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HOMOLOGY OF INFINITY-OPERADS

by Eric HOFFBECK & Ieke MOERDIJK (*)

ABSTRACT. — In a first part of this paper, we introduce a homology theory for
infinity-operads and for dendroidal spaces which extends the usual homology of
differential graded operads defined in terms of the bar construction, and we prove
some of its basic properties. In a second part, we define general bar and cobar
constructions. These constructions send infinity-operads to infinity-cooperads and
vice versa, and define a bar-cobar (or “Koszul”) duality. Somewhat surprisingly,
this duality is shown to hold much more generally between arbitrary presheaves
and copresheaves on the category of trees defining infinity-operads. We emphasize
that our methods are completely elementary and explicit.

RESUME. — Dans une premiére partie, nous introduisons une théorie de 1’ho-
mologie pour les infini-opérades et les espaces dendroidaux, qui étend I’homologie
usuelle des opérades différentielles graduées définie au moyen de la construction
bar, et nous prouvons certaines de ses propriétés de base. Dans une seconde partie,
nous définissons des constructions bar et cobar générales. Ces constructions en-
voient les infini-opérades sur des infini-coopérades et vice versa, et définissent une
dualité bar-cobar (ou « de Koszul »). De fagon assez surprenante, cette dualité est
encore vraie pour des préfaisceaux et copréfaisceaux quelconques sur la catégorie
des arbres définissant les infini-opérades. Nous insistons sur le caractére élémentaire
et explicite de nos méthodes.

Introduction

The goal of this paper is to introduce a homology theory for infinity-
operads and dendroidal spaces, and prove some of its fundamental proper-
ties. In particular, we will prove a bar-cobar (sometimes called “Koszul”)
duality in a general context. Our homology extends the classical homology
of differential graded operads, first introduced by Ginzburg-Kapranov [9]
in terms of the bar construction on differential graded operads.
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930 Eric HOFFBECK & Ieke MOERDIJK

More specifically, we will consider a category A of trees, closely related
to the category € [13] used to model infinity-operads, but modified to
deal with operads which are trivial in arities zero and one. We introduce
a homology theory for presheaves of chain complexes on A, which takes
values in symmetric sequences of graded abelian groups. This theory enjoys
the standard properties of a homology theory such as invariance under
quasi-isomorphism and the existence of long exact sequences and spectral
sequences. Furthermore, in the case where the presheaf arises as the nerve
of an operad, our theory agrees with the classical bar homology of the
operad. For example, in the specific case of the associative operad, our
complex calculating the homology can directly be related to the dual of
the complex given by the Stasheff polytopes, while for the commutative
operad, it is the homology of the partition complex, as in the paper of
Fresse [6]. In fact, if the presheaf comes from a general operad in Sets
(as in the case of the nerves of the associative and commutative operads),
our homology is closely related to the generalised partition complexes of
Vallette [15]. If the presheaf arises from the restriction of a dendroidal space
to the smaller category A of trees, our homology theory is an invariant of
the Quillen model structure defining infinity-operads, in the sense that it
can be viewed as a left Quillen functor on this model category.

We next prove a duality theorem for arbitrary presheaves on the category
A. In order to do so, we define for a presheaf M on the category A of trees
a copresheaf B(M), which extends the complex calculating the homology
of M mentioned above. We also define a dual cobar construction BY which
assigns a presheaf to any copresheaf. The duality result then states for any
presheaf M that BY (B(M)) is quasi-isomorphic to M (as presheaves, i.e.
naturally in A). We emphasize that this result holds for arbitrary presheaves
M, not just for nerves of operads. In this sense, it reflects a property of
the category A. Our proof of duality is completely explicit, elementary and
short. Nonetheless, in the strict case where M is the nerve of an actual
operad, we recover the duality result first proved by Getzler—Jones [8] and
by Ginzburg—Kapranov [9], see also [11]. Extending what happens in these
references, our construction yields an infinity-cooperad B(M) in case the
presheaf M has the structure of an infinity-operad (and dually, the con-
struction BY maps infinity cooperads back to infinity-operads.) The rel-
evant notion of cooperad arising naturally here is closely related to that
occurring in the papers of Ching [3, 4] and the preprint of Fresse-Guerra [7],
for example.
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HOMOLOGY OF INFINITY-OPERADS 931

A duality theorem for operads in spectra has been proved earlier by
Ching, using the same category A of trees. Although Ching works with
strict operads and his proof in terms of the Boardman—Vogt resolution is
different, it is likely that his methods extend to infinity operads in spectra,
and we expect there to be a common generalisation of his results and ours.

We mentioned that our homology can be seen as defining a homology
theory for dendroidal sets or spaces, behaving well with respect to the
model structure for simplicial or topological infinity operads (see [5]). In
this context, our homology theory should be distinguished from the one
defined by Basi¢ and Nikolaus [2]. Their homology does not extend the ho-
mology of operads but extends the usual one of simplicial sets, and in fact
is an invariant of their stable model structure modeling connective spectra
(see Bagié-Nikolaus [1]). A concrete difference is that for representable den-
droidal sets (i.e., free operads generated by trees) our homology counts the
vertices of a tree (see Corollary 3.6 below), while theirs counts the leaves.
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institution. He would also like to thank Gijs Heuts for helpful discussion.
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1. Definitions

Recall the category €2 of rooted trees from [13], parametrising the cate-
gory dSets of dendroidal sets. This category €2 contains many subcategories
which are relevant in different contexts. Here we consider two such, viz. the
full subcategory €2; of open and reduced trees and a non-full subcategory
A C Q7. This category €2 has as its objects all trees 7" in € all of whose
vertices have valence (i.e. number of inputs) at least 2. The category A has
the same objects. The morphisms S — T in A are those morphisms in
which preserve the root and induce a bijection between the sets of leaves.
Any such morphism factors as an isomorphism S <= S’ followed by an
inner face map S’ ~— T, i.e. an “inclusion” of a tree S’ obtained from T
by contracting some inner edges. Note that the category A falls apart into
disjoint pieces A() of trees with £ leaves, where the corolla Cy is a minimal
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object.
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For a tree T, we denote by E(T) the set of its inner edges and by

Vert(T) the set of its vertices. Note that for T with at least one vertex,

[E(T)| < UT) -2,

where ¢(T) is the number of leaves of T'.
We will be interested in various categories of presheaves on A and €27.

Example 1.1.

(1)

Let P be an operad with values in a cocomplete symmetric monoidal
category M. We will mostly be interested in the case where M is
the category of modules over a commutative ring R, or the cate-
gory Ch of (not necessarily bounded) chain complexes of such (such
operads will be called linear operads), or the category of simplicial
sets, and the reader can keep one of these cases in mind for defi-
niteness. The usual dendroidal nerve N(P) defines a presheaf on A
with values in M. Its value on a tree T' can loosely be described as
the tensor product

N(P)(T) = Q) P(lvl),

where this tensor product ranges over the vertices v of T' and |v] is
the number of input edges of v in T. A more precise definition re-
quires either a definition of operads as taking values P(U) on finite
sets U or a quotient of the form

v = ( ];[@Puvn)/ .,

where the sum is over planar structures 7 on 7', and |v| is now the
ordered set of inputs of v linearly ordered by 7, while the quotient is
by the group of (non-planar) automorphisms of 7. We refer to [10]
for details.

Our restriction to the subcategory A C € implies that N(P)
ignores the objects P(0) and P(1), so this notion is only appropri-
ate for operads which are reduced, that is where P(0) is empty or
zero and P(1) consists of the identity operation only. In the linear
case, P(1) = R. This restriction is not essential, as one can always
replace the ground ring R by P(1), as in [9)].

Recall that a dendroidal set (or dendroidal space) is a presheaf on
the category Q with values in Sets (or in sSets, respectively). Its
restriction to a presheaf on A or on €7 will still be referred to as a
dendroidal set (or space). For an open and reduced dendroidal space
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X : (Q22)°P — sSets, we obtain a functor Z[X] : (22)°®? — Ch by
taking the usual chain complex Z[X (T')] of each simplicial set X [T7].
This functor can be restricted to the smaller category A C Q2.

For two trees S and R, and a leaf a of .S, we will write S o, R for the tree
obtained by grafting R on top of S at the leaf a. Thus, the inner edges of
S o, R are those of S, those of R and a.

