)—- =T =S

A(S) AT) @ I*
J{m ®d}
PI;— =T3-S A(I) ®Ik_1
A(T,) @ It AT) @It et

PT-Tp—--—T; ®id

FIGURE 2. The compatibility of homotopy coproducts with 1-
faces. The diagram commutes for all sequences of composable tree
morphisms T - T, —---— T; - Sand forall 1 <i<k.

pIHIkilﬂ---%Il —S

AT) @ 11

id ®s?
PT—Tp = =T, S

AT) o I*

FIGURE 3. The compatibility of homotopy coproducts with degen-
eracies. The diagram commutes for all sequences of composable
tree morphisms T - T, ; = -+ = T; > Sandforall 0 <j <k
(with the convention that T, =S in the case j =0and T, =T in
the case j = k).

PT—Tp—-—T1 =S

A(S) AT) ®I*
A
s e
A(E)  Al(fo. f)N(D) ® I

Plfo- ) "1 @ = (fo fro1) L@ == £y L@ =L

FIGURE 4. The compatibility between coproducts and facet oper-

ators. The diagram commutes for all sequences of composable tree

morphisms T f—k> T, ﬁe—71> f—1> T, f—°> S and for all subtrees

X cCS.
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A(I) ®Ik—1
id ®s?
k)
A(S) T —— A(T) @ I*¥) id
PT—Tp_1—--—=T7=>S id®dél

AT) @ 11

FIGURE 5. The coherence of the face and degeneracy relations of
the coproduct operators with respect to the relation s’df = id
between the cubical face and degeneracy operators for i = j,j + 1.

PT—T) 1 —--—T1 S

A(S) AT) ® 151
P T =T = id ®s’
P —T1 -8 A(I) ® I*
Proms id ®d
AT @t i i b AT) ® IF-1
x} id ®s°®id
AT) @ ' AT) @ IF=9-1 @ [5-1

id ®d]

FIGURE 6. The coherence of the face and degeneracy relations
of the coproduct operators with respect to the relation s’d} =
s®® id;; for i =j.

) AT) @ 1+
P T =T, id ®s?
PT;j=T;——T1 S A(I) ®Ik
Prims id @dIt!
. ﬂI—>»-»—>Ij®id ,

pros T)er AT) @ I+

id®s! id ®id ®s’

A ® I A(T) @ I+ @ 17

pI~>~-~4>Ij ®id

FIGURE 7. The coherence of the face and degeneracy relations
of the coproduct operators with respect to the relation s/dj =
idpe—; ®87 fori=j+ 1.

AT) @ IF1
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Remark 2.1.3. The faces and degeneracy operators on our complex of cubical
cochain algebras satisfy the following system of identities:
did; = d;dzfl, for i < j, ¢,n € {0,1},
disi=1, for i < j, e € {0,1},
id, fori=75,7+1and e =0,
s®idy;,  fori=j,e=1, using IF1 =IFT"1® 7,
idp—; @87, fori=j+1,e=1,using I* ' =17 @[~
di-1si, fori>j+1,ee{0,1},

3 i
std;

slst = slsJH, for i < j.

We easily check that a multiple application of face and degeneracy relations of Fig-
ure 1-3 for the coproduct operators of homotopy Segal E..-Hopf shuffle cooperads
lead to coherent results with respect to these identities. For instance, we have the
double face relation

. J 1 _ P
(id ®@dydy) © pT—T1,—- T, 55 = PIoT, T, T, 1,55

= (id ®dyd) ") © PToT, 5T, 55,

which expresses the coherence of the face relations of Figure 1 with respect the
double 0-face identity djd}) = d%d{fl in our complex of cubical cochain algebras.
We get similar easy results for the other double face identities dgdf7 = d%dz_l
and the other commutation relations between the face and degeneracy operators
sidt = disT™, $7dl = di7ts7, and s7s' = s's?TL while the coherence of the face
and degeneracy relations of the coproduct operators with respect to the relations
sidl = id, for i = j,7 + 1, and sjd{ =3s"®id;, sjd]ﬁl = idn—; ®s7 follows from
the commutativity of the diagrams of Figure 5-7.

We have the following obvious notion of strict morphism of homotopy Segal
E-Hopf shuffle (pre-)cooperads and of homotopy Segal E.-Hopf symmetric (pre-
)cooperads, which generalize the definition of morphism of strict Segal E..-Hopf
shuffle (pre-)cooperads and strict Segal FEo.-Hopf symmetric (pre-)cooperads in §1

Definition 2.1.4. A (strict) morphism of homotopy Segal E..-Hopf shuffle (pre-
)cooperads ¢ : A — B is a collection of E-algebra morphisms

o1 A(T) — B(T), T € Tree(r), >0,
which
(1) preserve the action of all coproduct operators on our objects, in the sense

that the diagram

AS) —2~ B(S)

PT—Tp—-—T1 =S PT—Tp—-—T)—S
PT®id
AT e I" 225 B(T) @ I*

commutes, for all sequences of composable tree morphisms T — T, —
o T, S,
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(2) and the action of facet operators, so that we have the same commutative
diagram as in the case of morphisms strict Segal E.,-Hopf shuffle (pre-

)cooperads:
AS) - B(S) |
TS s
(%%

for all subtree embeddings ¥ C S.

If A and B are homotopy Segal E..-Hopf symmetric (pre-)cooperads, then we say
that ¢ : A — B is a morphism of Segal F..-Hopf symmetric (pre-)cooperads when ¢
also preserves the action of permutations on our objects (we express this condition
by the same commutative diagram as in the case of strict E.-Hopf cooperads).

These strict morphisms of homotopy Segal E..-Hopf shuffle (pre-)cooperads can
obviously be composed, as well the strict morphisms of homotopy Segal E..-Hopf
symmetric (pre-)cooperads, so that we can form a category of homotopy Segal
E-Hopf shuffle (pre-)cooperads and a category of homotopy Segal F..-Hopf sym-
metric (pre-)cooperads as morphisms. In what follows, we adopt the notation
E Hopf sh SegOp© for the category of homotopy Segal F..,-Hopf shuffle cooperads
and the notation E Hopf ¥ SegOp® for the category of homotopy Segal E..-Hopf
symmetric cooperads.

We can modify the above definition to assume that the preservation of coproduct
operators holds up to homotopy only, just as we assume that the coproduct oper-
ators satisfy associativity relations up to homotopy in a homotopy Segal E..-Hopf
pre-cooperad. This idea gives the notion of homotopy morphism, which we study
in Subsection 2.4.

2.2. The forgetting of F-structures. We now study the structure in dg mod-
ules that we obtain by forgetting the E,-algebra structure attached to each object
in the definition of a homotopy Segal E..-Hopf cooperad. We follow the same plan
as in Subsection 1.1, where we examine the parallel forgetting of F..-algebra struc-
tures in strict Segal E.,-Hopf cooperads. In the previous subsection, we assume
that the associativity of the coproduct operators only holds up to homotopy for the
definition of a homotopy Segal E.,-Hopf cooperad, but we keep the same notion of
facet operators as in the case of strict Segal E.-cooperads. In the case of homo-
topy Segal cooperads in dg modules, we retain the homotopy associativity relation
of the coproduct operators of homotopy Segal F..-Hopf cooperads, and we retrieve
the expression of the Segal map that we obtained from the structure of the facet
operators in the definition of strict Segal dg cooperads. We

We again need to assume that the vertices of our trees are totally ordered in
order to make the construction of the forgetful functor from homotopy Segal F..-
Hopf cooperads to homotopy Segal dg cooperads work. For this reason, we restrict
ourselves to Segal shuffle cooperads all along this subsection (as in our study of
strict Segal cooperads in dg modules).

Definition 2.2.1. We call homotopy Segal shuffle dg pre-cooperad the structure
defined by a collection of dg modules

A(T) € dg Mod, T € Tree(r), r > 0,



32 BENOIT FRESSE AND LORENZO GUERRA

equipped with

— homotopy coproduct operators
PToT, =T, o5 1 A(S) = A(T) ® I¥,

defined as morphisms of dg modules, for all composable sequences of tree
morphisms T — T, — --- = T; — S, £ > 0, and which satisfy the same
face and degeneracy relations, expressed by the commutative diagrams of
Figure 1-3, as the homotopy coproduct operators of Segal F..-Hopf shuffle
cooperads,

— together with Segal maps

Ins(Z,) ® Az, — A),
vEV(S)

defined as morphisms of dg modules, for all tree decompositions T =
As(Z,,v € V(S)), and which satisfy the same functoriality relations as
the Segal maps of strict Segal cooperads in dg modules, namely, for the
trivial decomposition T = Ay(T), we have ix (T) = ida(T), and for nested
decompositions T = A\y(©,,u € V(U)) and ©, = As (Z,,v € V(S,)),
u € V(U), we have

i) ©( Q) s, =) = irsz.)s
wev ()

where we again consider the composite decomposition T = As(X,,v €
V(é)) with S = )‘Q(§u7u € V(!))v

— and we now assume the verification of the compatibility relations depicted
in Figure 8, for the Segal maps and the higher coproduct operators.

We also say that a homotopy Segal shuffle dg pre-cooperad A is a homotopy Segal
shuffle dg cooperad when the Segal maps satisfy the following Segal condition (the
same Segal condition as in the case of strict Segal dg cooperads):

(*) The Segal map s, ) is a weak-equivalence

ixs(z,) AZ,) = A(T),
vev(s)

for every decomposition T = As(X,,v € V(3)).

We still consider a notion of strict morphism of homotopy Segal shuffle dg (pre-
)cooperads, which we obviously define as a collection of dg module morphisms
¢t : A(T) — B(T) that preserve all homotopy coproduct operators p11, ... 5T, 5
and the Segal maps i),z ). We use the notation dgsh SegOp“ for the category of
Segal shuffle dg cooperads, which we equip with this notion of morphism.

There is a forgetful functor from the category of homotopy Segal E..-Hopf co-
operads to the category of homotopy Segal shuffle dg cooperads, which is similar to
the one that we have in the strict case. To be more precise, we have the following
proposition, which represents the homotopy counterpart of the result of Proposi-
tion 1.2.2.

Proposition 2.2.2. Let A be a homotopy Segal Eo-Hopf shuffle cooperad, with
coproduct operators pr_T, —..T,—s : AS) = A(T) ® I* and facet operators ix s :
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PT—Tp—-—T1—S

AT @ I*
A
Ay ((Fo - Fi) =1 () OH

ixy(E,) (®1}6V(9) A(Z”)) © (®”€V(9) Ik)

A

~

Quev AlZL) = R,evw (Allfo-- fi)"H(E,) @ 1F)

@ P 111 (E0) > o S 1)~ H(E ) oL,

FI1GURE 8. The compatibility between coproducts and Segal maps.

The diagram commutes for all sequences of composable tree mor-

phisms T f—k> T, h—_1> e f—1> T, f—°> S and for all decompositions

S = M(Z,,v € V(U)). The map p : (Q,ev I¥) — I* on the
right hand side vertical arrow is given by the associative product
of the E-algebra I*.

A(X) — A(S). The collection A(T), T € Tree(r), equipped with the coproduct
operators inherited from A and the Segal maps given by the following composites

R AEZ,) 2\ AL, 2 AT
veEV(S) veV(S)

(the same composites as in Proposition 1.2.2), for all tree decompositions T =
As(X,,v € V(9)) is a homotopy Segal shuffle dg cooperad.

Proof. The face and degeneracy relations for the homotopy coproduct operators
are directly inherited from the homotopy Segal F..-Hopf shuffle cooperad A, as we
do not change the coproduct operator in our forgetful operation. The functoriality
relations of the Segal maps and the Segal condition follows from the same arguments
as in Proposition 1.2.2 since the definition of the Segal maps is the same as in the
strict case. The compatibility between the homotopy coproduct operators and the
Segal maps follows from the commutativity of the following diagram,

EM
Ruevu) AZ,) Voevu) AZ,)
| |
) P(fo_..fk>—1(;v>_>..._>_f(;1(;v)—>gv Voevw p(.fo...fk)—l(;m—»---—ﬁ;%;,)—@v
_ EM _
Qv (Allfo--- fr) HEZ,) @ 1Y) Vieva (Al(fo--- i) HE,) @ IF)
\
2l 2 ("(fo...fmv*l(zv),l@id)
(®ueviw Ao i) HED) @ (®ueviwy I*) AT) @ I*
EM@EMl Trg(z.) @V

(\/ve\/(g) Al(fo--- fk)fl(Zv))) ® (\/UEV@ Ik>



34 BENOIT FRESSE AND LORENZO GUERRA

where V = 3" id : \/, I¥ — I"* denotes the codiagonal of the E-algebra I*, we
use that the composite Vo EM : @, I" — I" is identified with the associative
product p : @, I* — I* and we consider the Segal map of E-algebras Ia(Z,) ©

\/UGV(Q) A((fofk)il(zv)) — A(I) 0

The normalized cochain complex of the k-cube I* = N*(AY)®F is identified with
the sum of the top dimensional element 01*®* with the image of cubical face op-
erators. We use this observation to determine the homotopy coproducts of homo-
topy Segal dg cooperads in the following lemma. For a morphism of dg modules
a:X Y ®IF welet P : X — Y be the homomorphism of graded modules of
degree k given by the component of the map « with values in Y ® 01*®% c Y @ I*,
where we consider the top dimensional element 01F®* € N*(AM)®* of the cubical
cochain complex I* = N*(A!)®* so that we have:

a(z) = (—1)F 9@ o5 (2) © 01#¥* + tensors with a factor of dimension < k in I*,

for any 2 € X. We also write §(a”) = §a™ — (=1)¥al§ for the differential of this
homomorphism.

Lemma 2.2.3. (1) Let A be a homotopy Segal shuffle dg cooperad. The graded
homomorphism of degree k

|
PTT, T, s P AR) = A(T)

that we associate to the dg module morphism pr71, .. T, s * A(S) —
AT) ® I®, for any sequence of composable tree morphisms T — T, —
-+~ — T, — S, satisfies the relation

k

] i—1 [ ]
6(’01_’11«—*“_’11—@) - Z(il)l 1PI—>L-,—>"'—>L, OPT,—»...>T, S (*)
i=1
k

i—1 [
72(71) pI—>~~—>L—>~~—>§'
=1

Moreover, if we have a degeneracy T, =T, in our sequence of tree mor-
phisms, for some 0 < j < k (with the convention that T, , = T and
T, =2S), then we have the relation

T = *k
PT-T,—..T :Ij..‘_>11_)§—0. (%)

Lit1
(2) Let now A(T), T € Tree(r), r > 0, be any given collection of dg modules
equipped with graded homomorphisms pg—ﬁk—*“—ﬁl—ﬁ :AS) — A, of
degree k, and which satisfy the relations (*)-(**) of the previous statement.
Then there is a unique collection of morphisms of dg modules p1—7, —... T, s *

A(S) — A(T)®I*, which extend these maps on the summands A(T)®01*®*
and satisfy the face and degeneracy relations of homotopy coproduct opera-
tors of Figure 1-3.