DEFINITION 1.2. — A functor M : A°® — Ch will be called a linear
oo-preoperad if M comes equipped with structure maps

0 =0spra: M(So, R) — M(S)® M(R)
which are natural in S and R (in the sense that for 8 : S — S’ and

v:R— R in A, the diagram

M(S o, R) M(S) ® M(R)

! T

M(S oy R') —% M(S)® M(R)

commutes, where a' = (a), and satisfy the natural associativity axioms
(see [12]). The functor M is called a linear oo-operad if these maps 6 are
moreover quasi-isomorphisms.

Example 1.3.

(1) If P is a linear operad, then for the nerve of P, the maps 6 are
isomorphisms.

(2) If X : A°® — sSets is (the restriction to A of) a dendroidal Se-
gal space (see Section 4), then H,.(X) is a linear co-operad with
zero differential. Moreover, Z[X] is a linear oo-operad in a slightly
weaker sense, due to the fact that the Alexander—Whitney map only
respects commutativity up to homotopy.

Remark 1.4. — For M a linear oco-operad and for Cy the corolla with
¢ leaves, the symmetric collection {H.(M)(Cy)}een is an operad in the
category of graded abelian groups.

DEFINITION 1.5. — A functor ¥ : A — Ch will be called a linear
oo-precooperad if it comes equipped with maps

A=Agpa:Y(So,R) — Y(S)®Y(R)

TOME 75 (2025), FASCICULE 3
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which are natural in S and R and satisfy coassociativity axioms. The func-
tor Y is then called a linear oo-cooperad if these maps A are moreover
quasi-isomorphisms.

Example 1.6. — For C a linear cooperad, we can construct a functor
NY(C) : A — Ch by the same formula as for the nerve of an operad. This
functor has the natural structure of a linear co-cooperad.

Remark 1.7. — Parallel to Remark 1.4, for a linear oco-precooperad Y
the collection {Y (Cy)}een is already a linear cooperad (without taking the
homology).

2. Dendroidal homology

We want to define and study a notion of dendroidal homology, which
takes values in symmetric sequences of abelian groups. Let us first recall
the category

S-mod = [ ] Chy,)
0>2

of symmetric sequences of chain complexes. An object A of Y-mod is a
family {A(Z)}g>2 where each A is a chain complex of ¥;-modules. We
define

DC : Ch™”" — Y-mod

to be the functor assigning to a presheaf M on A the symmetric sequence
of complexes whose ¢-th component in degree p > —1 is

DC, (M) = ( b M(T)>

T,a,e
where

e T ranges over trees with exactly p + 1 inner edges and at least one
vertex

e «:Cyp— T is a morphism in A

e ¢ =(eg,...,ep) is an enumeration of the inner edges of T’

and the coinvariants are taken for the action of the groupoid H given
by the semi-direct product of the groupoid of extensions Cy — T and
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isomorphisms between them

C, —2 T
PN

«
T/

and the symmetric group Xp,) = ¥y, p} (permuting the e;’s and acting
by the sign representation). Notice that the morphism « is the same as an
enumeration of the leaves of T and commutativity of the diagram above
corresponds to 6 respecting this enumeration. We write elements as (rep-
resented by) quadruples

(T, a,e,x)

where e is as above and x € M(T). As we take the coinvariants with respect
to the H-action, we make the following two identifications: First,

(T, e,0%x") = (T', 0, Oe, ")

for 2’ € M(T"), 0 : T =5 T’ and fe the induced enumeration of the inner
edges of T". And secondly

(Ta Q, €, x) = (_1)T(T7 Q, €T, (E)

for any permutation 7 € ¥, and the composition [p] = [p] 5 E(T). The
Y.p-action is given by precomposition, identifying ¥, with the automor-
phisms of Cy.

Before taking coinvariants, one can define a simplicial face map 9; which
maps the summand M(T) for (T, o, e) to M (0., T) for the following tuple:

(0e, 1,07 (), (€0, -+ -1 €y oo s €p)),

where the map 9., : O, (T') = T is the face contracting e;, the map 9} () :
Cy = 0., (T) is the unique morphism in A for which a = 9., o 9, («), and
the map M(T) — M(9.,T) is the restriction 9}, given by the presheaf
structure on M. The simplicial identities are clearly satisfied. Moreover
the simplicial operators clearly commute with the differential of M.

Let us check that these face maps induce a well-defined differential on
the quotient. First, we have the following commutative square which shows
that the action by the groupoid of tree isomorphisms is compatible with

TOME 75 (2025), FASCICULE 3
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the differential:

B(ei)I Iae(ep

8ei T —= 69(ei)T.

Next, let us show the compatibility of the X, -action. For a given tree T'
and amap « : Cy — T, let us write M (T"). for the copy of M(T) given by T'
and the enumeration e = (eq,...,ep). Then for a given e and i =0,...,p,
and any 7 € ¥, there is a commutative square

M1, — % M),

(-1)70;, J{ i(l)iazﬁn

M(aej T) T)T/ M(a(eT)lT)

where j = 74, and 7/ is the restriction of 7 (so that (—=1)™ = (=1)"+7(=1)7
for i and j as above).
Notice that the complex is naturally augmented by

DC_y(M) = P M(Cy)

=2

where Cp is the /-corolla. One obtains a double complex
P pC,(M,)
Pq

where p > —1 and ¢ > 0, by taking as horizontal differential the map
induced on the coinvariants by the alternating sum of the face maps

9= (~1)"e, : DC,(M) — DCp_1 (M)
and vertical differential O;,; induced by the one of M,
Ot (Ty v, e, ) = (=1)PYH(T, v, e, Opr ().
The homology of the total complex will be denoted
DH,.(M)
(with x > —1), and called the dendroidal homology of M.

ANNALES DE L’INSTITUT FOURIER
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3. Examples and basic properties

In this section we relate our homology theory to the usual homology of
operads and to the homology of categories.

Example 3.1. — Let P be a linear (reduced) operad. We have seen that
its nerve N(P) is a presheaf on A with values in Ch. The homology of
P (as defined for instance by Ginzburg—Kapranov [9]) is the homology
of its bar construction B(P) = (T¢(sP),d), the quasi-cofree cooperad on
the suspension of the augmentation ideal of P, with a differential which
contracts one edge at a time. Up to a degree shift, the underlying symmetric
sequence (in arities larger than 1) is nothing but our complex defined above.
Thus the homology of P is (up to a shift) the dendroidal homology of N (P).

Example 3.2. — As a particular case of the above remark, for P = Ass
the associative operad, our complex allows us to directly compute the den-
droidal homology of N(Ass) and thus recover the homology of Ass. The
complex DC,(Z[N Ass|) decomposes as a sum over ¢ > 2, the number of
leaves. For a fixed ¢ and in degree p, it is the free abelian group on planar
trees with ¢ leaves and p + 1 inner edges (p > —1) equipped with an enu-
meration of the leaves. For a fixed enumeration, this complex is dual to that
of the cellular homology of the Stasheff polytope, which is a contractible
CW-complex of dimension £ — 2. So normally the homology would be Z[>]
in degree ¢ — 2 and 0 elsewhere. But our grading is shifted by —1, so the
homology of the summand DC” (Z|N Ass]) is Z[Xy] in degree p = £ —3
and zero elsewhere.

Similarly, for P = Com the commutative operad, our complex allows us
a direct computation, see also Remark 3.10 below.

ProprosiTION 3.3. — Dendroidal homology has the following basic
properties.

(1) If M — M’ is a quasi-isomorphism, then the induced map
DH.(M) — DH,.(M') is an isomorphism.

(2) For a filtered colimit M = lim, M,, the canonical map from
lim, DH,.(M,) to DH,(M) is an isomorphism.

(3) For any short exact sequence 0 — M’ — M — M" — 0, there is a
long exact sequence

-++— DH,(M") — DH,(M) — DH,(M") — DH,, 1(M') — -

TOME 75 (2025), FASCICULE 3
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(4) For any presheaf M on A with values in Ch, its homology DH (M)
decomposes according to the number ¢ of leaves in a tree, as

DH.(M) =@ DHY (M).
£>2
This decomposition is functorial in M.
Proof.

(1). — First, for each p > —1, the map DC,(M,) — DC,(M]) is a
quasi-isomorphism, and this gives a quasi-isomorphism of double complexes
and hence a quasi-isomorphism between the total complexes.

(2). — Obvious.

(3). — This follows from the fact that such a short exact sequence in-
duces a short exact sequence of double complexes

0 — DCy(M,) — DCy(M,) — DCy(M;') — 0.

(4). — The double complex DC, (M) already decomposes according to
the number of leaves, and the differentials respect this decomposition. [

Remark 3.4. — Let us observe that the definition of DH, (M) as the ho-
mology of the total complex of a double complex (bigraded by p > —1 and
q > 0) gives two spectral sequences which we record for completeness: For
M a presheaf on A with values in Ch, there are natural spectral sequences

E;,q = DHy(Hy(M)) — DHpyq(M)

and
Ez,q = Hy(DHy(M)) — DHpyq(M).

For the convergence of these, even if M is unbounded, note that for a fixed
number of leaves ¢, the spectral sequences live in a strip —1 < p < ¢ — 3.

PROPOSITION 3.5. — For a representable functor A(—, R) given by a
tree R,

Z[Xy] ifp=—1and R~ Cy

DHY(ZA(—,R)) =
P (ZA( 2 0 otherwise.

Proof. — The complex in degree p is the free abelian group on equiva-
lence classes of pairs

B
ngTHR, (€0, ---s€p)

ANNALES DE L’INSTITUT FOURIER
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where e, ...,e, enumerate inner edges of T' and the equivalence relation
is for permutations of the e;’s (with a sign) as well as isomorphisms given
by commutative diagrams

all as above. The differential is >7_(—1)0; where

« B ~
0;(Ce =T — R, (e0,...,€p)) = (Co— 0e,T — R, (€0,...,€i,...,€p))

with the induced maps. The composition Sa remains the same over equiv-
alence classes and under 0;, thus the complex falls apart into a direct sum
over morphisms v : Cy — R. For a fixed 7, choose a linear ordering of
the inner edges of R. Then the summand for v can be identified with the
complex which in degree p is the free abelian group on the set of sequences

e <--<e, (p=-1)

of such edges in the chosen order, with usual differential

Ao, ep) =Y (=1)'(€0s-. 1.0 rp).

If R has at least one inner edge, the complex is acyclic: we can choose a
maximal element in the order, call it m. Then the map h defined by

h ) 0 if e, =m
€0y .-y Ep) =
‘ P (—=1)PT(eq,...ep,m) if e, < m.

is a contracting homotopy, so the homology vanishes. If R is a corolla, on
the other hand, the complex is concentrated in degree —1, and is just Z.
So

DH ,(ZA(-,R)) = P Z,

Ci—>R
which is Z[3,] when R is a corolla with ¢ leaves and 0 otherwise. O
COROLLARY 3.6. — For a representable functor Q¢ (—,T) given by a

tree T,

7[> ifp=-—1
DHp (ZQ: (_’ T)) _ @UGVert(T) [ 1nputs(v)] iap
0 otherwise.

TOME 75 (2025), FASCICULE 3
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Proof. — Tt suffices to notice that the restriction to A C Q2 of Q9 (—,T)
decomposes as a sum of representables. Writing 7 : A — €7 for the inclu-
sion,

j*Q;(—, T) = H A(-, R)
RCT
where the coproduct ranges over external faces R — T of T'. Indeed, any
map S — T in Q2 decomposes uniquely as a map S — R in A followed by
an external face R — T. As external faces R — T where R is a corolla are
in bijective correspondence with vertices of T, the result now follows from
the previous proposition. O

It is possible to express dendroidal homology in terms of the homology
of a pair of categories. Recall that for a category C and a covariant functor
A : C — Ab, the homology H,(C, A) is defined as the homology of the
chain complex

€A = @ Al
co—r—Cn

where the sum is taken over strings of morphisms ¢y — -+ — ¢, in C. The
differential is & = >_(—1)%0; where 9; maps the summand for cg — -+ — ¢,
to the one for ¢g — --- — & — -+ — ¢, by the identity of A(cg) if i # 0
and by A(co) = A(eq) if i = 0. If D C C is a subcategory, the homology of
the pair H,(C,D; A) is defined to be that of the quotient complex

0— C,(D,A) — C,(C,A) — C.(C,D; A) — 0,

as usual.
If A is a contravariant functor on C, we write C,(C, A) for C,(C°P, A),
and similarly for H,(C, A) and for pairs.

PROPOSITION 3.7. — For a given ¢ > 2, consider the category Cp/A
and its full subcategory Cy//A on the non-isomorphisms Cy — T'. Then for
M : A°® — Ab and its restriction to Cy/A,

DH (M) = H,1(Ce/A, CJ/A; M).

Proof. — Consider the double complex (with values in chain complexes)

Cpy= ( P M(Tq)>/ ~

Ce>—>R>—>T0>—>'“>—)Tq

where ¢ > 0, p > —1, Cy LR>—>T0 — o= Ty isin A, e = (eg,...,€p)
enumerates inner edges of R, and we make identifications for permutations

ANNALES DE L’INSTITUT FOURIER
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of the e;’s (with signs) and isomorphisms of the kind

L
<t q.

7

The differential in the p-direction is the alterning sum of 0;’s, as defined
in the previous proof. The vertical differential in the g-direction is the
simplicial one on the part Ty — -+ — Tj.

R/

For p and C, S R fixed, the complex computes the homology of R/A
with coefficients in M, so this contracts to M (R). Since the quotient is by
a simple groupoid (see Appendix), we obtain that H,(Cp ) =0 for ¢ > 0
and Hy(Cp—) = DC,(M) if ¢ = 0. We conclude that the total complex
computes DH,(M).

For ¢ fixed, we get a sum over Cy A Tp — -+ — T, of complexes
computing the dendroidal homology of the representables A(—,Tp). This
vanishes when = is not an isomorphism (ie. when 7 is a morphism in Cy//A),
as we just saw, so for fixed ¢

0y = | Bemm, M(Ty) ifp=-1
o 0 if p# —1.

So the spectral sequence of the double complex with
E;,q = H,(C_,)

collapses, and the differential d' : E} , — E}
cal differential. Thus (E!,  ,d") is the complex computing the homology

H.(Cy/A,Co//A; M). O

is induced by the verti-

Remark 3.8. — A similar statement of course follows for a presheaf M
with values in chain complexes and the corresponding hyperhomology of a
pair of categories.

Remark 3.9. — There is a long exact sequence induced by the short exact
sequence of complexes

0 — C(Coff A M) — C(Co/A; M) — C,(Cy/A, Cof/A; M) — 0.

Moreover Cp/A has an initial object. Thus DHiZ)(M) is H,(Cy¢//A; M) for
* > 1.
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Remark 3.10. — If M is a constant presheaf, then in positive degrees
DHff)(M ) is the homology of the classifying space of Cy//A, which is re-
lated to the partition poset of {1,...,¢}. This applies in particular to the
nerve of the commutative operad. This partition poset is homotopy equiva-
lent to a wedge of spheres, see Robinson-Whitehouse [14]. Operadic parti-
tion posets (see [15]) can be recovered as Cy//A/N(P), that is the category
of objects strictly under the corolla and over N(P).

4. Homology of dendroidal spaces

For X an open reduced dendroidal space, we denote by DC,(X) and
DH,(X) the complex DC,(Z[X]) and its homology (see Example 1.1(2)).
The results of the previous section imply the following corollaries.

COROLLARY 4.1. — For an open and reduced dendroidal space X and
for a pushout along a monomorphism

U — X
Vv —— Y

there is a natural long exact Mayer—Vietoris sequence
-++—DH,(U)— DH,(V)® DH,(X) - DH,(Y) —- DH,_1(U) — ---
Proof. — This follows from Proposition 3.3(3) because the pushout yields
a short exact sequence
0 — Z[U] — Z]V|® Z[X] — Z[Y] — 0. O
COROLLARY 4.2. — For an open and reduced dendroidal set X, there
is a natural isomorphism
DH.(X)=H.1(A/X, A~/ X; 7).
where A/ X is the category of elements of X and A~ is the full subcategory

of A on trees with at least one inner edge.