Proof of assertion 1. We use the identities
(1)1 = k 015"

k

(I%)1_p = GB( @ k 011+ @ ¢ @ 011~ 1),

=1 ee{0,1}
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and the relations

01%®k=1" if j = j and e = + 1 mod 2,

di 01ﬁ®7€—j ® ﬁ®01ﬁ®j—l _
(0 o= ) 0, otherwise,

which implies that we have a formula of the form:

a(r) = (71)kdeg(m)aﬂ(z) ® 014®k
k
2| X CnEE (@) 00)P (@) @ 0104 @ ¢ @ 01fE

+ tensors with a factor of dimension < k — 1 in I*,

for any morphism o : X — Y ®I* and any 2 € X, where we consider the homomor-
phism of graded modules ((id ®d’, ) o a)” : X — Y associated to the composite

(id ®dl, )oa: X — Y®I*~! (and we obviously take the face operator d’ ,; indexed
by the residue class of ¢ + 1 mod 2). We deduce from the differential formula

6(mﬂ®k—i ®§ﬁ ®mﬁ®i—1) _ (_1)k—i+6+1ﬂﬁ®k

that the projection of the relation d(a(z)) = a(d(x)) onto Y @ 01¥®F C Y @ I* is
equivalent to the following relation:

k
g iter/,; i O O
509@)+ 32 ( S (—D)*((dod,,)a) (@) = (~1)al(5a).
1=1 e€{0,1}
The relation of our statement (*) then follows from the compatibility of coproducts
with the face operators (the relations of Figure 1-2).

If we have T; = T, for some j, then the morphism pr1, ..s7, »s factors
through the image of a degeneracy A(T) ® s7 : A(T) ® I*~! — A(T) ® I* by the
compatibility of the coproducts with the degeneracies (the relations of Figure 3)
and this requirement implies the vanishing relation pE T, T, 55 = 0 since I¥-1
is null in dimension k. [

Proof of assertion 2. The operators p11, 5.7, 5 : AS) = A(T) ® I* are de-
fined by induction on k. If k = 0, then we take py_,s = p?_)s. The compatibility
conditions of Figure 1-3 are tautological in this case. -

If £ > 0, then defining a morphism of dg modules pr_1, .7, s : A(S) —
A(T) ® I* amounts to defining a morphism of dg modules p/I%Ik%'--%Lﬁé AS)®
N (AH®F 5 A(T).

Let dS : N, (AD®k=1 — N, (AN)®F denote the coface operators attached to the
cubical complex N, (A!)®* dual to the face operators d : N*(AL)®F — N*(Al)®k-1
that we considered so far. We let p/I—>I,€—>~~—>L—>§($®ﬂ®T) — p%—gk—w-—il—@(x)’
and we define inductively:

p/I*)Ik%»--%Il*>§(m ®d;(0)) = plI_>m_>i_>m_>§(33 ®a),
p/I—>I,€—>-~~—>L—>§(”C ®d;(2)) = P/1—>~~~—>L (P/L—»..—@ ® id(z ® g)),

where we use the factorization ¢ € N,(AN)®*~1 = 57 = ¢/ ® ¢’ € N, (AH®FI ®
N, (A1)® =1 We deduce from the compatibility of the homotopy coproducts with
the face operators that our coproduct operator is necessarily given by these formulas



36 BENOIT FRESSE AND LORENZO GUERRA

and this observation proves the uniqueness of the coproduct operators extending
our maps p%lﬂlkﬁ---ﬂllﬁg We may also use the observations of Remark 2.1.3 to
check that our maps satisfy the compatibility relations of Figure 1-3 on the whole
dg modules A(T) ® I*.

We only need to prove that the map pr—71, .57, s or equivalently the map
rT T, T, s commutes with the differential. We proceed by induction on k.
For k = 0 the statement is obviously equivalent to relation (*). For k > 0, the
relation 0(pT_7 .7 s ® ) = pr1 .7, s0(z ® g) follows from the
induction assumption in the case o = (d5)(7), for some 1 < i < k, ¢ € {0,1},
T € N (ANH®*1 and reduces to relation (*) when o = 01®*. The conclusion
follows. |

2.3. The application of cobar complexes. The aim of this Subsection is to
extend the cobar construction of Subsection 1.3 to homotopy Segal dg cooperads.
We follow the same plan.

We make explicit the definition of the structure operations of the cobar con-
struction B¢(A) associated to a homotopy Segal shuffle dg cooperad A in the next
paragraph. We check the validity of these definitions afterwards and we record the
definition of this dg operad B¢(A) to conclude this subsection. We assume all along
this subsection that A is a homotopy Segal shuffle dg cooperad. We also assume
that A is connected in the sense that we have A(T) = 0 when the tree T is not
reduced (has at least one vertex with a single ingoing edge). This condition implies
that every object A(S) is the source of finitely many nonzero homotopy coproducts
PT-s : AS) — A(T) ® I*, because the set of tree morphisms T — S with T
reduced and S fixed is finite.

Construction 2.3.1. We define the graded modules B¢(A)(r) which form the com-
ponents of the cobar construction B¢(A) by the same formula as in the strict case

B(A)(N = P DA,
T€Tree(r)

but we now take a cobar differential that involves terms given by higher coproduct
operators and which we associate to multiple edge contractions. We precisely con-
sider the set of pairs (T,e), where T € Tree(r) and e = (ey,...,€n) is an ordered
collection of pairwise distinct edges e; € E (T). To any such pair, we associate the
sequence of tree morphisms such that

o(T,e)={T—=T/ex > T/{er,ea} = - =T /{er,e2,....em}}
and the map of degree —1
IT,e) : gV @Am AT /ey, ... em)) = V@D A(T)
given by top component of the homotopy coproduct p,(te)

O
8(I,g) = Po(T,e)

such as defined in Lemma 2.2.3.
Recall that the object £=#V (@ A(T) is identified with a tensor product

rVDAT) = (R 01) @ AT),
veV(T)
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where we associate a factor of cohomological degree one 0715 to every vertex v €
V(T). In the definition of our map J(t,e), we also perform blow-up operations

01%,—, — 01} ® 01,

for each edge contraction step T /{e1,...,e;—1} = T /{e1,...,ei—1,e;}, where u and
v represent the vertices of the edge e; in the tree T /{e1,...,e;_1}, and u = v repre-
sents the result of the fusion of these vertices in T /{ey,...,e;—1}. The performance
of this sequence of blow-up operations, in parallel to the application of the map
Pr(T.)» enables us to pass from the tensor product Z=# D™ A(T /ey, ..., em}) =

(vt /terneny W) QAT /Her, .. em}) to VD AT) = (Q,cv () 015) @
A(T). This operation may involve a sign, which we determine as in the strict case
in Construction 1.3.1.

Finally, we take:

Om = Z OT.(er,.nem))s form>1, and 0= Z O

(T,(e1,e-sem)) m>1

(We just use the connectedness condition on A to ensure that this sum reduces to
a finite number of terms on each summand £~#V(™ A(T) of our object B°(A)(r).)
We prove next that this map 0 also defines a twisting differential on B¢(A)(r),
so that we can again provide B°(A)(r) with a dg module structure with the sum
0+ 0 : B°(A)(r) — B°(A)(r) as total differential, where § : B°(A)(r) — B(A)(r)
denotes the differential induced by the internal differential of the objects A(T) in
B°(A)(r) (as in the case of the cobar construction of strict Segal dg cooperads).
We equip the object B¢(A) with composition products

i, B A < <ih) @ BYA)({h <o <)) = BIA){T <o <)),

which we define exactly as in the strict case. We explicitly define o;, as the sum of
the maps

[¢]

02_51;1 TV E AGS) @z VD AT) - oV EeL D A(S 0;, T)

yielded by the Segal map iso, 1:A(S) ® A(T) — A(So;, T) associated to the com-
position operation So;, T = Ar(S, T) in the category of trees, where S € Tree({i; <
<o <ig}) and T € Tree({j1 < --- < ji}). In a forthcoming lemma, we also check
that these operations preserve the above differential, and hence, provide our object
with well-defined operations in the category of dg modules.

We first check the validity of the definition of the twisting differential announced
in our construction. This result is a consequence of the following more precise
lemma.

Lemma 2.3.2. We have the relation 60,, + 0,0 + Z?;l 0iOm—; = 0, for each
m > 1.

Proof. If m = 1, then the statement reduces to 00; + 916 = 0, and we readily
check, as in the case of the cobar construction of Segal dg cooperads, that this
relation is equivalent to the fact that the coproducts of degree zero pr_,s = pf s
are morphisms of dg modules. We now prove the statement for m > 1. From
Equation (*) of Lemma 2.2.3, we see that, for every tree T and every sequence of
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internal edges e = (eq, ..., €, ), we have:

m—1
_ O
58(1,2) + 8(I72)5 - Z; :I:'OIH...HI/{e/lt’ei}ﬂ...ﬁl/{el’m,em}

—1
O O
Y T BT fernes) O PE erei )T Hersem)
1=1

Then, by taking the sum of these expressions over the set of pairs (T, e), we obtain
the formula:

- O
58m + am(s - TZ :l:pI*)...*)I/{e/l-i,ei}*)"'%I/{el""’em}
z‘:(f,f%)ym
m—l
0 (]
+ Z (Z ipI—)---—)I/{€17...,€i} © pI/{el,m,ei}ﬁ”'%I/{el""’e’"}).
i=1 (T.e)

=0iO0m—i

In the first sum of this formula, the term that corresponds to the removal of the
node T /{ey,...,e;—1,¢e;} and the term that corresponds to the removal of the node
T/{e1,...,€i—1,ei+1} for the pair (T, (e1,...,€i—1,€i+1,€i,€i12,...,€m)) With e;
and e; 1 switched are equal up to a sign. We readily check that these signs are
opposite, so that these terms cancel out in our sum. The conclusion of the lemma
follows. O

We still check the validity of our definition of the composition products.

Lemma 2.3.3. The twisting map O and the differential § induced by the internal
differential of the object A on the cobar construction B¢(A) form derivations with
respect the composition products of Construction 2.3.1, so that these operations o;,
define morphisms of dg modules.

Proof. We generalize the arguments used in Lemma 1.3.3. We again prove that
o;, commutes with the differential on each summand £=#V®) A(S) @ z=#V(@ A(T)
of the tensor product B¢(A)({i1 < --- < ix}) ® BS(A)({j1 < -+ < ji}), where
S € Tree({is < --- < ix}), T € Tree({j1 < --- < ji}). We can still use that the
Segal maps, which induce our composition product componentwise, are morphisms
of dg modules to conclude that o; , preserves the internal differentials on our objects.
We therefore focus on the verification that o;, preserves the twisting differential 0.

We set © = So; T and we consider a tree @ such that © = ©' /{e1,..., e}
for an sequence of edges e1, . .., em € E(0). We then have @' = &' o;, T, where §'
and T’ represent the pre-image of the subtrees S C © and T C © under the map
Q' — @' /{er,...,em}t, and S =5 /{eay,- - 0}, T =T /{es,,...,es.}, for the
partition {eq,,...,€q,} I {€a,,...,€3,} = {e1,...,en} such that es,,...,€q, €
E(S') and €8y,--.,€8, € E(T'). We may note that one the component of this
partition can be empty (we take by convention r = 0 or s = 0 in this case).

The compatibility between the Segal maps and the coproduct operators in Fig-
ure 8 together with the degeneracy relations of Figure 3 imply the commutativity
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of the following diagram:

Po(s! elg) OPo (T elyr)

AS) @ A(T) —————— A )@ I '@ AT) o I* !,
(id ®sm*ﬁ*)<z$(id ®s™Tox)
ASH @I '@ AT) @ ™!

is0;, T iN

A(§/) ® A(I/) ® [m—l ® Im—l

iiS/’T/’e®H

/ m—1
A(Q) Po(e’e) A(@ ) ®1I
where we set e|s' = (€q,,..-,€q,) and et = (es,, ..., ep,) for short, and s™~* =
sm—aigm=az.. gm=ar  gm=f — gm—figm=PF2. .. gm=Bs  (These composites cor-

respond to the positions of the degeneracies when we take the pre-image of the
subtrees S, T C © under the sequence of tree morphisms @' — @' /{e;} — --- —
o' /ei,...,em} =9.)

Note that we may have r = 0 or s = 0 and our diagram is still valid in these
cases. (We then take I~ = K by convention and s" : I=! — I° denotes the identity
map.) We actually have three possible cases:

— 7 = 0: In this case all the edges of our collection e belong to T', we have
S =5', and the commutativity of the diagram implies that dp/ . o IS0, T =
iSo,, T/ © (id @0 ¢).

— 5 = 0: In this mirror case, all the edges of our collection e belong to S', we
have T = T', and we get Jp/ ¢ 0iso,, T = is/o, T ° (O © id).

— r,s > 1: in this case, the composite of the vertical morphisms on the right
hand side of the diagram does not meet A(§’ o;, I’) @ﬂﬁ@m—l7 because the
product of degeneracies carries I" ' ® I°*~! to a submodule of It @ ™!
concentrated in dimension < m — 1, whose image under the product can
not meet 01¥¥™ 1, so that we have dpr o 0 iso, T = 0.

From these identities, we obtain the derivation relation 0,, o 0;, = 0;, o (0py ®
id + id ®0,,), valid for each m > 1. The conclusion follows. O

We still immediately deduce from the associativity of the Segal maps that the
composition products of Construction 2.3.1 satisfy the associativity relations of
the composition products of an operad. We therefore get the following concluding
statement:

Theorem-Definition 2.3.4. The collection B(A) = {B¢(A)(r),r > 0} equipped
with the differential and structure operations defined in Construction 2.3.1 forms
a shuffle operad in dg modules. This operad B¢(A) is the cobar construction of the
connected homotopy Segal shuffle dg (pre-)cooperad A. [

2.4. The definition of homotopy morphisms. We devote this section to the
study of homotopy morphisms of Segal cooperads. We always assume that our tar-
get object is equipped with a strict Segal cooperad structure for technical reasons,
but our source object can be equipped with a general homotopy Segal cooperad
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(bIHIk —o—=T1 =S

A(S) B(T) @ I*+1
J{d’Tk%---aTlﬁS lid ®dgt?
B(T,) ® I* B(T)®I*
(To) e M
A(i) T—Tp TI,-S B(I) ® Ik+1
lid ®dg
B(T) ® I*

FIGURE 9. The compatibility of homotopy morphisms with 0-
faces. The diagrams commute for all sequences of composable tree
morphisms T — T, — --- — T; — S and for all 1 < < k, where
i means that we delete the node T,.