The categories dSets and dSpaces of dendroidal sets and spaces carry
various Quillen model structures. The main ones are the operadic model
structure on dSets and the model structure for complete Segal dendroidal
spaces on dSpaces. These two model structures are Quillen equivalent to
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each other, as well as to the natural model structure on simplicial op-
erads. We refer to [5] or [10] for precise statements and further details.
Similar statements hold for presheaves on the smaller category €27 of open
and reduced trees. These categories of presheaves are denoted ordSets and
ordSpaces — open and reduced dendroidal sets and spaces. The Quillen
model structures mentioned above restrict to these smaller categories, and
make them Quillen equivalent to each other and to the category of sim-
plicial operads P which are open (no nullary operation) and reduced (the
spaces of unary operations are weakly contractible).

The remarks above motivate the study of the homology of objects in
ordSpaces. For a tree T', we write y(T") for the corresponding representable
functor Q2(—,T), viewed as a discrete dendroidal space, open and reduced
if T is. The relevant model structure is the localisation of the generalised
Reedy model structure, localised by the so-called Segal maps

Y(S) Ua y(T) — y(S 0o T)

for two trees S and T and the grafting S o, T" of T onto a leaf a in S.
The cofibrations in this category are the normal monomorphisms: those
monomorphisms X — Y for which each automorphism group Aut(T) of
a tree T acts freely on the complement of the image of X (T') in Y(T).
The fibrant objects in this model category are the oco-operads, in other
words, Reedy fibrant objects X of ordSpaces for which the Segal maps
X(So0.T) = X(S) Xx(m) X(T) are all weak equivalences, see [5].

The theory of Quillen model categories enables us to express the funda-
mental properties of dendroidal homology in a possibly more informative
way. The category Y-mod carries a projective model structure, in which the
weak equivalences and fibrations are induced from those of chain complexes,
and in which the cofibrations are the maps A — B which are monomor-
phisms with projective cokernel (i.e., each AW BW® has a projective
Z[X¢]-module as a cokernel).

In the following theorem, the category »-mod has components only in
homological degrees greater than or equal to —1.

THEOREM 4.3. — The functor DC : ordSpaces — Y-mod is a left
Quillen functor with respect to the model structures mentioned above.

Proof. — We need to check that the functor DC has a right adjoint,
that it maps Reedy cofibrations to cofibrations and Reedy weak equiva-
lences to weak equivalences (i.e., quasi-isomorphisms), and that is sends
the localising trivial cofibrations of the form

() W) Uay(T) BV U(y(SoeaT) WU — (y(Soa T)) WV
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to weak equivalences. Here S o, T is a grafting as above, and U — V is a
monomorphism of simplicial sets. Moreover, for a dendroidal set D and a
simplicial set U, we write D K U for the dendroidal space

DRU(T)p =D(T) xUy= [[ Un.
deD(T)

Now, first of all, DC preserves all small colimits, hence has a right adjoint
for general categorical reasons. This right adjoint R : ¥-mod — ordSpaces
is defined by

R(A)(T),, = Hom(DC(y(T) K A[n]), A)

where the Hom is that of ¥-mod. See the remark below for an elaboration
of this description of R.

Next, for a Reedy cofibration X — Y, i.e. a normal monomorphism, the
cokernel of DC(X)® — DC(Y)® in bidegree (p, q) is

D ziy@,\x(1)]

N E)—) .
O Te coinv

where « ranges over morphisms in A and e = (e, . .., €,) are enumerations
of the inner edges of T, while we have identified X (7) with its image
in Y(T). The coinvariants are by isomorphisms under C; (as in the first
diagram of Section 2) and permutations of the e;’s. The action by 6 € %,
sends a generator (T, o, e,y) to (T,ab,e,y).

We claim that this action is free if X — Y is normal. Indeed, if one has
(T,a,e,y) = (T, ab,e,y), then there exists a (unique) factorisation

Cg>—>T

A
TG I
I
Cg>—> T

for which y = 7*y. If y does not belong to the image of X then 7 is the
identity by normality, and hence so is #. This shows that DC preserves
cofibrations.

Next, DC preserves Reedy weak equivalences. Indeed, if X ~— Y has the
property that each X(T') — Y (T) is a weak equivalence of simplicial sets,
then the first item of Proposition 3.3 shows that DC(X) — DC(Y) is a
homology isomorphism.
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Finally, we need to check that DC maps each trivial cofibration of the
form (%) above to a quasi-isomorphism. But in a fixed simplicial degree ¢,
this map is a coproduct of copies of the identity on y(S o, T') and copies
of the inclusion y(S) Ug y(T') — y(S o4 T'). Since such an inclusion induces
a bijection on vertices, Corollary 4.1 on the Mayer—Vietoris sequence to-
gether with Corollary 3.6 shows that for a fixed ¢, this map induces an
isomorphism in homology. Thus, by the spectral sequence, DC' sends ()
to a quasi-isomorphism. O

Remark 4.4. — Recall for a chain complex B the Dold—Kan simplicial
set R(B) defined by

R(B)n = Hom(N.(A[n]), B),

where N,(A[n]) is the normalised chain complex of Aln]. If ¥, acts on B,
then it also acts on R(B). In particular, R can be viewed as a functor from
Y-mod to symmetric sequences of simplicial sets. Now
DO(Y(T)RAR)m = @ DCuy(T) ® ZIAR],
p+g=m—1
By Corollary 3.6, the right hand side is quasi-isomorphic as a symmetric
collection to
P ziCi] @ N.(A)
|v]|=¢
where v ranges over vertices of T and |v| is the number of inputs of v. So
for A is in the proof above
R(A)T) ~ ] R(A®).
lv|=¢

Remark 4.5. — This theorem is false for the covariant and Picard model
structures, see [10] or [2] where the Picard model structure is called the
basic model structure. Indeed, one readily checks that for the tree T =
C, o, Cy, with a single inner edge connecting a bottom vertex v to a top
vertex w, the “top horn” AY(T) = 9.(T) U 0, (T) ~ T does not induce
an isomorphism in homology (it is the map Z ® Z — Z @& Z, which is the
identity on the first component and zero on the second component).

5. Bar construction
The goal of this section is to extend the bar construction of operads to

the present context, and give a reformulation in terms of the homology of
categories.
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For a presheaf M : A°® — Ch, we define a covariant functor B, (M)(—)
from A to double chain complexes. For S € A, define

Bp<M><S)=< b M(T))/Hs,

a:S—T,d,e
where

e «: S5 — T is a morphism in A
o d=(dy,...,dg—1) is an enumeration of the inner edges of S
e ¢ = (eg,...,ep—1) is an enumeration of the inner edges of T that
do not belong to the image of «,
and Hg is the groupoid naturally acting on these data: it is the semi-
direct product of the groupoid of extensions S — T of S and isomorphisms
between them

S>> T
\ elz
T/

and the symmetric groups X, = Xy, ... q—1) and .
We will write elements of B,(M)(S) as (represented by) triples

(a,d | e, x)

where a,d, e are as above and x € M(T). We omit the tree T from the
notation to keep it simpler. When necessary, we will write these elements as

(Oé, (do, e ,dqfl) | (60, .. .761,,1),.7}).

The fact that B,(M)(S) is defined as coinvariants for Hg comes down to
the following identifications:

(a,d|e,0"z") = (b, d | Oe,z")
for 2’ € M(T') and «a,d, e, 0 as above, and
(a,d ] e,z) = (—1)7(-1)" (e, do | eT, )
for any permutations o € ¥, and 7 € ¥,,, and where do is the composition
{0,...,q—1y & {0,...,q—1} 4, E(T) and e is defined in a similar way.

Notation 5.1. — In the formula for de,; below, we write (—1)¢ for (—1)4
with d representing here the length of the sequence rather than the sequence
itself. In the rest of the paper, we will often use this notation when writing
signs.
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The first differential
Oext, + Bp(M)(S) — Bp—1(M)(S)

is defined on representing elements by

p—1

Oext (o, d | ;) = (=1)™(0; (). d|(eq ... & ... ep1), 07, (z)),

i=0
where 0, : O.,(T) — T is the morphism in A given by contracting the
edge e;, the map 0} (a) : S » O, (T) is the unique morphism in A for
which a = 0, 0 9;,(a), and 97, : M(T) — M(0,,(T)) is given by the
presheaf structure on M. This map Oeyt is well-defined on coinvariants and
squares to zero. The second differential 0;,¢ is induced by the one of M
and the Koszul sign rule. More precisely, for (o, d | e, x) in B,(M)(S) and
x € My(S),

Ot d | e,x) = (=1)4%(a, d | e,0p.)

These two differentials anti-commute.