A(S) B(T) @ I*+!
ip@‘ﬂ,ﬁ...% lid ®drtt
A(T) @ I* — B(T) @ I*
AS) PTTy > T o8 B(T)® Th+1
if’?ﬁmﬂnes lid ®dj
AT) @I — = B(T) @ [* 1 @ -1 — = BM® Ik

¢I~>Ik — =T, ®id

FIGURE 10. The compatibility of homotopy morphisms with 1-
faces. The diagrams commute for all sequences of composable tree
morphisms T - T, —--- = T; =>Sandforall 1 <i¢<k.

A(S) % B(S)
docs iid ®s°
B(S) ® I'
PT Ty - =Ty S o1
A(S) BIM)&®I
iid ®s7
B(I) ® Ik+2

FIGURE 11. The compatibility of homotopy morphisms with de-
generacies. The diagrams commute for all sequences of composable
tree morphisms T — T, —--- - T; - Sandforall 0 < j < k+1.
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s

.

@ —% - B(x)

>

FIGURE 12. The preservation of facet operators by the underly-
ing maps of homotopy morphisms. The diagram commutes for all
subtrees ¥ C S.

¢I—>Ik —--—=T1—S

A(S) B(T) @ I¥+!
A
iss il(gfk---fo)_l(l),l®id
AE) - B((fe.- o) (D) © I

(G- f) " L@ ==y L@ —E

AGT) — 2T B(sT)

FIGURE 14. The preservation of the action of permutations by the
underlying maps of homotopy morphisms. The diagram commutes
for all s € ¥, and T € Tree(r).

A(S) B(T) @ I*+1
A
if s Wi go)-1 0 7@
AD) -, - B((fi.. fo) (D) & 14

(- F0)~EE@) == fy M@ —L

FI1GURE 15. The homotopy compatibility of homotopy morphisms

with facet operators. The diagram commutes for all subtrees ¥ C S

and for all sequences of composable tree morphisms T f—k> T, E

RELNS NECNS

41
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structure. We explain the definition of these homotopy morphisms in the context
of E.-Hopf cooperads first. We examine the forgetting of E-structures after-
wards and then we study the application of homotopy morphisms to the cobar
construction.

Definition 2.4.1. We assume that B be a strict Segal F.-Hopf shuffle cooperad
while A can be any homotopy Segal F.,-Hopf shuffle cooperad. We then define a
homotopy morphism of homotopy Segal E.-Hopf shuffle cooperads ¢ : A — B as
a collection of E-algebra morphisms

¢1: A(T) = B(T), T e Tree(r), r >0,

referred to as the underlying maps of our homotopy morphism, together with a
collection of higher morphism operators

PTT, T, 05 AS) = B(T) @ I*F,

defined in the category of E-algebras as well and associated to sequences of compos-
able tree morphisms T — T, — --- — T; — S, so that the compatibility relations
with the face and degeneracy operators expressed by the diagrams of Figure 9-11
hold, as well the compatibility relations with the facet operators expressed by the
diagrams of Figure 12-13. (For the underlying maps of our homotopy morphism,
we just retrieve the relation of Definition 1.1.3.) When A and B are symmetric
cooperads, we say that ¢ : A — B defines a homotopy morphism of homotopy Segal
FE-Hopf symmetric cooperads if we have also the compatibility relations with the
action of permutations expressed by the diagrams of Figure 9-11 (For the underlying
maps of our homotopy morphism, we just retrieve the relation of Definition 1.1.3.)

We also have a version of this definition for homotopy Segal shuffle dg cooperads,
without F,.-structure.

Definition 2.4.2. We assume that B be a strict Segal shuffle dg cooperad while
A can be any homotopy Segal shuffle dg cooperad. We then define a homotopy
morphism of homotopy Segal shuffle dg cooperads ¢ : A — B as a collection of
morphisms dg modules

¢t : A(T) = B(T), T & Tree(r), r >0,

to which we again refer as the underlying maps of our homotopy morphism, together
with a collection of higher morphism operators

PTT, T, 08 A(S) — B(T) @ I*,

defined in the category of dg modules as well and associated to sequences of compos-
able tree morphisms T — T, — --- — T; — S, so that we have the compatibility
relations with respect to the face and degeneracy operators expressed by the dia-
grams of Figure 9-11 (as in the case of homotopy morphisms E..-Hopf cooperads),
together with the compatibility relations with respect to the Segal maps expressed
by the diagrams of Figure 16-17.

We have the following statement, which is the homotopy version of the result
of Lemma 2.2.3, and which can be proved by the same arguments. We still write
aY : X — Y for the homomorphism of graded modules of degree k associated to
a morphism of dg modules o : X — Y ® I* such that a(z) = (—1)*de@) P (z) ®
01%®% 4 tensors with a factor of dimension < k in I*.
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¢s

A(S) - B(S)

.8 T z,.S
Ruev) ¢z,
®'UEV(Q) A(Zv) ®UGV(Q) B(Zv)

FIGURE 16. The preservation of Segal maps by the underlying
map of homotopy morphisms of homotopy Segal dg cooperads.
The diagram commutes for all tree decompositions S = Ay(X,,v €

V(U)).
PT T, - — 1—S
A(S) L B(T) @ I*+!
A
g0 =1 2. TOH
®uevw B o) EN) @ (v ')
A
Qo) =1E ) 15 LB T,
Ruevu) AZ,) ’ > Quev ) (B((f--- fo) H(Z,)) @ I*T)
FI1GURE 17. The homotopy compatibility of homotopy morphisms
of homotopy Segal dg cooperads with the Segal maps. The diagram
commutes for all tree decompositions S = Ay(X,,v 6 V(U)) and
for all sequences of composable tree morphisms T Tk fk—1>
S LN
Lemma 2.4.3. (1) Let ¢ : A— B be a homotopy morphism of homotopy Segal

shuffle dg cooperads, where we still assume that B is a strict Segal shuffle
dg cooperad as in Definition 2.4.2. The graded homomorphism of degree
k+1

¢%~>Ik~>-~~~>11~>§ : A(i) - A(I)

that we associate to the dg module morphism ¢11, —..1, 55 + A(S) —
A(T) @ I, for any sequence of composable tree morphisms T — T, —
-+ —= T, =S, satisfies the relation

( l)k-l—l B

(¢I~>Ik~>~-~>ll~>§) —)S¢Tk—) =T, =S (*)

k
+§: T% ~>T~> -—=S
i=1

+ (= 1) ¢TOPT—>T—> =T, S

§ AO
a (_ ) ¢I_>Ik_>_>Iz © pI1—>_>I1_>§
=1
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Moreover, if we have a degeneracy T, =T,y in our sequence of tree mor-
phisms, for some 0 < j < k (with the convention that Tpoy = T and
T,=2S), then we have the relation

O
¢I—>I,€—>...T =T,-—T,—=S =0. (**)

L1

(2) In the converse direction, if we have a collection of dg module morphisms
o1 A(T) — B(T), T € Tree(r), r > 0, together with a collection of dg
graded homomorphisms ¢%%Ik%~--%11%§ : AS) — A(T), of degree k + 1,
which satisfy the relations (*)-(**) of the previous statement, then there is

a unique collection of morphisms of dg modules ¢1-7, .57, =5 * A(S) —
A(T) ® I, which extend these maps on the summands A(T) ® 01¥®++1 and

satisfy the face and degeneracy relations of homotopy morphism operators
of Figure 9-11. O

We now prove that any homotopy morphism of homotopy Segal shuffle dg coop-
erads ¢ : A — B, as in Definition 2.4.2, gives rise to an induced morphism on the
cobar construction ¢, : B°(A) — B°(B). We address the definition of this morphism
in the next paragraph. We assume all along this study that a homotopy morphism
¢ : A — B is fixed, with A a homotopy Segal shuffle dg cooperad and B a strict
Segal shuffle dg cooperad. We need to assume that the object A is connected in
order to give a sense to the cobar construction B¢(A) (see §2.3). We also need to
assume that B is connected in the construction of our morphisms. We therefore
assume that these connectedness conditions hold in the rest of this subsection.

Construction 2.4.4. The underlying maps of our homotopy morphism ¢ : A — B
induce morphisms of graded modules between the components of the cobar con-
struction:

o1 sV @D AT) - VD AT).

In addition to these maps, we consider morphisms

Ore) TV DIAT e, .. en)}) —» VD B(T).

associated to the pairs (T,e), where T is a tree and e = (e1, ..., €,,) is an ordered
collection of pairwise distinct edges e; € E(T), as in Construction 2.3.1. To define
the latter maps, we again consider the sequence of composable tree morphisms

U(Ivg) = {I%I/el — I/{elaeQ} — _>I/{617' . 7em}}7
which we associate to any such pair (T, e) in Construction 2.3.1, and we set

dJ
¢(I£) = ¢0(I7g) ’

where we take the top component of the morphism ¢, (1) (such as defined in
Lemma 2.4.3). In this construction, we also use the same blow-up process as in
Construction 2.3.1 to pass from the tensor product £=#V@+m AT /{ey, ... e,n}) =
(Ruev (T /fereny) 0E) AT Her, .. em}) to 27D B(T) = (®,ey(r) 015) @
A(T), and to determine a possible sign, which we associate to our map O(T,e)- In
what follows, we identify the morphisms ¢7, induced by the underlying maps of
our homotopy morphism ¢ : A — B, with the case m = 0 of these homomorphisms

P(Te)-
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Finally, we take:
Pm

Z AT (er,em)), Torm >0, and ¢= Z b

(I)(el7"')e7‘n) m>0

to get a map

¢« : B(A)(r) = BY(B)(r), for each arity r > 0.

(Note that we use the connectedness condition on B to ensure that the above sum
reduces to a finite number of terms on each summand £=#V(™ A(T).) We aim
to prove that this map is compatible with the structure operations of the cobar
construction.

We check the preservation of differentials first. This claim follows from the
following more precise observation.

Lemma 2.4.5. We have the relation

m—1

0B pm = ¢m0” + 0Bm_1 — Y $:i0 .

i=0
for all m > 0. where 6 = 6*,88 denotes the term of the differential of the cobar
construction induced by the internal differential of the objects C = A, B, we denote
by 04 = S 04 the twisting map of the cobar construction of the homotopy
Segal shuffle dg cooperad A, while OB denotes the twisting differential of the cobar
construction of the strict Segal shuffle dg cooperad A.

Proof. We argue as in the proof of Lemma 2.3.2. We use the relation of Equation (*)
of Lemma 2.4.3 to write

m—1
B B A o -
70w ~ e = z_; O T @ e T et

B O

T PTST /ey PT Jer oo [ernem)
m—1

O Al

+ Z T o T erne PT [eneib =T [{ensem}

=0

Then, by taking the sum of these expressions over the set of pairs (T, e), we obtain
the formula:

B — pmd* = Y £¢- —

T—-—T/{er,.ei}—=—T /{er,..em}

(Te)
i=1,...,m
O

+ Z ipf—)l/elqsl/elﬁ---—)l/{el ..... em}

(T.e)

:aB¢7n—1
m—1
O AL

+ Z (Z 0T ST fersnen} © PI/{eh...,ei}—»-»-—J/{el,.i.,em})-

i=0 (T,e)

:¢iam,—i
In the first sum of this formula, the term that corresponds to the removal of the
node T /{e1,...,e;—1,¢e;} and the term that corresponds to the removal of the node
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and e;;1 switched are again equal up to a sign. We can still check that these signs
are opposite, so that these terms cancel out in our sum. The conclusion of the
lemma follows. O

T/{e1,...,ei—1,eix1} for the pair (T, (e1,...,€i—1,€i11,€i€i42,...,6m)) With e;

We now check that our morphisms preserves the composition products. This
claim follows from the following more precise observation.

Lemma 2.4.6. We have the relation ¢, 0 0;, = ZH_S:W 0j, © (¢r ® ¢s), for all
m > 0.

Proof. The proof is similar to that of Lemma 2.3.3.

For m = 0, the relation follows the commutativity of the diagram of Figure 16
(since o;, is defined as a sum of Segal maps). We therefore focus on the case m > 1.
We consider again a summand % 7#&) A(S) @ 278D A(T) of the tensor product
B (A)({i1 < --- < ix}) @ B(A)({j1 < --- < j1}), where S € Tree({i1 < --- < ix}),
T e Tree({j1 <--- < ji}). The composition product maps o;, maps this summand
into X-#V(©) A(©), with © = So;, T. The components of the map ¢, carries
this summand into terms of the form X~#V(©") A(Q), for trees © equipped with
a set of internal edges (ey,...,e,) such that ©" /{e1,...,e,} = ©. We still have
© =S50, T"and S = S /{ea,,.--s€a,}, T =T /{ep,,-..,ep,}, for a partition
{eays s €a, }H {eg,,-..,es.} = {e1,...,em} such that e,,,...,eq, € E(S') and

€8y,--- €8, € E(T'). We then have the following commutative diagram:
A®) & AT) — T (56 1y o (BT @ 1)
id @s™ P %id ®s™m T
BE)@I™ e (BI)I™)
B(S) ® @ImeIm
lls'oi 7 Qu
A©) Po (@ ,e) ©)erm

(by the relations of Figure 17 and Figure 11). We use the same notation as in the
proof of Lemma 2.3.3 in this diagram and we still consider the morphisms ¢q (s ¢, )

(S/ /{eal, c s €a }) — A(S/) ® I" and ¢a T elqr) : (T/ /{6[31,. . 656}> — A(I/) 4
I® associated to the sequences of tree morphlsms such that o(S,els) = {S' —
S Jea, = - = S [{ears--veant} and o(T elp) = {1 — T ' Jeg, — -+ —
T /{es,,-..,es.}}. We also use the notation s™~ % = gm-@1gm=az... gm—ar
s B = gm=Bigm=P2 .. gm=Bs and p: I™ ® I — I™ denotes the product of the
dg algebra I™ as usual.

We see, by elaborating on the arguments of the proof of Lemma 2.3.3, that the
composite of the right-hand side vertical morphisms of this diagram does not meet
B(©') ® 01*®™ unless we have {ea,,...,¢€q,} = {€1,...,¢.} and {eg,,...,e5,) =
(€r41,--+,€m}. (We have in this case s™ 5= (01°97) = 01F97 @195 sm— (01#9%) =
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1597 ® 01%®° 4 other terms, and p(s™ P+ (01%%7) @ s~ 2+ (01#®%)) = 01¢®™) We
conclude from this analysis that the composite ¢(g ) ©0;, vanishes unless the edge

collection e = (e1,...,en) is equipped with an order such that {eq,,...,€qn.} =
{e1,...,e;} and {eg,,...,e5,} = {€ry1,...,em}. We get in this case ¢/ ) ©
0, = 0, © P/ e|g)) @ DT’ ¢|y,)- and summing over the pairs (©',(e1,...,em)) with
e =9 o, T, e1,....e. € BE(S), ery1,...,em € E(S), amounts to summing over

the pairs (S, (e1,...,e.)) and (T',(ey11,---,€m)) such that S’ /{e1,...,e,} =S
and T’ /{e1,...,e,} = T. We therefore obtain the relation of the lemma ¢, 0 0; =
> vt s—m iy © (¢r ® ¢5) when we perform this sum. O

We get the following concluding statement:

Theorem-Definition 2.4.7. The collection of morphisms ¢. : B°(A)(r) — B(B)(r)
r > 0, defined in Construction 2.4.4, defines a morphism of shuffle dg operads
¢« : BS(A) — B¢(B), the morphism induced by the homotopy morphism of connected
homotopy Segal shuffle cooperads ¢ : A — B on the cobar construction. ([

2.5. The equivalence with strict F,,-cooperads. We devote this final subsec-
tion to proving the following result.

Theorem 2.5.1. Every connected homotopy Segal Eo -Hopf cooperad (either sym-
metric or shuffle) is weakly-equivalent to a connected strict Segal Eo-Hopf cooperad.

We prove Theorem 2.5.1 by constructing a functor A — K°(A), from the category
of connected homotopy Segal E..-Hopf cooperads (symmetric or shuffle) to the
category of strict Segal F..-Hopf cooperads, and a zigzag of weak-equivalences
between A and K°(A).

For this purpose, we consider a category TreeD, enriched in dg modules, which
encodes the homotopy coproduct operators of homotopy Segal cooperads. We ex-
plain the definition of this category Tree™ in the next paragraph. We have a
morphism of enriched categories Tree® — Tree, where, by an abuse of notation,
we denote by Tree the enriched category in K-modules whose hom-objects are the
k-modules spanned by the set-theoretic tree morphisms. We define our functor
K°(—) as a homotopy Kan extension, by dualizing a two-sided bar complex over the
enriched category Tree".

Note that, in our statement, we again assume that our Segal cooperad A is con-
nected in the sense of §0.3. This assumption enables us to simplify our constructions
and to avoid technical difficulties in the verification of our result. We assume that
our cooperads satisfy this connectedness condition all along this section.

Recall that a (homotopy or strict) Segal cooperad A is connected if we have
A(T) = 0 when the tree T is not reduced (has at least one vertex with a single
ingoing edge) and that this condition implies that we can restrict ourselves to the
subcategories of reduced trees, denoted by 7:7:6/6(7“) C Tree(r), r > 0, in the defi-
nition of the structure operations that we associate to our objects. For simplicity,
all along this subsection, we keep the notation Tree for our constructions on tree
categories (for instance, we use the notation Tree™ for our enriched category of
trees). Nevertheless, we restrict ourselves to reduced trees, as permitted by our
connectedness assumption on cooperads. In a sense, we actually define full subcat-

— 0O — 0O
egories Tree (r) such that Tree (T,S) = Tree™(T,S), for any pair of reduced trees
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S.Te %(r), r > 0, but we left the object Tree™(T,S) undefined when the trees
S and T are not reduced. -

Recall that for reduced trees S, T € Tree(r), the set of tree morphisms Tree(T,S)
is either empty or reduced to a point (see [7, Theorem B.0.6]). For the enriched
version of this category, we therefore have:

k, if we have a morphism T — S,
0, otherwise,

Tree(T,S) = {

for any pair of reduced trees S, T € Tree(r), r > 0. Note that we may still write
Tree(T,S) = « in this setting, because we identify the object Tree(T,S) = k with the
terminal object of the category of cocommutative coalgebras, and we can actually
regard Tree as a category enriched in cocommutative coalgebras. This observation,
to which we go back later on, motivates our abuse of notation.

Construction 2.5.2. We define the enriched category T ree™ in this paragraph.
We take the same set of objects as the category of reduced trees Tree.

In the definition of the hom-objects, we consider the cubical chain complexes
N.(A)®* dual to the cubical cochain algebras of the definition of homotopy Se-
gal cooperads I* = N*(A!)®k. We use the coface operators dS : N,(Al)®k—1 —
N.(A)®* and the codegeneracy operators s; : No(A)®F — N, (A1)®*~1 dual to the
operators d! : I* — I*1 i=1,... k,e=0,1,and s/ : I*"! = IF j=0,...,k,
considered in Construction 2.1.1. We then have df = id®" " @d¢ @ id®"™!, sy =
id®F 1 @40, 5; = id®F I @V, @id® 7 forj=1,...,k—1, and s, = s*F®@id®* 1,
where d€ : kK = N, (A%) — N, (A1), e = 0,1, and s° : N, (A!) — N, (A%) = Kk are the
cofaces and the codegeneracy of the normalized chain complex of the one-simplex,
while V, : N, (A!) @ N, (A!) — N, (A!) denote the connection of Construction A.5.

We precisely define the dg module TreeD(I, S), which represents the dg hom-
object associated to a pair of reduced trees S, T € Tree such that T # S in our
enriched category, by the following quotient

Tr@eD(Ia§) = @ @ N*(Al)%ﬁlk—>m—>11—>§ /E’

k>0 \T—=T, —--—T, =S

where a copy of the cubical chain complex N, (A!)®* is assigned to every sequence
of composable tree morphisms T — T, — --- — T; — S, and we mod out by the
relations

d} (0) 155 = Iy T, s8?

S5 (Q)I—>“'—>§ = QI_>...Ij=Ij..._>§,

where o denotes an element of the cubical chain complex (of appropriate dimension).
The composition operations of this enriched category

o: TreeP(U,S) ® Tree®(T,U) — Tree"(T,S)
are given by

TU—U,—-—U, =8 O TTT, =T, »U

= (T ®0® a)T-T, =T, sU—>U, U, 55 (%)
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as long as U # S and T # U. We just take in addition TreeD(§, S) = Kk to pro-
vide our category with identity homomorphisms. We easily check that the above
formula preserves the relations of our hom-objects and hence gives a well-defined
morphism of dg modules. We immediately see that these composition operations
are associative too.

We can also define the objects TreeD(I, S) in terms of a coend. We then consider
an indexing category [J generated by the 0-cofaces dY and the codegeneracies s/
attached to our cubical chain complexes and which reflect the face and degeneracy
operations that we apply to the sequences of composable tree morphisms. The
objects of this category are the ordinals k+2 = {k+1 >k > --- > 1 > 0},
with £ > 0. The morphisms are the non decreasing maps u : k+2 — [+2
such that u(k + 1) = [+ 1 and w(0) = 0. The coface d? corresponds to the
map d? : k+1 — k+2 that jumps over i in k + 2, while the codegeneracy S5
corresponds to the map s; : k+2 — k + 1 such that sj(z) =z fora=1,...,j and
sj(@) =ax —1forz=j+1,...,k+2. Then we easily check that the collection of
cubical chain complexes N, (A')®*  equipped with the previously defined operators
d? : N(ADH®FE 5 N (AD®E and s; 1 N (AD®F — N (AD)®F~1] defines a functor
k+ 2+ N, (A1)®* on this category .

In general, we denote by X} the image of an object k+2 € O under a (con-
travariant or covariant) functor X over the category OI.

For a pair of reduced trees T,S € 1/“;(3/6(7“) with T # S, we also consider the
functor N (T,S) : O° — Set such that

NT Sk ={T =T, = =T, —S|T, € Tree(r) (Vi)},

where we consider the set of all sequences of composable tree morphisms of length
k+1withT,,, =T, Ty =S, and we equip this set with the obvious action of the
category O (we adapt the usual definition of the simplicial nerve of a category).
We then have:

kt2e0
Tree™ (T, S) = / KIN(T, S)i] @ N (A1),

where KIN(T,S)x] is the k-module generated by the set A(T,S)x. We can also

identify the composition operation of the category Tree™ in terms of a termwise

composition operation on this coend which we define by the above formula (x).
We have well-defined (contravariant) facet operators

ixs: TreeD(I, S) — TreeD(Q, %),

which we associate to all subtree inclusions ¥ C S, where © = f~1(X) is the pre-
image of the subtree £ C S under the (at most unique) morphism f: T — S. We
define these facet operators on our coend termwise, by the map

ixs : KIV(T, 9)i] @ N (AH)* — KIN(©, E)i] @ N (A1)®F

induced by the set-theoretic facet operator N(T,S), — MN(©,%), which carries

any sequence of composable tree morphisms T ELN T, & SNELN T, Jo, S to

the sequence of tree morphisms such that (fo--- i)~ (Z) = (fo- - fkjl)_l(ZS —
s = fiN(E) = Z, where we use © = (fo--- fr)"'(X). We can also associate a
Segal map

iAQ(;*) : TT'@@D(I, §) - ® TIF@@D(QuJ;u)a

ueV (V)
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to every tree decomposition S = A\y(Z, ), where we set ©, = f~!(X,), for all factors
X, CS. We then take the tensor product of the product of the above set-theoretic
assignments N(T,S)k — [[,ev ) N(©u, L)k with the map p* : N, (ALEF
Ruev ) N, (ANH®* induced by the coassociative coproduct of the cubical chain

complex N, (A1)®¥. We just need to fix an ordering on the set of vertices of our trees
since this coproduct is not associative. We easily check that the facet operators and
the Segal maps satisfy natural associativity relations and are compatible, in some
natural sense, with the composition operation of our enriched category structure.

In the symmetric context, we can also observe that the hom-objects TreeD(I, S)
inherits an action of the symmetric group such that

sy : TreeP(T,S) — Tree“(sT,s9),

for every pair of reduced trees S, T € Tr\‘e/e(r), r > 0, and for every permutation
s € ¥,, which are induced by the mappings T, — sT, at the level of the sets
N(T,S)k. These operators are compatible with the enriched category structure (so
that the mapping s, : T +— sT defines a functor on the enriched category T ’I“EED)
and with the facet operators (but not with the Segal maps with values in the tensor
product, since we need to order the vertices of our trees when we form these maps).

We use that this enriched category in dg modules Tree™ can be upgraded to a
category enriched over the category of E-coalgebras.

Proposition 2.5.3. Fach object TreeD(I, S) inherits an E-coalgebra structure
from the cubical chain compleves N,(AY)®F. The composition products define mor-
phisms of E-coalgebras o : Tree®(T,U) ® Tree®(U,S) — Tree™(T,S) (we switch
the conventional order of the factors of the composition to make the diagonal ac-
tion of the Barratt-Eccles operad compatible with these operations) as well as the
facet operators iz s : TreeD(L S) — TreeD(Q, Y), and the action of permutations
Sy 1 Tree(T,S) — TreeP(s T, sS) in the symmetric setting.

The constructions of the previous paragraph accordingly give a category Tree"
enriched in E-coalgebras and equipped with facet operators (together with an action
of permutations), which are defined within the category of E-coalgebras and are
compatible with the composition structure of our objects.

Proof. For each k > 2, we use that K[V (T,S)] inherits a cocommutative coalge-
bra structure (given by the diagonal of the set N'(T,S);) in order to extend the
E-coalgebra structure of the cubical chain complex N,(A!)®* to the tensor prod-
uct KN(T,S)] ® N.(A)®*. We readily check that this E-coalgebra structure is
compatible with the action of the category [ and therefore passes to our coend.
(Recall simply that the forgetful functor from a category of coalgebras to a base
category creates coends.)

We easily check that the composition operations of the category Tree™ are also
compatible with the E-coalgebra structure termwise, as well the facet operators.
Then we just pass to the coend to get the conclusions of the proposition. O

We now consider the enriched category in cocommutative coalgebras such that

k, if we have a morphism T — S,

Tree(T,S) = {

0, otherwise,
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for any pair of reduced trees S, T € %(r), r > 0 (with the same abuse of notation
as in the introduction of this subsection). We immediately see that this enriched
category inherits the same structures in the category of cocommutative coalgebras
(facet operators, action of permutations) as the enriched category in E-coalgebras

Tree™. We also have the following observation:

Proposition 2.5.4. (1) The hom-objects of the enriched category Tree™ are
endowed with weak-equivalences

€: Tree2(T,S) =5 k,

which are yielded by the augmentation maps such that e(l1s) = 1 and
(01T, T, —s) = 0 in cubical dimension k>0 when T — T) — -+ —
T, — S is non degenerate.

(2) These weak-equivalences also define a morphism of enriched categories

¢ Tree® =5 Tree,

which is compatible with the facet operators and with the action of per-
mutations whenever we consider this extra structure. (We then regard the
enriched category in cocommutative coalgebras Tree as a category enriched
in E-coalgebras by restriction of structure through the augmentation map of
the Barratt—Eccles operad.)

Proof. The morphism e : Tree”(T,S) = k has an obvious section  : k —
TreeD(I, S) given by (1) = 17_,s. We construct a chain homotopy A : TreeD(I, S)®
N, (A') — Tree"(T,S) between noe = h(—® 1) and id = h(— ® 0) to prove that e
is a weak-equivalence.

We proceed as follows. For k > 0, we consider the map

h s N (AH®F @ N, (A) = N, (AN)®k
defined by the composite

N*(A1)®k ® N*(Al) id ®u” N*(A1)®k ® N*(A1)®k
=~ 1 1ok (V) 1\®k
= (N (A7) @ N (A7) ——— N (A7),
where p* is the (k-fold) Alexander-Whitney diagonal and V** = N, (max) o EM is
the composite of the Eilenberg—MacLane map with the morphism induced by the
map of simplicial sets max : Al x A — Al such that max : (s,t) — max(s,t).
(Thus, we consider a mirror of the connection V, = Vf‘in, which we use in the
definition of the codegeneracies of our cubical complex N, (A)®F))

We claim that these maps preserve the action of the cofaces dY and of the code-
generacies s; on the cubical complex N, (A!)®*. The preservation of the cofaces d
follows from the formulas V**(1,01) = 0 and V**(1,7) = 1 for deg(r) = 0. The
preservation of the codegeneracies s; is immediate in the cases j = 0 and j = k.
We use the properties of the Alexander—Whitney diagonal and of the Eilenberg—
MacLane map to reduce the verification of the preservation of the codegeneracies
sj such that j =1,...,k —1 to the case k = 2. We then deduce our claim from the
distribution relation

VI(VE oy @ ay) ©1) = ) VI(VI™ (g, ©7') © VI (e, @ 1)),
(z)
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valid for g,,0,,7 € N.(A!), and where we write u*(1) = 2T @1 for the
Alexander-Whitney diagonal of the element 7 € N.(A!). (This relation, which
reflects the classical min-max distribution relation, can easily be checked by hand.)
We deduce from these verifications that these maps hj, tensored with the identity
of the factor kKIN(T,S)], induce a well-defined map on our coend h : TreeD(I, S)®
N, (A1) — TreeP(T,S).