Notation 5.2. — We write B, ,(M)(S) for the double complex, with dif-
ferentials Oy and Oin¢. Later in Notation 5.9 we will consider a shifted
total complex.

Remark 5.3. — As the category A falls apart into pieces A(®) of trees
with ¢ leaves, so does the functor B,.(M). Moreover, we can recover DC
from B, in the following way:

DC.(M) = [ B (M)(Co).
1>2

(Notice the shift, which as we will see later, is motivated by an induced
structure of cooperad, see Proposition 5.10.)

Remark 5.4. — Using the result of the appendix, the same complex can

be given in terms of invariants:
B,(My(s)=| [ M)
S—T,d|e

Notice that this expression is obviously covariantly functorial in A: for
w € B,(M)(S), amorphismy: S — S in A, a: S — T, d an enumeration
of the inner edges of S’ and e an enumeration of the inner edges of T' not in
the image of a, the induced map 7. : B,(M)(S) — B,_.(M)(S’) is given by

Ve (w)oz,d|e = (_1)Twow,d’|d”e
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where 7 is a permutation acting on the enumeration d such that 7d =
(d',d") with d’ an enumeration of the edges of S (which can be seen as
edges of S’ via ) and d” the edges in S’ “contracted by +”. Notice that 7.
preserves the degree if we take the degree of B,(M)(S) to be p + ¢ where
q is the number of inner edges of S (i.e. “d+ €” in Notation 5.1).

In terms of coinvariants, the morphism ~, : B,(M)(S) — Bp—(M)(S")
obtained by covariant functoriality from a morphism v : § — S’ in A
can be described as follows. For an element of B,(M)(S) represented by
(a,d | e,x) as above, v.(a,d | e,x) = 0 if o : S — T does not factor
through v : S — S’. If, on the other hand, it does factor, we can write
a = f~ for a unique 8. Then, up to isomorphism, S is obtained from S’
by contracting a number ¢ of edges in S’. We refer to this number ¢ as the
codimension of 7, ¢ = codim(y). The tree S’ is obtained by contracting
p — c edges of T. Up to a permutation 7, we can suppose that, among the
edges (eg,...,ep—1), the edges eg, ..., e.—1 are the edges in the image of f3,
while e, ..., e,—1 are the edges “contracted by 5”. Then

’Y*(Oé,d|€,$) = (/87 (PYdOa v arydq—17671€05 v aﬂilec—l) | (ecy .. 'aep—1)7x)'

This renders the following diagram commutative, where p is the isomor-
phism of the appendix.

s By(M)(S) ——— B,(M)(S)
|

v ’Y*i, w*l

s’ By o(M)(S") —== B, o(M)(S").

The description by invariants gives as a consequence:

e For v: S — S’ the map 7, as described above is well-defined on

equivalence classes.

e For v:5— S and +': §' — S”, we have (7 0). =7, 0 Vs.
Moreover, the map 7, commutes with Jext. This shows B.(M) is a well-
defined functor from A to double chain complexes. Since the differential
Oext commutes with that of M up to sign, taking the homology of B(M)
with respect to Oext gives a new functor H,B(M) : A — Ch.

Remark 5.5. — Using the notation of the appendix, both differentials
can also be described from the point of view of the invariants. The map
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Dext, from B, (M)(S) to B,—1(M)(S) is given by

(gext)SHT,d\e = (—1)d/ f*(WSHT’,d|fe)

T—T"
where the integral is over the groupoid of codimension 1 extensions of the
form f : T — T’ of T, where f is also the name of the unique edge in
T'\ T, and where the map S — T’ is given by the composition of f with
the map «a : S » T. The map Oy, from B, ,,(M)(S) to By,—1(M)(S) is
given by
(Oint) srdle = (—1) 00 (Wsa dje)-
Both signs here can be interpreted as Koszul signs.

The following two propositions can be proven in the same way as the
analogous statements for DC' (see Proposition 3.5 and Proposition 3.7).

PROPOSITION 5.6. — For R a tree and M = Z[A(—, R)], we have
Z[Iso(S,R)] ifp=0and S~R

0 otherwise.

H,B(M)(S) = {

PROPOSITION 5.7. — For S € A fixed, consider the category S/A and
its full subcategory S//A on the non-isomorphisms S ~— T, i.e. maps of
positive codimension. Then for M : A°® — Ab and its restriction to S/A,
there is an isomorphism

H.B(M)(S) ~ H.(S/A,S//A; M).
Since the pair (S/A, S//A) is the product over the vertices v of S of the
pairs (Cy,/A, C,//A), the Kiinneth formula yields the following corollary.

COROLLARY 5.8. — For M a torsion-free oco-operad, there is an isomor-
phism between H,B(M)(S) and [], ¢ DH&’I)(M) where (, is the arity of

a vertex v.

We next observe that our construction sends co-operads to oco-cooperads
(up to a suspension), as for to the usual operadic bar construction.

Notation 5.9. — For M : A°® — Ch and S a tree, we denote by B(M)(S)

the total complex defined by
B (M)(S) = @ Byn(sM)(S)
m=p+q+n

where ¢ is the number of inner edges of S and where sM denotes the sus-
pension of M, with the convention sz € (sM),, for x € M, _;. Notice that
for a morphism v : S — S’ the induced map . : B(M)(S) — B(M)(S")
preserves the total degree.
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ProposiTiON 5.10. — Let M : A°® — Ch be an oco-preoperad. Then
the functor B(M) : A — Ch is naturally an oo-precooperad. Moreover, if
M is an co-operad, then B(M) is an co-cooperad.

The next corollary follows from Remark 1.7.

COROLLARY 5.11. — For M an oo-preoperad, there is an induced coop-
erad structure on X-module {DC’,EZ_)l(sM)}, and hence on {DHff_)l(sM)}

The proof of the proposition is based on the following lemmas.

LEMMA 5.12. — Given a grafting S o, R, there is a bijective correspon-
dence between isomorphism classes of extensions S o, R 2 T in A, and
pairs of such (S -5 Ts,R o5 Tr). Under this correspondence, T' = Ts0, Tr
where o' = a(a), and codim(a) = codim(ag) + codim(ag).

Proof. — This is an immediate consequence of the fact that any injective
morphism in € factors uniquely (up to isomorphism) as a composition of
inner face maps followed by a composition of outer face maps (see [10]).
These factorisations are the dotted arrows in the following diagram:

S>> So,R <<R
Y

I \
N N

Tg>»> T < <Tg

Note that the horizontal maps are in €27 but not in A. O

A corollary of this lemma is the following,.

LEMMA 5.13. — Given a grafting S o, R as above, there is a canonical
quasi-isomorphism:

( 11 M(T5)> ® ( 11 M(TR)> o~ ( 11 M(T)) :
S—Tg,d|e R—Tg,d|e So,R—T,d|e
Similarly, there is a quasi-isomorphism for the descriptions by coinvariants:

( &P M(Ts)>N®( P M(TR)>N<l< F M(T))

S—Ts,d|e R—Tg,d|e Soq,R—T,d|e

~

where (—)~ denotes the coinvariants.
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Proof of the proposition. — Suppose M is a linear co-operad. We define
a map
A :B(M)(So, R) — B(M)(S) @ B(M)(R),
coming from maps

Bpn(sM)(S 0q R) — ) By, i (sM)(S) © By, n, (sM)(R)

p1+p2=p,ni1+nz=n+1

as follows. An element of By, ,,(sM)(S o, R) can be represented as
(S o, RST,d | e, sx)

where « is a morphism of codimension p, while d enumerates the inner
edges of S o, R and e = (eq,...,ep—1) those of T" which do not lie in the
image of a, and finally € M,,_1(T). By permuting the sequence d (and
adapting the sign if necessary), we may assume that d enumerates a first,
then the edges of S, and those of R last, as

d=(a,ds,dr).

For factorisations S » Ts and R gy 'r as in the lemma, we can take Tg
and T to be actual subtrees of T', and the p; inner edges of Ts not in the
image of ag together with the ps inner edges of T not in the image of agr
are exactly the inner edges of T not in the image of «. So, by permuting
the e;’s if necessary, we can assume that e = (eg, eg) enumerates the inner
edges of Ts before those of Tg.

The cooperad structure map A on B(M) is induced by the operad struc-
ture of M (shifted by 1) and the degrafting of S and R: for an element
(o, dle, sx) in By, (sM)(S o4 R),

Ala,d | e, sz) = Z:t(ozs,dg | es,s0(1y(x)) ® (ar,dr | er, s0(2)(x))

where =+ is a Koszul sign explained below, and where (in Sweedler notation)

0(z) =Y 01)(x) @02y (x) € My, 1(S) ® My,—1(R)

is given by the operad structure of the presheaf M, with the degrees n,
and ng satisfying n — 1 = (n1 — 1) + (n2 — 1). The sign in the formula is
defined as a Koszul sign. Let us first define the map 0:sM — sM®sM as
(s®s)fs~L. Thus 6 is a map of degree +1 and 6(sz) = (=1 sl (2)®
562y (x) with the same notations as above. The map A is the composition of
applying 6 on sz followed by degrafting the trees S and R (which involves
permuting dr with eg) followed by permuting s6(;)(z) with (ar,dr | er)
of degree dr + eg. The obtained Koszul sign is then

1+d+e+esdr+ (er+dr)ni +ny — 1.
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Another way to understand this sign is to write

A, (a,ds,dR) | (es,er), sx) = ttw((as,ds | es), (ar,drler),0(sz))

where =+ is the Koszul sign (—1)itdstestdrtertesdr and tw moves the
first component of é(sx) in the right place (with the appropriate sign) in
order for the result to land in the appropriate tensor product.

We leave it to the reader to check that A is well-defined and satisfies the
required naturality and coassociativity conditions, keeping in mind that ]
is anti-associative. Moreover, A is compatible with the differentials; i.e.,

using the Koszul sign convention, the following diagram commutes,

A

Bp(sM)(S oq R) Dy, 1 papBri (sM)(S) @ By, (sM)(R)

lam |o

By 1(sM)(S o R) 2 @ By, (sM)(S) ® By, (sM)(R)

ri+re=p—1~T1

where the vertical map on the right hand side is
Dext @ id +(—1) 4T+ 4 @0y

The same diagram also commutes for the differential Oi,¢. Moreover, using
the lemma, one can easily check that A is a quasi-isomorphism if 8 is. [

Example 5.14. — If M is the nerve of a linear operad P, the collection
{DH ff_)l(sN P)} forms a cooperad, which agrees with the homology of the
usual bar construction H,(B(P)). Indeed, a direct inspection shows that
B(NP) is the cooperadic nerve of the usual bar construction of P.

6. Cobar construction

Let Y : A — Ch be a covariant functor. We will define a contravariant
functor BY(Y) : A°® — Ch, dual in a sense to the construction of B(M)
above. For an object R of A, we define

qum(m:( 11 Y(S)) 7
a:R—S,b,d

where the product ranges over morphisms R % S of codimension q, enu-
merations b = (bg,...,b,—1) of inner edges of R, and enumerations
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d = (do,...,dq—1) of the inner edges of S that do not belong to the image
of a. The invariance is for isomorphisms under R,

R~—2s §
\ zie
Sl

and permutations of the b;’s and d;’s. Thus an element w € By (Y') assigns
to every a,b,d as above an element

wa’b‘d € Y(S),
subject to the following invariance conditions:

e for an isomorphism 6 as above,

04 (Wa,bld) = Woa,blod

e for o € ¥, and the composition bo : {0,...,r — 1} — E(R),

Wa,bld = (_1)|U‘wa,ba\d

o forT€ ¥, and dr: {0,...,q — 1} — E(95),

Wabld = (—1)|T‘wa,b|d7
The first differential Oey; = By_1 (Y)(R) — B, (Y)(R) is defined by

q—1

(Oextw) a,bld Z ) 1 8d )« (Wa;_(a),b|(do...d”j...dq_1))
J=0 ’

where 93 (a) is defined by

R~—2>> §

O4.
8d,<\ JT

04, S

J

as before. One readily checks that Ostw is invariant whenever w is, and
that OoxtOextw = 0.

Just like for the bar construction, B (Y')(R) is actually a double complex,
with an internal differential 0;,,; defined by

(aintw)a,b|d = (_1)b+day (Wa,b\d)~

TOME 75 (2025), FASCICULE 3



954 Eric HOFFBECK & Ieke MOERDIJK

Remark 6.1. — For BY it is easy to define the differential, but more
involved to define functoriality. Thus as in the case of the B construction,
we first give another description by coinvariants,

BX(Y)(R)=< ) Y(S)> ,

a:R—S,b,d

isomorphic to By (Y)(R). From this point of view, the functoriality is easier
to define. Let 8 : R — R be a morphism of codimension c. For a map
a:R— S, and b,d,y as above, let us define

B (a:R— 8,b|dy) = (-1)"(aB,b | a(t")d,y)
where b are the edges in the image of 3, which we view as edges in R/,
and b” the edges of R contracted by 3, while 7 the permutation sending
the enumeration b to the concatenation of ¥ and b”.

We now describe the functoriality in terms of invariants, that is the
map B* which fits into the following commutative square, where p is the
isomorphism of the appendix:

R Bl (Y)(R) —> Bl (Y)(R)
A

| E ;5

R BY(Y)(R) ——— BY(Y)(R)

For w € B/(Y)(R) and o' : R ~— S, I/ denoting the edges in R’ and d
those in S not in the image of o/,
B*(W)ar prja =0

if o' : R" — S does not factor through 8 : R — R. If it does, we can write
o/ = af for a unique «, where (up to isomorphism) « contracts ¢ edges
among the d;’s, and we can split the sequence d into two sequences, first
the edges of S in the image of R, followed by the remaining edges of S (in
order of occurrence in d). In other words,

dr = a(b)d
for a permutation 7 € X4y.. Then

B*(W)arpia = (=) Mwa sarypar
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A direct verification shows:
e The map * commutes with Oext.

’

e For a composition R” Zrl R, we have "™ (8)* = (B5')*".

Remark 6.2. — The differentials of BY(Y) can be described in terms of
coinvariants as follows: For a representing element (« : R — S,b | d,y)
where y € Y/(5),

Jexs(cr: R S,b | d,y) =/ (fa: R S',b]| df, fuy)
F:5r8"

where the integral is over codimension 1 extensions f : S — S’, where f
also denotes the only new edge, and f,y is the effect of the covariant func-
toriality Y(S) — Y(S’) on y € Y(S). This renders the following diagram
commutative:

BY(Y)(R) — BY(Y)(R)

5ext l \Laext

p

B'(Y)(R) —— BY(Y)(R).

The second differential is given by
Ois(a: R— S,b | d,y) = (=1)""(a: R— S,b|d,dyvy).

Notation 6.3. — For Y : A — Ch and R a tree, we denote by B (Y)(R)
the total complex defined by

Bn(Y)(R)= D By.(s"'Y)(R)
m=n—(r+q)

where r denotes the number of inner edges of R.
The following proposition is the dual of Proposition 5.10.

ProrosiTION 6.4. — If Y : A — Ch is a linear co-cooperad, then
BY(Y) : A°? — Ch has the structure of a linear co-operad.

Proof. — We define the structure with the point of view of coinvariants,
to make it closer to the case of the bar construction. We define a map

A:BY(Y)(So, R) — BY(Y)(S) @ BY(Y)(R),
coming from maps

BY, (s7'Y)(S o, R) — (s7Y)(S)®BY , (s7'YV)(R)
(I17"1 qz2,n2

q,n
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where the sum ranges over indices g1 + ¢ = ¢ and ny +ny = n — 1, as
follows. An element of BY ,(s~'Y)(S o, R) can be represented as

(S04 R>T,adgdp | eser, s~ 'y).

The operad structure map A on BY(Y) is induced by the cooperad struc-
ture of Y (shifted by —1) and the degrafting of S and R: for an element
(a,adsdr | eser, s 1y) in BY(s71Y)(S oq R),

A(a,adsdg | eser, s'y) = £tw(as, dsles, ar. dr | er, 0(s7'y))
where + is a sign explained below, g is the map of degree —1 defined
by the composition (s™! ® s71)fs, and where tw is the map moving the
first component of §(s~'y) in the right place and then cutting the tensor
product. The sign + is defined by

(71)(d5+es)(dR+eR)+dR€S )

One can easily check that this map A is natural in R and S, and is
coassociative, and that the differentials Jeyt and Oi,y are coderivations with
respect to A. Moreover, A is a quasi-isomorphism if 6 is. O

Remark 6.5. — Note that the sign for A does not seem to be a Koszul
sign. However it fits the properties stated at the end of the proof and the
adjunction in the next section.