We also have hiy(c ® 1) = 1% and hi(c ® 0) = g, for each k > 0, and these
identities give the relations noe = h(— ® 1) and id = h(— ® 0) at the coend level.
This verification completes the proof of the first assertion of the proposition, while
an immediate inspection gives the verification of the second assertion. O

This proposition has the following corollary, which we use in our verification that
the homotopy Kan construction returns Segal F.,-Hopf pre-cooperads that satisfy
the Segal condition.

Corollary 2.5.5. The Segal map of Construction 2.5.2 defines weak-equivalence
of dg modules
i*g(L) : Tr’eeD(I,§) — ® TreeD(Qu,Zu),
u€V (V)
for every tree decomposition S = \y(L,), where we again set ©, = f~1(X,), for
all factors £, C S. O
We can reformulate the definition of the structure operators of homotopy Segal

F-Hopf shuffle pre-cooperads in terms of the category Tree™. We get the following
result, which follows from formal verifications.

Proposition 2.5.6. Let A be a connected homotopy Segal E~.-Hopf shuffle pre-
cooperad (either symmetric or shuffle). The objects A(T), T € Tree(r), r > 0,
inherit an action of the enriched category TreeD, given by operators

p:AS)® TreeP(T,S) — A(T),

defined in the category of dg modules, and which preserve the action of the facet
operators in some natural sense (as well as the action of permutations in the sym-
metric setting). The homotopy coproduct operators pt T, —...T, s are identified
with the adjoint morphisms of the maps

AS)@[T—=T,— - =T, =S| @N,(AH®k

k+2e0]
SAS) e / KIN(T, S)i] @ N (A1)PF -5 A(T),

TreeH(T,9)
which we determine from this action. O

In the case where A is a strict Segal E..-Hopf shuffle pre-cooperad, we may see
that the action of the enriched category Tree™ defined in this proposition factors
through an action of the category enriched in cocommutative coalgebras Tree (which
satisfies the same properties). Thus we just retrieve the obvious functor structure
of the object A in this case.

We now tackle the definition of our homotopy Kan construction. We have to
dualize the structure operations attached to the category Tree. For this purpose,
we use the following observation.
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Lemma 2.5.7. The dg hom-object TreeD(I, S) forms a free module of finite rank

over the ground ring K, for all trees T,S € Tree(r), r > 0.

Proof. Each element of our coend has a unique representative as a (linear combi-
nation) of tensors of the form

T5HT, 5. 5T, 5 SlegekV(T,S)] @i (A)®,,
where ﬁ*(Al) = k0®k01. Then we just use that the set of sequences of composable
morphisms of the form T i) T, i i) T i) S, k > 0, is finite, because each

tree T, is given by the contraction of a subset of inner edges e € E (T), which are
in finite number. (Il

We can now define the two-sided cobar complex which underlies our homotopy
Kan construction K¢(A). We address this construction in the next paragraph.

Construction 2.5.8. We use the statement of the previous lemma to dualize the
structure operations associated to the enriched category Tree".

For a pair of trees S, T € Tree(r), r > 0, we let TreeD(I, S)*# denote the dual E-
algebra of the E-coalgebra TreeD(I7 S). The composition operations of the enriched
category Tree® induce a coproduct map

v*: TreeP (T,S)F — H Tree™ (T, U)* @ Tree" (U, S)?,
T-U—S

which also forms a morphism of E-algebras, and we also have an augmentation map

n*: TreeD(I, §)Ti — K,

which we take as the identity in the case T = S, as the zero map in the case T # S.
The facet operators induce E-algebra morphisms

irs: TreeD(@,Z)ﬁ — TreeD(I, §)ﬁ,

which preserves the above coproduct and counit operations. Note that the cartesian
product in the definition of the operation v* reduces to a direct sum, since every
morphism T — S admits finitely many factorizations T —+ U — S. In the symmetric
setting, we also consider E-algebra morphisms

s*: TreeP(sT,sS)* — Tree™(T,S)

given by the action of permutations s € 3.
For a homotopy Segal E.,-Hopf cooperad, the operations of Proposition 2.5.6
dualize to E-algebra morphisms

p* AS) = [] AT) @ Tree™(T.S)*,
IS

which we can also identify with an end of the homotopy coproducts attached to
our object by the adjoint definition of these operations in our Proposition 2.5.6
(we again use a variant of the observations of the previous lemma to obtain that
the tensor product with A(T) distributes over this end). These morphisms are
coassociative and counital with respect to the coproduct and counit operations of
the objects TreeD(I, S)#, commute with the action of the facet operators on our
homotopy Segal F.,-Hopf cooperad and on the objects T reeD(I, S)* (and commute
with the action of permutations in the symmetric setting).
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We then let Fs(T) € E Alg be a collection of E-algebras, defined for any fixed
tree S € Tree(r), for all T € Tree(r)/ S, and equipped with coproduct operations

v Fs(M) = [ Tree”(T,U)* @ Fs(U),
T-U-S
defined in the category of E-algebras, and which are again coassociative and counital
with respect to the coproduct and counit operations of the objects Ti reeD(I, S)t.
We assume that this collection defines a functor in the tree S when S varies and
that we have facet operators

ixs: Fx(©) — Fs(T),

associated to all subtrees ¥ C S, with © = f~1(X) the pre-image of ¥ under the
morphism f : T — S, which again satisfies natural functoriality relations and are
compatible with the coproduct operations. In the symmetric setting, we also as-
sume that we have an action of the permutations s* : Fss(sT) — Fs(T), which is
compatible with the structure operations attached to our collection. In what fol-
lows, we will take Fs(T) = TreeD(T,S)* and Fs(T) = Tree(T,S)*, the commutative
algebra of functions u : Tree(T,S) — k on the morphism sets of the tree category
Tree(T,S).
For each n € N, we set

K" (A, Tree®, Fs)
- H AT,) ® Tree™(T,, T, )" @ ® Tree™ (T, Ty)* @ Fs(T,),

I,—-—=I,=S

and we equip this object with the coface operators d’ : K" (A, Tree", Fs) —
K™ (A, TreeD, Fs) defined termwise by the maps such that

id ® id®" ! @*, for i = 0,
d =L id®id*" "oy ®id® '®id, fori=1,...,n—1,
p* @ id®" @ id, for i = n,

and with the codegeneracies s7 : K"*1(A, Tree", Fs) — K"(A, Tree®, Fs) defined
termwise by the maps
1 =id®id®" 7 on* @ id® @id for j=0,...,n.
We easily check that this definition returns a cosimplicial object in the category of
E-algebras. We also have facet operators
ixs : K*(A, Tree", Fs) = K*(A, Tree", Fs),

compatible with the cosimplicial structure, and defined by the termwise tensor
products of facet operators

g, T, ®ie, T, , O Xig T Digs:

1'=—n—1

A(®,) ® Tree™(8,,0, 1)* @ @ Tree™(8,,0,)" ® Fs(O,)
= AT,,) @ Tree™(T,,, T,,_1)f @ - @ Tree™(Ty, Tp)* ® Fs(Ty),
where ©, = (fo -+ fi) "1 (X),i = 0,...,n, denote the pre-image of the subtree ¥ C S

under the tree morphisms T, ELNRRREEN T, Jo, S.
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In the symmetric setting, we still consider an action of permutations
s* 1 K*(A, Tree®, Fss) = K* (A, Tree®, Fs),

defined again by an obvious termwise construction, and compatible with the facet
operators.

We record the outcome of the previous construction in the next proposition:

Proposition 2.5.9. The construction of the previous paragraph returns a collection
of cosimplicial E-algebras

K*(A, Tree”, Fs) € E Alg, S € Tree(r), r >0,

equipped with compatible facet operators ix s : K* (A, Tree", Fs) — K*(A, Tree", Fs),
which satisfies the usual functoriality relations. If the homotopy Segal Eo-Hopf
cooperad A is symmetric and Fs(—) is endowed with a symmetric structure as well,
then we also have an action of permutations on our objects s* : K*(A, TreeD, Fss) —
K*(A, TreeD, Fs) compatible with the symmetric structure and with the facet opera-
tors. (]

In the case of a decomposition S = A\y(X,,u € V(U)), we can assemble the
facet operators i, s : Fx (©,) — Fs(T) associated to a bicollection of E-algebras

Fs(T) € E Alg as in Construction 2.5.8 into a Segal map

ive: V Fr,(8,) = Fs(T),
ueV(U)

and we can define a Segal map similarly on our cosimplicial object K® (A, TreeD, Fs)
We say that our bicollection Fs(T) € E Alg satisfies the Segal condition when the
above Segal map is a weak-equivalence. We have the following statement.

Proposition 2.5.10. If A is a homotopy Segal Eo-Hopf cooperad and hence sat-
isfies the Segal condition, and if the bicollection Fs(T) € E Alg satisfies the Segal
collection as well, then the Segal maps that we associate to our cosimplicial object
K*(A, TreeD, Fs) define levelwise weak-equivalences of cosimplicial E-algebras

iay(Z,) \/ K*(A, TreeD, F;u) =Ko (A, TreeD, Fs),
ueV(U)

for all tree decomposition S = Ay(X,,uv € V(U)), so that K*(A, TreeD,F§) also
satisfies a form of our Segal condition levelwise.

Proof. The Segal maps of the proposition are given, on each term of the cosimplicial
object K*(A, Tree", Fs), by expressions of the form

V (A(em © - ® Tree (@1, 01 )@ Fs<ez>>
ueV(U)

S AT,)® @ Tree (T, T,_1)* @+ @ Fs(Ty),

where ©} denote the pre-images of the subtree ¥ C S under the tree morphisms
I, - -+ - I, — S and we take a tensor product of facet operators on each
factor. We compose this map with the Eilenberg-MacLane map to pass from the
coproduct /¢y (y) to a tensor product @,y (y) (as in Proposition 1.2.2). We have
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an obvious commutative diagram which enables to identify the obtained Segal map
with a tensor product of the form:

(@ A@“) (@ Tree™ (0}, 0} ))@---@( X Fs(eg))

ueV (V) ueV (V) ueV (U)
—AT,)®-- @ Tree™(T,,T, )!®--- @ Fs(T,),

where we take a factorwise tensor product of Segal maps assoc1ated to the objects
A(=), TreeP(—, —)* and Fs(—). In the case of the objects Tree® (—, —)!, we retrieve
the dual of the Segal maps considered in Corollary 2.5.5. These Segal maps are
weak-equivalences therefore, like the Segal maps associated to the objects A(—) and
Fs(—) by assumption. The conclusion follows. O

We now focus on the cases Fs(—) = TreeD(—,S)?, Tree(—,S)!. The coproduct
operation on T TeeD(—, —)t, such as defined in Construction 2.5.8 gives a natural
transformation Tree”(—,S)* — Tree™(—, T)! ® Tree®(T,S)!, which passes to our
cosimplicial object, by functoriality of our construction, and yields a morphism of
cosimplicial E-algebras

K* (A, Tree®, Tree (—,5)f) — K* (A, Tree", Tree® (—, T)%) @ TreeP(T,S),

for every pair of objects S, T € f?re/e(r), r > 0. In the case Fs(—) = Tree(—,S)*, we
similarly get morphisms of cosimplicial E-algebras of the form

K®(A, Tree™, Tree(—,S)") — K*(A, Tree®, Tree(—, T)) @ Tree(T,S)F.

Note that the map Tree”(—,—) — Tree(—, —) of Proposition 2.5.4 induces a nat-
ural transformation in the converse direction between these cosimplicial objects
K*(A, TreeD,F§) that we associate to Fs(—) = TreeZ(—,S)! and to Fs(—) =
Tree(—,S)*. We then have the following result.

Proposition 2.5.11. (1) The above coproduct operations provide the collec-
tion of cosimplicial E-algebras

K*(A, Tree”, TreeD(—,S)¥) € cE Alg, Se f;c;i(?“), r >0,

with the coproduct operators of a homotopy Segal E..-Hopf pre-cooperad
structure. These coproduct operators are compatible with the facet opera-
tors and hence K®*(A, Tree™, TreeP(—,S)) forms a cosimplicial object in the
category of homotopy Segal E-Hopf cooperads (shuffle or symmetric when
A is so).

(2) In the case of the cosimplicial object K*(A, Tree®, Tree(—,S)), we simi-
larly obtain a strict Segal Eo-Hopf pre-cooperad structure compatible with
the cosimplicial structure on K*(A, TreeD, Tree(—,S)?). Furthermore, the
natural transformations Tree(—,S)t — Tree™(—,S)? induce levelwise weak-
equivalences of cosimplicial E-algebras

K*(A, Tree®, Tree(—,5)") = K*(A, Tree", TreeP(—,S)F),

which preserve the homotopy Segal E-Hopf pre-cooperad structures, and
hence, which define a levelwise weak-equivalence of cosimplicial objects in
the category of homotopy Segal Eo.-Hopf pre-cooperads.
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(3) Both objects K*(A, Tree", Tree(—,S)?) and K*(A, Tree", Tree(—,S)?) also
satisfy the Segal condition levelwise, and hence define (homotopy) Segal
E-Hopf cooperads when A does so.

Proof. The first assertion is an immediate consequence of the functoriality proper-
ties of our construction. In the second assertion, we use that the natural transfor-
mation Tr‘eeD(—,§)ii — Tree(—,S)* is dual to the augmentation map of Proposi-
tion 2.5.4, which is a weak-equivalence by the result of this proposition. The third
assertion follows from the result of Proposition 2.5.10 since Corollary 2.5.5 implies
that the bicollection Fs(T) = TreeD(T,S)? satisfies the Segal condition and this is
also obviously the case of the bicollection Fg(T) = Tree(T,S)*. O

We use a totalization functor to transform the cosimplicial (homotopy) Segal
E.-Hopf cooperads of the previous proposition into ordinary (homotopy) Segal
F.-Hopf cooperads in dg modules.

Construction 2.5.12. Let R® be a cosimplicial object of the category of E-
algebras. We set

N*(R'):/R"@)N*(A"),

and we equip this object with the E-algebra structure induced by the diagonal E-
algebra structure on R @N*(A™) termwise. If we forget about E-algebra structures,
then we can identify this object with the conormalized complex of cosimplicial dg
modules (see for instance [7, §I1.5.0.12 and §I1.9.4.6]), and as such, this functor
carries the levelwise weak-equivalences of cosimplicial objects to weak-equivalences
in the category of dg modules.

For a cosimplicial connected (homotopy) Es-Hopf pre-cooperad K®, the col-
lection N*(K*(S)), which we obtain by applying this conormalized complex functor
termwise, also inherit the structure of a (homotopy) Eoo-Hopf pre-cooperad (shuffle
or symmetric when K* is so) by functoriality of our conormalized complex construc-
tion.

We use the following lemma.

Lemma 2.5.13. Let R®* and S*® be cosimplicial E-algebras. The E-algebra mor-
phism N*(R®) V N*(S®) — N*(R* vV S°*) induced by the canonical morphisms R® —
R*V S® and S®* — R®*V S°® is a weak-equivalence.

Proof. We have a commutative diagram
N*(R®) V N*(S°®) N*(R*V S*) ,

EMT TN*(EM)

N*(R®) @ N°(S*) —— = N*(R* © 5*)

where the vertical maps are given by the natural transformations between the ten-
sor product and the coproduct in the category of E-algebras, such as defined in
Construction A.3, and the bottom horizontal map AW is the generalization of the
Alexander-Whitney diagonal for the conormalized cochain complex of cosimplicial
dg modules. In the case of cosimplicial dg algebras, this map AW is used to repre-
sent a product operation. The vertical maps EM also identifies tensor products with
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associative products in the coproduct of E-algebras by the definition of Construc-
tion A.3. The commutativity of the diagram readily follows from this interpretation
of our maps.

The vertical maps are weak-equivalences by Proposition A.4. The bottom hori-
zontal map is also a weak-equivalence (by the general theory of the Eilenberg—Zilber
equivalence). Therefore the map of the proposition, which represents the upper hor-
izontal map of our diagram, is also a weak-equivalence. (I

This lemma has the following immediate consequence.

Proposition 2.5.14. If R® is a cosimplicial (homotopy) Segal E,-Hopf pre-cooperad
that satisfies the Segal condition levelwise, then N*(R®) satisfies the Segal condition
as well, and hence forms (homotopy) Segal E -Hopf cooperad in the category of dg
modules. |

Then we have the following statement.

Proposition 2.5.15. Let A be connected homotopy Segal E-Hopf cooperad (shuf-
fle or symmetric).

(1) The objects N*(K*(A, Tree®, Tree™)) and N*(K* (A, Tree®, Tree)), defined by
taking the totalization of the cosimplicial (homotopy) Segal Eo-Hopf coop-
erads of Proposition 2.5.11, respectively form a homotopy Segal E-Hopf
cooperad and a strict homotopy Segal Eo.-Hopf cooperad in the category of
dg modules (which is shuffle or symmetric when A is so), and the level-
wise weak-equivalence of Proposition 2.5.11 induces a weak-equivalence of
homotopy Segal Eo-Hopf cooperads

N*(K®(A, Tree®, Tree(—,S)*)) = N*(K*(A, Tree®, TreeP(—,S)%)),

when we pass to this totalization.
(2) Furthermore, we have a weak-equivalence of homotopy Segal E -Hopf co-
operad (shuffle or symmetric when A is so)

A(S) =5 N*(K*(A, Tree", TreeP(—,S)%)).
This weak-equivalence is natural in A.

Proof. The first assertion of the proposition immediately follows from the state-
ments of Proposition 2.5.11 and from the result of Proposition 2.5.14.

Thus, we focus on the proof of the second assertion. We define our natural
transformation first. We use that the coproduct map p* : A(S) = [[+s A(T) ®

TreeD(L S)* which we associate to our object in Construction 2.5.8 defines a coaug-
mentation over the cosimplicial object K®(A, Tree", TreeD(f, S)¥), or equivalently,
a morphism
n:A—K*(A, Tree”, Tree® (—,5)")

where we regard A as a constant cosimplicial object (see [7, §I1.5.4] for an account
of these concepts). We immediately see that this morphism is compatible with the
coproduct operators, with the facets (and with the action of permutations whenever
defined), and hence, defines a morphism of cosimplicial homotopy Segal E..-Hopf
cooperads (shuffle or symmetric) which yields a morphism of homotopy Segal Fo-
Hopf cooperads in dg modules of the form of the proposition when we pass to
conormalized cochain complexes (we just use that we have N*(A) = A in the case
of the constant cosimplicial object A).
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The weak-equivalence claim follows from the observation that, in the case Fs(—) =
Tree" (-, S)!, the cosimplicial object K®(A, Tree”, Tree™(—,S)?) is endowed with an
extra codegeneracy s~!, which is defined by extending the definition of Construc-
tion 2.5.8 to the case j = —1:

sl = id ®id®" 1 @n*.
(We again refer to [7, §I1.5.4] for a proof that the existence of this extra codegeneracy
forces the contractibility of the conormalized cochain complex in the cosimplicial

direction, and hence, forces the acyclicity of our map.) This observation finishes
the proof of the proposition. O

Proof of Theorem 2.5.1. We can now conclude the proof of Theorem 2.5.1. The re-
sults of the previous proposition returns a zigzag of weak-equivalences of homotopy
Segal E..-Hopf cooperads (shuffle or symmetric)

A(S) =5 N*(K* (A, Tree®, TreeP(—,S))) <= N*(K*(A, Tree", Tree(—,S)H)),
from which the result follows since the Segal E.,-Hopf cooperad
KE(A)(S) = N*(K* (A, Tree™, Tree(—,S)*))

is strict by construction. O

APPENDIX A. THE BARRATT-ECCLES OPERAD AND F . -ALGEBRAS

The purpose of this appendix is to prove the results on the category of algebras
over the Barratt—Eccles operad that we use throughout this article. In preliminary
paragraphs, we briefly review the definition of the chain Barratt—Eccles operad
and the definition of the associated category of F-algebras. We mostly follow the
conventions of [1] for the definition of this operad and we refer to this article for more
detailed explanations on this subject. We also briefly explain our conventions and
basic definitions on permutations. We devote the next paragraph to this subject.

In §0, we recall the definition of a cooperad without counit and we also forget
about counits in the definition of the notions of Segal cooperad that we consider
all along this paper. But in the Barratt—Eccles operad is more naturally defined
as a unital operad. Therefore we go back to the usual definition of an operad
with unit in this appendix. Similarly, as the Barratt—Eccles operad naturally forms
a symmetric operad, we consider composition products in the standard form o; :
E(k) ® E(I) — E(k+1—1) in this appendix, and not the general operations
oj, : E({in < -~ < i) @ E({j1 < --- < ji}) = E({1 < --- < r}), since we can
deduce the latter from the former by the action of a shuffle permutation on the
Barratt—Eccles operad (see §0.2).

Recollections A.1 (Conventions on permutations and the associative operad).
We denote the symmetric group on r letters by X,.. We represent a permutation
s € 3, by giving the sequence of its values

s=(s(1),...,s(r)).

We use that the collection of the symmetric groups 3., » € N, form an operad in
sets. The symmetric structure of this operad is given by the left translation action.
The operadic composition u o; v € 34,1 of permutations u € ¥j and v € ¥ is
obtained by inserting the sequence of values of the permutation v = (v(1),...,v(l))
at the position of the value ¢ € {1,...,k} in the permutation u = (u(1),...,u(k)),
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by performing the value shift v(y) — v(y) +¢ — 1 on the terms of the permutation
v and the shift u(z) — u(x) + 1 — 1 on the terms of the permutation u such that
u(x) > 4. Thus, we have

(u(1),...,u(k)) o; (v(1),...,v(D)) = (u(1),...,0(1), ..., 0), ..., u(k)),

u(t)

where ¢ is the position of the value ¢ in the sequence (u(1),...,u(k)), while v(y)’ and
u(x)" denote the result of our shift operations so that we have v(y)’ = v(y) +i—1,
for all terms v(y), we have u(z)’ = u(z) when u(z) < i and u(x) = u(x)
when u(z) > i.

This operad in sets governs the category of associative monoids. In our construc-
tions, we also use a counterpart of this operad in our base category of modules. This
associative operad As is defined by taking the modules spanned by the sets of per-
mutations As(r) = K[E,], for » € N, with the induced structure operations. In
what follows, we generally identify a permutation s € 3, with the associated basis
element in As(r). We also use the notation u € As(2) for the element of the asso-
ciative operad given by the identity permutation on 2 letters yu = ids € X5, which
governs the product operation when we pass to associative algebras. We trivially
have As(0) = k and we can identify the element given by the trivial permutation
x = idg € 3o with an arity zero operation which represents a unit for this product
structure.

Recollections A.2 (The Barratt-Eccles operad and F.-algebra structures). The
chain Barratt—Fccles operad E is defined by the normalized chain complexes of the
homogeneous bar construction of the symmetric groups. Thus, we have:
E(r) =N.(W(Z)),
for each arity r € N, where W (X,.) denotes the simplicial such that
W(E ) =% X -+ X X,
—_———
n+1
for each dimension n together with the face and degeneracy operators such that
di(wo, ..., wp) = (Woy oo, Wiy - oWy,
si(wo, ..., wn) = (wo, ..., w;,Wj,..., Wy),
for any (wo,...,w,) € W(Z,)n.

For simplicity, we do not make any distinction between a simplex (wy, ..., w,) €
W(Z,) and the class of this simplex in the normalized chain complex E(r) =
N.(W(X,)) in our notation. We just get (wo,...,w;,wj,...,wy) = 0 for the de-
generate simplices when we pass to the normalized chain complex. The differential
of simplices in E(r) is given by the usual formula:

n
S(wo, .-y wn) = (=1) (wo, ..., Wi, ..., wy).
i=0

The action of the symmetric group ¥, on E(r) is induced by the left translation
action of permutations on these simplices. We explicitly have:

s (wo, ..., wy) = (Swo,...,SWy,),

for each permutation s € 3,. The operadic composition operations o; : E(k) ®
E(l) —» E(k+1—1) are given by the composite of a termwise application of operadic
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composition operations on permutations with the Eilenberg—-MacLane map when
we pass to normalized chains. For (ug,...,un) € E(k) and (v, ...,v,) € E(1), we
explicitly have:

(05 -+ tm) 03 (V0,5 00) = Y F(Uig 04 Vjgy -5 Uiy 03 Vj)
()

where the sum runs over the set of paths {(i, j;),t = 0,...,m + n} which start at
(0, Jo) = (0,0) and end at (imin,fmin) = (M,n) in an m X n cartesian diagram,
the expression + denotes a sign which we associate to any such path, and along
our paths, we take the operadic composites u;, 0; v;, € Xj4;—1 of the permutations
u;, € Xy and v;, € 3. (The sign =+ is determined by the shuffle of horizontal and
vertical moves which we use when we form our path.) For convenience, we may
also represent such a composite by a picture of the following form:

U ©5 Vo — U1 O Vg — ="~ WUm O3 Vo
\ \ \
Up 05 V1 — U1 04 V1 — *— Uy O3 V1
(Ug, -+« Um) 05 (Voy -+, 0n) = g + ! ! ! ,
U O Up — UL O Up — * — Um Of Up,

where we take the sum of the simplices that we may form by running over all
paths contained in the diagram materialized in our figure. (To be fully explicit,
we take the paths which go from the upper-left corner to the lower-right corner of
the diagram by a shuffle of horizontal moves u, o; v, — uz41 0; vy, and of vertical
IOVES Uy O; Uy — Uy O Vyy1 -)

Recall that the operad of permutations in sets is identified with the set-theoretic
associative operad (the operad which governs the category of associative monoids).
For the relation W (3, )g = X, for any r € N, we get an operad embedding As C E
which identifies the module-theoretic version of the associative operad As with the
degree zero component of the Barratt-Eccles operad E. In what follows, we still
use the notation u € E(2) for the degree 0 operation, represented by the identity
permutation u = ids € X5, which governs the product operation of associative
algebra structures in the Barratt—Eccles operad. Note that we still have E(0) =
As(0) = Kk (we take the convention to consider operads with a term in arity zero
throughout this paragraph) and the generating element of this arity zero term
x € E(0) also represents a unit operation when we pass to the category of algebras
over the Barratt—Eccles operad.

The Barratt—Eccles operad E is weakly-equivalent to the operad of commutative
algebras Com, and forms, as such, an instance of an F.,-operad. Recall that we
have Com(r) = K, for any » € N. The weak-equivalence E — Com is given by
the standard augmentation N,(W(X,)) — N.(pt) = K on the normalized chain
complexes E(r) = N.(W(%,)), r € N, and sits in a factorization As — E = Com
of the usual morphism As — Com between the associative operad As and the
commutative operad Com.

We take the category of algebras over the Barratt—Eccles operad to get our model
the category of E..-algebras. Recall that we have E(0) = k so that our E-algebras
are equipped with a unit, which is represented by the generating element of this
arity zero term of our operad * € E(0).
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By the main result of the article [1], the normalized cochain complex of a simpli-
cial set N*(X) is endowed with the structure of an algebra over the Barratt—Eccles
operad. This E-algebra structure is functorial in X € s Set, and extends the clas-
sical associative algebra structure of normalized cochains.

Construction A.3 (The diagonal and the action of the Barratt—Eccles operad
on tensor products). In our constructions, we use that the Alexander—Whitney
diagonal on the normalized chain complexes E(r) = N, (W (X,)), r € N, induces a
morphism of dg operads A : E — E® E, where E® E is given by the arity-wise
tensor product (E® E)(r) = E(r) ® E(r), for any € N. This map is given by the

usual formula:
n

A(wo,“';wn) = Z(wow"awk) ® (wka"'vwn)v
k=0
for any (wo, ..., wy) € E(r).
The existence of this diagonal implies that a tensor product of E-algebras A® B
inherits an E-algebra structure, since we can make an operation m € E(r) act on
A ® B through its diagonal A(m) € E(r) ® E(r). We explicitly take:

(a1 ®by,...,a, @b,) = Zw’(al, cosan) @m" (by, ... by,
()
for all a1 ®b1,...,a,®b, € A® B, where we use the expression A(7) = Z(W) ' en”
for the expansion of the coproduct of the operation = € E(r) in the Barratt—Eccles
operad.
In the paper, we also use that we have a morphism of E-algebras

AW: AV B — A® B,

for any pair of E-algebras A and B, where we adopt the notation V for the coproduct
in the category of E-algebras. This morphism is induced by the inclusions A ® x —
A® B + *® B on each factor of the coproduct AV B, where we still use the
notation * for the unit of the E-algebras A and B. (We will see in the proof of the
next proposition that we can identify this map with an instance of an Alexander—
Whitney diagonal. We therefore adopt the notation AW for this morphism.) We
have a morphism of dg modules which goes in the converse direction

EM:A®B — AV B,

and which is given by the formula EM(a®b) = pu(a, b), for each tensor a®b € AR B,
where p(a,b) denotes the product of the elements a € A and b € B in the E-
algebra AV B. (We are going to see that we can identify this map with an instance
of an Eilenberg-MacLane map.) Note that neither AW nor EM are symmetric,
and actually, the tensor product A ® B does not define a symmetric bifunctor
on the category of E-algebras since the Alexander—-Whitney diagonal A : E(r) —
E(r) ® E(r) fails to be cocommutative.