7. Twisting morphisms

We develop in our context the theory of twisting morphisms, to obtain
an adjunction between the bar and cobar constructions. See [12] for an
account in the usual cases of algebras and linear operads.

The first goal is to show there is a bijective correspondence between maps

:BY(Y)— M
in the category of functors from A°P to Ch and
VY — B(M)

in the category of functors from A to Ch and “twisting cocycles”, which
can be either written as

7:Y(S) — (H M(S)>
b
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or as

T (@Y(S)) — M(S).
b

comv
Here b enumerates edges of S, and changes in b act by sign representation
as before. In a first step, we ignore differentials (so take everything with
values in graded abelian groups, for example).
Let us look at ¢, given by

PR : @ s7Y(9) — M(R)
p:R—5,bld coinv
natural in R. An element (3,b | d,s~1y) on the left is the restriction along
B of an element where 3 is the identity:
(B,b|d, s ty)=p*(@d: S — S,bd | —, 5 'y)

S0
¢R(67 b | da Sily) = B*QDS(idSW bd ‘ ] Sily)'

Hence ¢ is completely determined by what it does on elements of the form

(idg,b|—, s~ 1y), which gives the map

Tg (@ Y(S)) — M(S)

coinv
defined by 75(b,y) = ps(ids,b | —, s 1y). Conversely, the map ¢ can be
recovered as pr(B3,b | d,s71y) = B*7s(bd, y).
The same applies to ¢ : Y — B(sM), given by
Vg Y (S) — I sm@
a:S—T.,d|e
Indeed, for an element w on the right,
Wa,dle = Ol (widT,de\—)
0
’(/}S(y)a,dk = wT(a*y)idT,dd—

by naturality. Thus 1) is completely determined by the values Y7 (y)id;. de|—
which gives the map

Ts: Y(S) — <H M(S)) :
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defined by 7s(y)(e) = silws(y)id&‘_, another form of the same twisting
cocycle. Conversely, 1) can be recovered as ¢s(Y)a,aje = sTr(a.y)(de).

Now let us involve the differentials and find a condition on 7, respec-
tively 7. We need to check that the condition on 7 imposed by ¢ preserving
the differential is the same as the one on 7 imposed by % preserving the
differential. Let us look at ¢ first.

( &) s—1Y<s>> 2 M(R)
p:R—5,bld coinv

Dext+Oint l Om

( sy s—1Y(5)> on M(R).
B:R—85,bld coinv

By naturality, it is enough to describe the condition for this diagram to
commute for § = id:

aMQOR(idR7 b | ] Sily)
= @R(gext(idRa b ‘ B Sily)) + @R(aint(idRa b | B Sily))'

In other words,

OmTr(b,y)

N / ¢r(d: R— R,b|d des™"y) + (=1)"7r(b; 50,1y s~ 'y),
d:R— R’
or equivalently,
(71) / d*TR/ (bd, d*y) = 8]\47-}%“)7 y) + (_1)bTR(b, 8yy),
d:R— R’

where d denotes at the same time the inclusion morphism R — R’ and the
added edge to obtain R’ from R. This equation can be seen as a Maurer—
Cartan equation.
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Now let us look at :

Y (8) . ( Il sM<T>)
a:S—T,d|e
Oy 6ext+aintl

ws mv

Y (S) ( I sM(T)) .
a:S—T,d|e

Again by naturality, g0y and (Oext + Oint)¥s are completely determined
by their values on elements (id, d|—). So the commutativity of the diagram
is equivalent to the condition that for all y € Y'(5)

Y59y Y) (ids,d|-)
= (Oext¥s(Y)) (ids,d|—) + Ome¥s (¥) (ids,d|-)

= (-1)? /f_SHS/ FWs@)rssa) + (1) 0ens (Vs (y) as,a1-))

= (—1)d/ F*s@s (fey)(df)) + (=) s0u (F(y)(d))
f:S—S’
or equivalently,
(7.2) / @ (fey) (@) = 0m(Ts (y)(d)) + (=1) 75 (Byy)(d),
f:S—S’

which is the same Maurer—Cartan equation as Equation (7.1). This proves
the following result.

PROPOSITION 7.1. — There is a bijective correspondence
[0 :BY(Y) — M} +— {¢: Y — B(M)} «— {?:Y—> (HM) }

where the T’s are the twisting cocycles satisfying the above Maurer—Cartan
equation (7.2).

We now consider the unit and the counit morphisms of the adjunction:
n:Y = BBY(Y)) and e : BY(B(M)) — M. The explicit formulas are the
following. First, the counit is given by

1

55(0470' | 675_ W) = a*(s_l(widT,adf))
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where o : S — T, a is an enumeration of the inner edges of S and e an
enumeration of the inner edges of T' not in the image of a, and w is in
B(M)(T). Another way to write € using only coinvariants is the following

0 if codim(8) >

€S(a7a | 67571(63046 | f, S:L')) = {OL*B*(’JC) it COdim(ﬂ) _

0

0

where 5 : T »— R and f is an enumeration of the inner edges of R not in T'.
For the unit,

US(y)a,ale = S(idTv ae ‘ ) 8_104*y)

where y is in Y(5), and «, a, e are as above. An equivalent description of
71, with the point of view of coinvariants for both bar and cobar, is

ns(y) = / (ids.a | — s(ids,a | — s~'y)).

For a second proof of Proposition 7.1, the reader might wish to check that
these maps n and e are natural, compatible with differentials and satisfy
the triangle identities.

PROPOSITION 7.2. — The functors B and BV are part of an adjunction
between oc-operads and co-cooperads.

Proof. — We need to prove the following four facts. First, the bar con-
struction sends morphisms of oo-operads to morphisms of co-cooperads.
Secondly, the cobar construction sends morphims of co-cooperads to mor-
phisms of co-operads. Thirdly, € is a map of co-operads. Lastly,  is a map
of co-cooperads.

The first two facts follow directly from the definition of the (co)operad
structure in the (co)bar contruction. Let us now prove that € is a map of
oo-operads. To make the computation more readable, an element of the
form («, ale, z) will be denoted by (ale, z) and we let the reader write the
signs using the previously given formulas. In the following computation,
we consider a grafting S o, R mapped into a tree T = Ts o Tg, a and b
denote respectively enumerations of the inner edges of S and R, and e and
f denote respectively enumerations of the inner edges of Ts\ .S and Tg \ R,
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and finally « is in M (7).

Agv(uab | ef, s (uabef | —, sx))
=+tw(a|eb]| f,Ag(s~ (uabef | —, sx)))
=+tw(a|eb| f, (s ®@s Diw(ae | —,bf | —,0(sz)))
=+tw(a|eb| f (s @s Dtw(ae | —,bf | —, sz1 @ s513))
=+ (ale,s Y ae| —,s21)) @ (b| f, s (bf | —,512)).

This is mapped by € ® € to e*(z1) ® f*(x2) = (ef)*0(z) (where e and
f denote here the maps S — Ts and R — Tg, and ef the associated
map S o R — T) which is nothing but fe(uab | ef, s~ (uabef | —, sx)) by
naturality of €. This concludes the proof for . The proof that n is a map
of co-cooperads can be written in a very similar way. O

8. Duality theorem

In the previous sections, we discussed constructions of B(M) : A — Ch
from M : A°® — Ch, and of BY(Y) : A°®» — Ch from Y : A — Ch. These
constructions map linear co-operads to linear co-cooperads, and vice versa.
The purpose of this section is to prove the following theorem.

THEOREM 8.1. — Given two functors M : A°® — Ch and Y : A — Ch,
the unit and counit n : Y — BBY(Y) and ¢ : BYB(M) — M are quasi-
isomorphisms.

Before embarking on the proof of the theorem, let us recall some defi-
nitions and simplify some notation. Let us fix an object R € A and work
with the representations by coinvariants for both bar and cobar. Elements
in BBV (Y)(R) are represented in the form

(alesd]|ds'y))

where R % S i T, a enumerates the inner edges of R, e those of S not in
the image of «, b those of S, and d those of T not in the image of 3, while
finally y € Y(T'). The total degree of such an element is |y| — d. Note that
any equivalence class can be represented in the form where b = ae, as we
will assume from now on. Now, for the sake of this proof, let us fix a and
simplify notation by deleting a and the (de)suspensions from the notation,
so write
(e,d,y) for (a|e,s(ae|d,s " y)).
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In this notation, the unit nr can be written as

nr(y) = (= —y) = (a| = s(a| = s7"y)).