We have the following useful property.

Proposition A.4. The above morphisms AW : AVB - AQB and EM : A® B —
AV B satisfy AW EM = id and we have a natural chain homotopy H : AVB — AVB
such that SH+HS§ = EM AW — id. Hence, our morphisms induce homotopy inverse
weak-equivalences of dg modules

AW:AVB 5 A®B and EM:A®B > AV B,
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for all E-algebras A and B.

Proof. We consider the case of free E-algebras first A = E(X) and B = E(Y). We
represent the elements of a free algebra such as A = E(X) by formal expressions of
the form a = u(xy,...,2,), where u € E(r) and z1,...,2, € X. We then have the
expressions:

A@B=EX)®EY)=EDE(p) ®s, X @ E(p) @5, Y,
p,q

A\/B = E(X@Y) = @E(p+q) ®Ep><zq X®P®Y®(I.

p.q

We use that the operadic composite ids(u,v) of permutations v € ¥, and v €
Y, is identified with the result of a direct sum operation such that v @ v =
(u(1),...,u(p),p + v(1),...,p + v(q)). Recall that u = ids represents the as-
sociative product when we pass to the Barratt—Eccles operad E. For a tensor
a®b = u(x,...,zp) ®v(y1,...,yy) such that u = (ug,...,un) € E(p) and
v = (vo,...,v,) € E(q), we have p(a,b) = p(u,v)(x1,...,2p,Y1,...,Yq), Where
we take the composite p(u,v) in the Barratt—Eccles operad. By definition of this
composite in terms of shuffles of termwise composites pi(u;,v;) = u;  v; (we apply
the Eilenberg-MacLane map), we obtain an expression of the following form:

EM(u(z1,...,2p) Qv(Y1,---,Yq))

Ug Dvg — U1 Bvg — *— Uy D Vg
| | |
U vy —u vy — - — Uy DUy

:Z ! ! ! (xlv"'axpaylw"ayq)v
i i i

Uy B vy — U DV — - — Uy DUy

€E(p+q)

where the sum runs over all paths that we may form in the diagram of our figure
(as in our representation of the composition of the Barratt—Eccles operad in §A.2).
We use this representation to identify our morphism EM : A® B — AV B with an
instance of an Eilenberg-MacLane map.

The morphism AW : AV B — A ® B, on the other hand, carries any free al-
gebra element ¢ = w(x1,...,Zp,Y1,...,Yq) such that w = (wo,...,w,) € E(p+q)
to the image of the elements 1 ® *,...,2p, @ *,* @ y1,...,* ® Yy, € E(X) ®
E(Y) under the action of the operation w on E(X) ® E(Y), and hence to the
tensor such that AW(w(z1,...,Zp,¥1,-.-,Yq)) = Z(w) W1,y Tpy kg k) @
w’(*,...,%Y1,...,Yy), where we use the notation A(w) = Z(w) w' ® w” for the
expansion of the coproduct of the simplex w in the Barratt—Eccles operad. Thus,
if we assume w = (wo, . .., wn), then we have 35,y w' @ w" =331 (wo, ..., wg) @
(wg,...,wy,). From this analysis, we deduce that our morphism AW is given by
the following Alexander—Whitney type formula:

AW (w(z1, ..., Zps Y15+, Yq))

n
= Z(w()ha"'7wk|l)(x17"°7$p) & (wliv"‘vwn|J)(y17'"ayq)v
k=0
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where we set I = {1,...,p} and J = {1,...,q} for short and |;, |; denote the
obvious restriction operations on permutations which we apply to our simplices
termwise. (In this construction, we also use the canonical bijection {p +1,...,p+
q} ~ {1,...,q} to identify the permutations of the set {p + 1,...,p + ¢} with
permutations of the set {1,...,q}.)

For short, we may adopt the notation x, and y, for the words of variables
Ty = T1,...,2p and Yx = y1,...,Y, that occur in our expression of free algebra
elements. The chain homotopy H can be given by a formula of the following form:

Hw(e,y.)) = 3w, wy)

w|1@wi|g —— wrpr|r@wi|y — * —— wi|1Qwi] s
\ \ \
Wi 1@wi41|s — W1 1Bwis1|s — — wi|1Bwit1 ]
| | |
W | 1®wn|; —— Wit |1@wn |y — * —— wi|1@wn|s

where x denotes a “join” operation (given by the obvious concatenation operation
in W(X,)), and the sum runs over the indices 0 < k < | < n, together with
the set of paths {(it,j:),t = k,...,n} which start at (ix,jx) = (k,l) and end at
(in,jn) = (I,n) in the | — k x n — [-diagram represented in our figure.

The relation AW EM = id is an instance of the general inversion relation between
the Alexander—Whitney diagonal and the Eilenberg—MacLane map. In our context,
we can also deduce this relation from the observation that the element a®b € AR B
in a tensor product of E-algebras A and B represents the product of the tensors
a®*,x®be A® B, so that we have the identity a ® b = u(a @ *,* @ b) in AR B.

The proof of the chain homotopy relation 0 H + H§ = AW EM — id is straightfor-
ward: the composite AW EM corresponds to the 0-face of the terms with £ = 0 in
the expression of H while the identity map corresponds to the n-face of the terms
with £ = [ = n, and the other faces cancel out when we form the anti-commutator
0(H)=46H + HS.

The morphisms AW and EM, which are defined for all E-algebras A and B, are
obviously functorial. We check that our chain homotopy H is also functorial with
respect to the action of the morphisms of free E-algebras ¢ : E(X) — E(X) and
¥ : E(Y) — E(Y) on the coproduct E(X)V E(Y) = E(X ®Y). Thus, we establish
that we have the following relation:

H((¢ V) (w(as,yx)) = (¢ V) (H(w(zs, yx))),

for all ¢ = w(z,,ys) € E(XBY).

We use that ¢ = ¢ : E(X) — E(X) and ¢ = ¢y : E(Y) — E(Y) are induced
by morphisms of dg modules f : X — E(X) and g : ¥ — E(Y). We use the
short notation f(z;) = > s'(z}) and g(y;) = > (g;) for the expansion of these

free algebra elements f(x;) € E(X) and g(y;) € E(Y), which we associate to the
factors of a tensor ¢ = w(x1,...,Zp,Y1,...,Yq). We also write s' = (sf,...,s, ) and

th = (t%, ...,t1 ), where d; and e; are dimension variables. We have the formula:

v Ve;

(@ V) (w(ze,y.) = w(f(22),9(y.)) = Y w(s™ ) (@, y), (%)
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where we form the composite w(s*,t*) = w(s!,...,sP,t!,...,t9) inside the Barratt—
Eccles operad. (In this formula, we also use the notation s* and t* for the words
of simplices s* = s',...,s” and t* = t!,... 1%, as well as the notation z/, and
y; for the composite words z, = zi,..., 2, and g; = y’l,...,y’q.) We then use

a multidimensional generalization of the picture of §A.2 for the definition of the
operadic composition in the Barratt—Eccles operad. We are going to use that the
shuffles of horizontal and vertical moves, which we carry out in this definition of
operadic composites, satisfy natural associativity and commutativity relations when
we perform a multidimensional application of this operation.

We analyze the expression of the composite (¢ V) (H (w(xy,ys))) first. We then
apply the composition operation w’ — w’(s*,t*) to the simplices that occur in the
expression of the chain homotopy H(w(x,y«)). We decompose the result of this
operation as a join of simplices, using the join decomposition of the simplices that
occur in the definition of our chain homotopy. We identify the first factor of our
join with a chain of composite permutations w, (s}, , tz*), where w, runs over the
vertices of the simplex (wo, ..., wy), which represent the first factor of our join in
the expression of H(w(x.,y.)). We take all shuffles of w,-directional moves in the

chain (w, ..., wy) with s/, -directional and t%j—directional moves in subchains of
the simplices s’ and #/ of the form s = (s},..., 522) and t9' = (t),... 7ti;)’ where

d; < d; and e;- < ej. We identify the second factor of our join with a chain of
composite permutations of the form wy |7 (s, ) ®wy|s(t3, ), where wy|r ®w,[; runs
over the vertices of the second join factor in the expression of H (w(zx, y«)), starting
at wi|r ® wi|; and ending at w;|; © wy,|;. When we pass from the previous join
factor to this second join factor in our computation of (¢ V ¢)(H (w(z«,ys))), we
carry out a move of the form wy — wi|r @ w;|; , and hence, our move has to be
constant in the s/, directions and in the t]éj directions. This observation implies
that we start this simplex at the end point of the chains s = (s}, .. '752,;) in
the s!, directions and at the end point of the chains ¢t/ = t, ... ,ti ,) in the t]éj
directions. Thus, to form the chains of composite permutations of ourJ second join
factor, we shuffle w,|;-directional and w, | -directional moves in the 2-dimensional
diagram (wg|r, ..., wi|r) X (wi|s, ..., wy|s) with s?, -directional moves in the chains
s = (33;’ ..., s ) and tgj-directional moves in the chains t// = (ti;_ Ve ,tgj).

We now analyze the expression of the composite H((¢ V ) (w(x«,y«))), which
we obtain by applying our chain homotopy H to the element (¢ V ¥)(w(xy, ys)) =
> w(s*,t*)(2h,y)). The simplices of the composite w(s*,t*) consist of chains of
composite permutations w, (s}, t;g*), which we obtain after shuffling w,-directional

moves in the chain w = (wo,...,w,) with s/, -directional moves in the chains
" = (sh,...,sy,) and t -directional moves in the chains /" = (t3,...,t. ).
z J

To form our chain homotopy, we cut this chain at two positions wy (s}, ,t% ) =
wk(stli/l,. .. ,ssé,ti,l,. . ’tg;,) and wi(sy,th,) = wl(s}l,l,, e ssg,té,l,, ...,t%,) with

s Uorr
Eq

ogkglgnandogd’igdg’gdi,oge;.ge;.’gej. We take the sub-

chain of permutations running from wg(sy,t;) up to wg(sh ,t5 ) to get the first

join factor of our chain homotopy. We exactly retrieve the same chains as in our
decomposition of (¢ V ) (H (w(z,y))).
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We then form the restrictions wy (s, 5, )1 = wz|r(sy.) and wy (5, , 5, )| =
wy|s(ts,) where I" denotes the terms of the composite permutations wy(sy,,,t5,)
that correspond to the positions of the variables z’., whereas J’ denotes the terms
of the composite permutations wy(sz*,tg*) that correspond to the positions of
the variables y’. We take a chain of direct sums w, (s}, ,t5 )| © wy(sh,, 65 )]s
such that wg (s, tj,) runs from wy(sy, .17, ) up to wi(sy,,t;,), while wy(s3, ;)
runs from wy(sy,,t7,) up to wi(sy ,t7 ). (We then take a shuffle of w,(sy, 5. )-
directional moves and of wy (s}, ,tj, )-direction moves.) We easily see that this
operation produce a degeneracy in the case where we have e;- < 69/ for some j, be-

cause in this case the subchain of permutations wy (s}, _,t3,) contains a tjbj -direction
move, which produce a degeneracy when we pass to the restriction wy (s, t5 )1 =
we|r(sk. ). We similarly see that our operation produce a degeneracy in the case
where we have d; < d; for some i. We therefore have to assume d; = d; for all i
and eg = ¢; for all j in order to avoid possible degeneracies, and in these cases, we
exactly retrieve the same chains as in our expression of the second join factor in
our decomposition of (¢ V ) (H (w(x«,yx)))-

We conclude from this analysis that the expansions of H((¢V ) (w(z.,y«))) and
(¢ V ) (H(w(x«, y«))) consist of the same joins of simplices, and therefore these
composites agree, as expected.

To finish the proof of our proposition, we use that every object of the category
of E-algebras has a presentation in terms of a natural reflexive coequalizer of free
E-algebras. If we have a pair of objects A and B, then we can form a commutative
diagram:

E(X1)® E(V) == E(X1) v E(V1) Q g

) )

E(Xo) ® E(Y0) % E(Xo) V E(Yo) Q i

v AW Voo
AR B=———=AVB i H
EM Y
where we take the presentations of A and B by reflexive coequalizers in the ver-
tical direction and our deformation retract diagram of Alexander—Whitney and
Eilenberg—MacLane maps in the horizontal direction. We use this diagram to check

that our chain homotopy H passes to the quotient and induces a chain homotopy
such that 0H + H§ = EM AW —id on AV B, as indicated in our figure. O

Construction A.5 (The action of the Barratt—Eccles operad on the interval, on
cubical cochains and the definition of connections). We already recalled that the
normalized cochain complex of a simplicial set N*(X) inherits an the structure of an
algebra over the Barratt—Eccles operad. We refer to [1] for the precise definition.
We consider the cochain algebra of the 1-simplex X = A! in our definition of
homotopy Segal E,-cooperads together with the cubical cochain algebras

Im:N*(A1)®---®N*(A1)

m
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which we provide with an E-algebra structure, using the action of the Barratt—
Eccles operad on each cochain complex factor N*(Al), and the diagonal operation
of Construction A.3.

We study structures attached to the cochain algebra I = N*(A!) in this para-
graph. We also consider the normalized chain complex N, (A!), dual to N*(A'). We
have

where 01 denotes the class of the fundamental simplex of A' in the normalized
chain complex, whereas 0 and 1 denote the class of the vertices of 01. We can
identify kK0 C N,(A') with the image of the map N, (d') : N, (A%) — N, (A!) induced
by the 1-coface d' : A® — Al while k1 C N,(A!) is identified with the image of
the map d° : N,(AY) — N,(A!) induced by the 0-coface d° : A® — Al. We have
§(01) =1 — 0. We then have

N*(Al) = k0* @ k1* @ k01F,

where we take the basis (Qﬁ,lﬁ,ﬂﬂ) dual to (0,1,01).