Proof. — Up to a degreeshift, BBV (Y)(R) is a double complex C), , with
elements

(evdv y) = ((60» .- ~aep*1)v (dOv s 7dq*1)7y)

and with exterior differential Deyt of bidegree (—1,1) given on representing
elements by

p—1
aext(ea d7 ZU) = (_1)a+p—1 Z((ef)? .. a/e\ia s ep71)7 (ei7d0a ) dqfl)a ZU)
=0

and an internal one Jyy; of bidegree (0, 1) (where we ignore the degree of y).
We can picture this complex as

Co,o

s

aint

Co1<—Cip
Oext

6jnt \L 8int

CO,Q Cl,l CQ,O

Notice that the rows of the complex split as a sum ranging over isomor-
phism classes of compositions Sa : R — T. Let us fix such a summand
in a row, and show its acyclicity. We choose a total ordering on the inner
edges of T'\ R and call m the minimal element for this ordering. We can
also suppose that both the e;’s and d;’s are respecting this order. There is a
contracting homotopy h : Cp ; = Cpt1,4—1 (for p > 0 and ¢ > 0) defined by

h((eo, ey Bp_l), (do, ey dq—l)ay) = ((60, ceey ep_l, do), (dl, . 7dq_1)7y)

if m is dg, and 0 otherwise. This map satisfies exth = hOexs + (—1)*TP1d
for p > 0 and Oexth = (—1)?1d for p = 0. This means that the positive
rows in the double complex are completely acyclic, and hence the inclusion
of Cp,o into the corresponding total complex is a quasi-isomorphism. But
Co,0 is exactly the image of ng. This proves that n : Y — B(BY(Y)) is a
quasi-isomorphism.
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The counit e : BY(B(M)) — M can be written in coinvariant notation as
0 if codim(f) >0
d*f*(x) if codim(f) =0
where R — S — T,b,d, f enumerate inner edges of R, S\ R, T'\ S, and

x € M(T), and d, f also denote the morphisms R — S and S — T. For
fixed R and b, this map e has a non-natural section og defined by

or(r) = (b] = s (0] -, s2))

to which we can apply exactly the same argument as for 7. This shows that

er(b|d,s7(bd | f,sz)) = {

for a fixed R, or and thus e are quasi-isomorphisms. O

Appendix. Invariants and coinvariants

The purpose of this appendix is to explain the notation related to the
isomorphism between invariants and coinvariants used for the alternative
descriptions of the bar and cobar constructions.

Let G be a groupoid acting on a family A = {A,;z € Ob(G)} in Ch.

There is a canonical map

@), (1)
zeG coinv zeG

Writing elements of the group of coinvariants as [z, a] where x is an object of
G and a is in A, the map p is defined for an object y of G by p([z,a]), =0
if there is no arrow from x to y and by ¢ - a for g a morphism from z to y.

Call a groupoid simple if there is at most one morphism between any
two objects (ie. G is an “equivalence relation”). Since the groups of invari-
ants and of coinvariants are both invariant under categorical equivalence
of groupoids, the following proposition is obvious. In fact, it is enough to
ask that G has finitely many connected components.

PROPOSITION. — For a finite simple groupoid G, the map p is an iso-
morphism.

This applies to the groupoids H used in the definitions of the bar and
cobar constructions.
As said, we need to be more explicit about the inverse of p, denoted

o) ().

z€G zeG
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and we write

1
| =% (5 Smwta)
zeG C | | zeC
(and sometimes simply write w(z) for [z,w(z)] in this expression). Here
C' ranges over the connected components of G, and |C| is the number of
objects in C. It looks as if we use characteristic zero in this formula, but it
is not really the case. The expression ﬁ > wecw(r) exists as an element

of (B,cc AI)Coinv, and is represented by (x,w(x)) for any choice of x € C.

This expression allows us to calculate without making a choice. For ex-
ample, if we have a map f : (D, Az)coinv = B and w € ([[,cq 4)™,
the formula [, f ="~ ﬁ > wcc fw(z) now literally makes sense because
fw(x) is constant on connected components, and one checks directly that

f:fgfp-

BIBLIOGRAPHY

[1] M. BaSi¢ & T. NikoLAUs, “Dendroidal sets as models for connective spectra”, J.
K-Theory 14 (2014), no. 3, p. 387-421.

, “Homology of dendroidal sets”, Homology Homotopy Appl. 19 (2017),
no. 1, p. 111-134.

[3] M. CHING, “Bar constructions for topological operads and the Goodwillie derivatives
of the identity”, Geom. Topol. 9 (2005), p. 833-933.

, “Bar-cobar duality for operads in stable homotopy theory”, J. Topol. 5
(2012), no. 1, p. 39-80.

[5] D.-C. CisiNskI & I. MOERDIJK, “Dendroidal sets and simplicial operads”, J. Topol.
6 (2013), no. 3, p. 705-756.

[6] B. FRESSE, “Koszul duality of operads and homology of partition posets”, in Ho-
motopy theory: relations with algebraic geometry, group cohomology, and algebraic
K-theory, Contemporary Mathematics, vol. 346, American Mathematical Society,
2004, p. 115-215.

[7] B. FRESSE & L. GUERRA, “On a notion of homotopy Segal Eo.-Hopf cooperad”,
https://arxiv.org/abs/2011.11333, 2020.
[8] E. GETZLER & J. D. S. JONESs, “Operads, homotopy algebra and iterated integrals
for double loop spaces”, https://arxiv.org/abs/hep-th/9403055, 1994.
[9] V. GINzBURG & M. KapraNov, “Koszul duality for operads”, Duke Math. J. 76
(1994), no. 1, p. 203-272.
. HEUTS . MoERDUIK, Simplicial and dendroidal homotopy theor rgebnisse

[10] G. H & 1. M , Simplicial and dendroidal h py theory, Ergebni
der Mathematik und ihrer Grenzgebiete. 3. Folge, vol. 3, Springer, 2022.

[11] M. KONTSEVICH & Y. SOIBELMAN, “Deformations of algebras over operads and the
Deligne conjecture”, in Conférence Moshé Flato 1999, Vol. I (Dijon), Mathematical
Physics Studies, vol. 21, Kluwer Academic Publishers, 2000, p. 255-307.

[12] J.-L. LopAY & B. VALLETTE, Algebraic operads, Grundlehren der Mathematischen
Wissenschaften, vol. 346, Springer, 2012, xxiv+634 pages.

[13] I. MOERDUIK & I. WEIsS, “Dendroidal sets”, Algebr. Geom. Topol. 7 (2007), p. 1441-
1470.

ANNALES DE L’INSTITUT FOURIER


https://arxiv.org/abs/2011.11333
https://arxiv.org/abs/hep-th/9403055

HOMOLOGY OF INFINITY-OPERADS 965

[14] A. ROBINSON & S. WHITEHOUSE, “The tree representation of ¥,,41”, J. Pure Appl.
Algebra 111 (1996), no. 1-3, p. 245-253.

[15] B. VALLETTE, “Homology of generalized partition posets”, J. Pure Appl. Algebra

208 (2007), no. 2, p. 699-725.

TOME 75 (2025), FASCICULE 3

Manuscrit regu le 17 aott 2021,
révisé le 21 mars 2023,
accepté le 4 aout 2023.

Eric HOFFBECK

Université Sorbonne Paris Nord,
LAGA, CNRS, UMR 7539,
F-93430, Villetaneuse (France)
hoffbeck@math.univ-paris13.fr

Ieke MOERDIJK

Department of Mathematics,
Utrecht University,

PO BOX 80.010,

3508 TA Utrecht (The Netherlands)

i.moerdijk@Quu.nl


mailto:hoffbeck@math.univ-paris13.fr
mailto:i.moerdijk@uu.nl

	Introduction
	Acknowledgements

	1. Definitions
	2. Dendroidal homology
	3. Examples and basic properties
	4. Homology of dendroidal spaces
	5. Bar construction
	6. Cobar construction
	7. Twisting morphisms
	8. Duality theorem
	Appendix. Invariants and coinvariants
	References