We now explain the definition of a connection V* : N*(A!) @ N*(Al) — N*(Al),
which we use in the construction of degeneracy operators in our definition of homo-
topy Segal E.-cooperads. We then consider the simplicial map min : A'xA! — Al
defined by the mapping (s,t) — min(s,¢) on topological realizations, or equiva-
lently, by the following representation:

0x1 Ix1
Al
0x0 1x0

Al
where we take the projection onto the diagonal simplex along the lines depicted
in the figure. We take the composite V, = N,(min) o EM of the induced map on
normalized chain complexes N, (min) : N, (A x A!) — N,(A!) with the Eilenberg—
MacLane map EM : N, (A1)®@N,(A!) — N, (Al x Al). We get the following formulas:

V.(0®0)=V,(1®0)=V,(0®1) =0,
V.(l®1) =1,
V.(1®0l)=V.(0l®1) =01,
V.(0®01) = V,.(01®0) =0,
V.(01®01) =0

We define our connection on normalized cochains V* as the dual map of this mor-
phism V.. We accordingly take:

V* = EM o N* (min) : N* (A1) — N*(A!) @ n* (A1),
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and we can determine this morphism by the following formulas on our basis ele-
ments:

0 =0"®0" +1* @ 0" + 0* ® 1%,
)=ﬂ®ﬂ

1M =0*@1* +1* ® 01"

(ti
V(
V(01

| ol

We crucially need the observation of the next proposition in our constructions.

Proposition A.6. The map V* = EMoN*(min) : N*(Al) — N*(Al) @ N*(Al)
defined in the above paragraph is a morphism of E-algebras, where we use that the
Barratt-Eccles operad E acts on the tensor product N*(A') @ N*(AY) through the
operadic diagonal A : E — E ® E and its action on each factor N*(A).

Proof. We go back to the definition of the E-algebra structure of normalized cochain
complexes of simplicial sets in terms of a dual E-coalgebra structure on normalized
chain complexes. We prove that the morphism V, : N,(A') ® N, (A!) — N, (A!),
dual to the morphism of our claim, is a morphism of E-coalgebras. We may note
that the Eilenberg—-MacLane map EM : N,(X) ® N,(Y) — N.(X x Y) does not
preserve E-coalgebra structures in general. Nevertheless, such a statement holds
when on factor is a one-point set, X = % or Y = x, because in this case, we
have Ny (X) ~ No(X) @ k >~ N (X x %) or Nu(V) ~ KQN,(Y) ~ N.(x x Y), and
the Eilenberg—-MacLane map reduces to the identity morphism on the functor of
normalized chains. We readily deduce from this observation that our morphism
V. Ny (AD®N,(AY) — N, (A1) preserves E-coalgebra structure on the subcomplex
generated by the tensors ¢ ® 7 € N, (A!) ® N, (A!) such that o € {0,1} or 7 € {0,1}
since such tensors lie in the image of the coface maps d’ ® id : N*(A%) @ N, (A!) —
N, (AY) @ N (AY) and id @d" : N*(Al) @ N, (Al) = N.(A%) @ N, (Al), with i = 0, 1.

We use the notation 7, : N, (A!) — N, (A1)®" for the operation that we associate
to an element of the Barratt—Eccles operad m € E(r) in the definition of the E-
coalgebra structure on N, (Al). In general, for a tensor ¢ ® 7 € N,(Al) — N, (A1),
we have the formula:

m(c@r) = sh(r.(o) @ 7/(r)),
()
where A(m) = 37 m @ 7" denotes the coproduct of the operation 7, while sh :
N (AH®T @ N, (AN®T — (N*(Al) @ N*(A1))®" is the tensor permutation such that
sh(a1 ®  ®a, b1 @ - ®b.) = (a1 ®b1) @+ ® (ar ®b,.). Thus the statement
of our claim is equivalent to the following relation:

T (Vi ( ZVW o) ® (1)), (%)

for m € E(r), and for any ¢ ® T € N*(Al) ® N.(AL).

We can use the argument of the previous paragraph to establish the validity of
this relation in the case where ¢ or 7 is a vertex 0,1 € N*(Al). We therefore focus
on the case ¢ ® 7 = 01 ® 01. We then have V,(01 ® 01) = 0, so that the above
equation (*) reduces to the following vanishing relation:

ZV@" sh(7(01) ® ”(01)) = 0. (+)
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We devote the rest of this proof to the verification of this relation.

The definition of the action of the Barrati—Eccles operad on chains. To carry
out our verification, we have to go back to the explicit expression of the operation
@y N (Al) = N (AN)®" associated to an element of the Barratt—Eccles operad
w € E(r) in terms of interval cuts associated to a table reduction of the simplices
of the permutations (sg, ..., s;) that occur in the expansion of . We briefly recall
this construction in the general case of a g-dimensional simplex A?. We refer to [1]
for details.

The table reduction is a sum of surjective maps s : {1,...,r +1} = {1,...,r},
which we determine by sequences of values s = (s(1),..., s(r+1)), which we arrange
on a table, as in the following picture:

s(1),...,s(eqg — 1), s(ep)
s(eg+1),...,8(e1 — 1), s(eq)

S =

s(er—2+1),...,s(e1-1 — 1), s(e1-1)
s(ej—1 +1),...,8(r+1)

The caesuras s(eg), . . ., s(e;—1), which terminate the rows of the table, are the terms
y = s(x) of the sequence s = (s(1),...,s(r+1)) that do not form the last occurrence
of a value y € {1,...,r}. Thus, the complement of the caesuras, which consists of
the inner terms of the rows s(e;—1 +1),...,8(e; — 1), i =0,...,l — 1, and of the
terms of the last rows s(e;—1+1),...,s(r+1), consists of the terms of the sequence
s=1(s(1),...,s(r +1)) which are not repeated after their position.

The table reduction of a simplex of permutations @ = (sg,...,s;) is a sum of
table arrangements of surjections of the following form:

80(1), ey So(’)"o — 1), 80(7“0)
s1(1), ... s1(r — 1), s1(m)

si—1 (1) sica(me1r — 1) si-a(ri-a)

Sl(].)l, ey 81(7"[)/
and which we obtain by browsing the terms of our permutations s;, i = 0,...,[.
For i = 0, we retain all terms of our permutation so(1),...,s0(x),... up to the

choice of a caesura sg(rg), where we decide to stop this enumeration. For ¢ > 0,
in the enumeration of the terms of the permutation s; we only retain the values
si(1),...,s;(x),... that do not occur before the caesura on the previous rows of
our table. For i < [, we again stop this enumeration at the choice of a caesura
si(r;). For i = I, we run this process up to the last term of the permutation s;. We
sum over all possible choices of caesuras.

For 0 <wvg < -+ < wp < ¢, we generally denote by vg...v, € A the p-simplex
defined by taking the image of the fundamental simplex of the ¢-simplex A% under
the simplicial operator u* : A? — Af associated to the map u : {0 < --- < p} —
{0 < -+ < ¢} such that u(x) = vg, £ =0,...,p. The notation 0- - - ¢, for instance,
represents the fundamental simplex of A9,

Each surjection s = (s(1),...,s(I + r)) in the table reduction of an element of
the Barratt—Eccles operad @ = (sg,...,s;) is used to assign a sum of tensors

5:(0-q) = ) Fofy) @ ®af,) € N(ADF,
«
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to the fundamental simplex 0---g € AZ. We proceed as follows. We fix a sequence
of indices 0 = pp < --- < pp < -+ < pry; = ¢, which we associate to an interval
decomposition of the indexing sequence of the fundamental simplex:

0---gq=po---pilpr---pa|--- - |prai—1- " prot-
Forz =1,...,r+1, we label the interval p,_1 - - - p, with the value of the term s(x)
of our surjection s = (s(1),...,s(r+1)) in {1,...,7}, as in the following picture:
9(1 9(2) e(:c) s(r+l1)
po" pilpr s pal e e Dot p| oo e Ottt e Py,

Then, for i € {1,...,r}, we concatenate the intervals p,_1---p, labelled by the
value s(z) = ¢ in order to form the factor oy of our tensor 5,(0---q) € N, (A7)®r,
We sum over all possible choices of indices 0 =pg < -+ < p, <--- < pry; =4q.

The image of the simplex 0---¢ € N,(A?) under the operation w : N,(A9) —
N, (A?)®" associated to an element of the Barratt-Eccles operad @ € E(r) is given
by the sum of the tensors s,(0- - - q) € N,(A?)®" where s runs over surjections that
occur in the table reduction of w.

In general, we can determine the action of the operation w, : N, (X) — N, (X)®"
on an element o € N, (X) in the normalized chains of a simplicial set by using that o
is represented by a simplex o € X, such that ¢ = (0 - - ¢) for some simplicial map
& : A? — X. Indeed, by functoriality of the operation w, : N,(X) — N, (X)®"
we have the identity @, (o) = Nu(6)®"(ww.(0---¢q)) in N.(X)®". But we do not
use really this correspondence in the follow-up, because we are going to focus on
the computation of the tensors @, (o) € N, (X)®" for the fundamental simplex of
the 1-simplex 01 € Al'. We study the terms that may remain in the expansion of
@.(01) € N, (AN after the reduction of the factors oy € Ny (Al) associated to

degenerate simplices in A'.

The reduction of degenerate simplices for the action of the Barratt—FEccles operad
on the 1-simplez 01 € N,(A%). In general, in order to get non-degenerate simplices
o(;) in the above definition of the tensors s.(0---q) € N, (A7)®" we have to assume

that we have a strict inequality p, < p,—1+1 for each pair < y such that s(x) and
s(y) represent consecutive occurrences of a value s(z) = s(y) = ¢ in our surjection
s(1),...,s(r+1).

In the case ¢ = 1, we must have 0 = pg = -~ = p1 < pr = -+ = pp = 1,
for some index choice t. Then we associate an interval 01 to the term s(t) of our
surjection s, an interval of length one 0 to the terms s(x) such that « < ¢, and an
interval of length one 1 to the terms s(x) such that > ¢. In this context, the
only possibility to get a tensor product of non degenerate simplices is to assume
that s(t) lies the last row of our table. Indeed, we can observe that no caesura
s(e;) should be associated to an interval 1 or 01, because in the case where such an
interval 1 or 01 is labelled by the value of a caesura s(e;), the next occurrence of
this value should be associated to the interval 1, producing a degeneracy ---11---
when we perform the concatenation operation. Now, if we assume that all caesuras
s(e;) are associated to the interval 0, then the term s(t) associated to the interval
01 necessarily occurs after the last caesura, and hence, necessarily lies on the last
row of our table.

In the case of the table reduction of a simplex of permutations w = (sq, ..., $;),
we get that the interval 01 is associated to a term s;(t') = s;(¢)’ which we retain in
the sequence of values of the permutation s; on the last row of our table reduction.
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The interval of length one 1 can only be labelled by the value of terms s;(x)" that
occur after s;(t)’ on the last row of our table. The values of the terms s;(x) such
that # < t’ in the permutation s;(x) can not occur at such positions. Therefore, the
occurrences of these values in our table reduction can only be decorated by intervals
of length one 0, and produce either a vertex O‘(O;) = 0 or a degenerate element when
we perform our concatenation operation.

This analysis implies that the tensors 0(“1) R ® Uf;), which occur in the ex-
pansion of a coproduct @, (01) € N*(A)®" @ = (s,...,s;), satisfy the following
repartition constraint (when no degeneracy occurs):

oo 0, fori=s(1),...,s( —1),
@ 01, fori=s(t),

where s;(t') = s;(t)’ is the term of the permutation s;(1),. .., s;(r) that we associate
to the interval 01 in our interval decomposition process. Note also that (in non
degeneracy cases) we necessarily have:

o(;y =01, for the values of the caesuras i = s«(es)

in our table reduction of the simplex @ = (s, ..., s;),

since the values of the caesuras are repeated in our table (and hence lead to simplices
of positive dimension when we perform our interval concatenation).

The wverification of the vanishing relation. We go back to the operations 7, :
N (AY) — N (ADH®™ and 77 : N (AY) — N.(AD®" associated to the factors of a
coproduct A(r) =377 @ 7" in the expression of our equation («').

Recall that, for an element m = (wo,...,wy) € E(r), we have by definition
A(m) =" (wo, ..., w) @ (W, . .., wy,). We fix a term of this coproduct 7’ @ 7'’ =
(wo, . .., W) (Wk, - . ., Wy ), and interval decompositions that fulfill the conditions of
the previous paragraph for some table reductions of the simplices ©’ = (wo, . . . , W)
and 7 = (w,...,wn). We consider the associated tensors of;) @ -+ ® oy, and
oy @+~ ®o(, in the expansion of 7 (01) and 7(01). We consider the case k <n
first.

Let i = wg(t') be the term of the permutation wj, to which we associate the
interval 01 in the table reduction of ' = (wy,...,wg), so that we have O'Ei) =01
(in a non degeneracy case). If this term i = wg(t') occurs on the first row of
our table reduction of the simplex 7" = (wg, . .., w,), then we have either crE’i) =0
(when wg (t') occurs before the caesura) or o(;) = 01 (when the caesura is at wy(t')).
In both cases, we have V.(o(;) ® o(})) = 0 since V,(01 ® 01) = V,(0® 01) = 0
by definition of our map V., and therefore such a choice results in a zero term
in the expression V*sh(x’, (01) ® 7/(01)). If, on the contrary, we take the caesura
J = wg (7)) before the value i = wy(¢’) occurs in our table reduction of the simplex
7" = (wg,...,wy), then this means that the value j = wy(r}) occurs before ¢ =
wg(t') in the permutation wyg, and in this case, we have by our previous analysis
o(;) = 0 when we form the coproduct m(01). We then have V. (o(,) ® o)) = 0
(since V,(0® 01) = 0), We still conclude that our choice results in a zero term in
the expression V*sh(w/ (01) ® 77/ (01)).

In the case k = n = deg(n”) = 0, we just consider the value j = w, (¢") to which
we assign an interval 01 in our construction of the tensor 7/(01), and we argue

similarly: if ¢ < ¢”, then we have o7}y = 0, so that V.(o{,, ®0(})) = V.(01®0) = 0;
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if t' = ¢", then we have o(; = crE’i) =01 and V*(agi) ®o(y) = V(0L ® 01) = 0 if
t' > t”, then we have O'Ej) =0 and V*(ogj) ® 02’ )=V.,.0®01)=0.

1"
Ty

0,

[
[2
3
4
5

6

[7

8

9
[10
11

[12
[13

J)
In all cases, we conclude that our choices result in a zero term in V& sh(x’ (01) ®
(01)). Hence, we do obtain the vanishing relation ) V" sh(r (01)®@7{(01)) =

and this result finishes the proof of our proposition.

O
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