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ABSTRACT. In order to solve two problems in deformation theory,
we establish natural structures of homotopy Lie algebras and of ho-
motopy associative algebras on tensor products of algebras of differ-
ent types and on mapping spaces between coalgebras and algebras.
When considering tensor products, such algebraic structures extend
the Lie algebra or associative algebra structures that can be obtained
by means of the Manin products of operads. These new homotopy
algebra structures are proven to be compatible with the concepts of
homotopy theory: co-morphisms and the Homotopy Transfer The-
orem. We give a conceptual interpretation of their Maurer-Cartan
elements. In the end, this allows us to construct the deformation
complex for morphisms of algebras over an operad and to represent
the deformation co-groupoid for differential graded Lie algebras.
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1 INTRODUCTION

In deformation theory, one essentially studies the spaces of Maurer—Cartan
elements of differential graded Lie algebras and homotopy Lie algebras —
which for example play a crucial role in Kontsevich’s celebrated proof of de-
formation quantization of Poisson manifolds [Kon03]. We will give a solution
to the first of the following two problems and outline a solution for the second
one, which is solved in the article [RN17] using the results of this paper in a
crucial fashion.

1. Given a type of algebras (encoded by an operad), what is the correct
homotopy Lie algebra encoding the deformation theory of morphisms
between two algebras of this type? This problem was mentioned by
Kontsevich in his recent talk at the Séminaire Bourbaki [Kon17].

2. A good model for the space of Maurer-Cartan elements of a homo-
topy Lie algebra is given by the Deligne-Hinich-Getzler co-groupoid of
[Hin97a] and [Get09]. However, it is a really big object. A smaller, homo-
topy equivalent Kan complex was introduced by Getzler in [Get09], but
it is unfortunately difficult to manipulate directly. Is there a reasonably
small, homotopically equivalent Kan complex which can be described
explicitly?

Trying to solve the first problem, we are rapidly led to mapping spaces be-
tween certain coalgebras and algebras, while our approach to solve the second
problem requires a homotopy Lie algebra structure on the tensor products of
certain algebras.

Given two algebras of different types, a priori one cannot say much about the
algebraic structure induced on their tensor product. For example, there is no
canonical “easy” structure on the tensor product of two Lie algebras. How-
ever, when the two types of algebras are related in a certain way, one is often
able to get some kind of structure. One example of interest is when one of
the algebras is over a binary quadratic operad, and the other one is over the
Koszul dual operad. In this case, one can endow the tensor product with a
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natural structure of Lie algebra. This structure can in fact be interpreted in
terms of the black and white Manin products for operads. A similar story is
true for mapping spaces between coalgebras and algebras. In this paper we
will generalize these constructions to algebras up to homotopy.

We denote by £, the operad coding homotopy Lie algebras and by <7, the
non-symmetric operad coding homotopy (non-symmetric) associative alge-
bras. Let ¥ : 2 — & be a morphism of dg operads. Our first important result
states that we can naturally associate to ¥ a morphism from .7, to the tensor
product of &7 with a quasi-free operad related to 2.

THEOREM 3.6. Let ¥ : 2 — & be a morphism of dg operads such that 2 is
augmented. There is a morphism of operads

Wy : o — hom(B( ® 2), &)
which is compatible with compositions in the sense that
Wg(f) = TN (¢) = Wg(¢)B(Y ® O)

forany £ € L.
Dually, if we also suppose that 2(n) is finite dimensional for all n > 0, there is a
morphism of operads

My : %L — 22Q(S H22Y),
with a similar compatibility with respect to compositions.

When 2 is binary Koszul, the last operad Q((#~1)¢ @ 2V) is nothing but
the Koszul resolution 2! of the Koszul dual of 2. If the operads are non-
symmetric, then the morphisms have the operad .</,, as domain, instead of
the operad .Z. In particular, this tells us that if we are given an algebra over
the first operad & and a second algebra over the second operad 2'_, then we
can endow their tensor product with a natural structure of an .%-algebra —
or an .«7,,-algebra in the non-symmetric case. We denote by ®" this structure.
Dually, we associate to ¥ a morphism from .Z,, to the convolution operad
of a cooperad related to 2 and <. Therefore, the mapping space between a
B( ® £)-coalgebra and a &7-algebra is an % -algebra, respectively an o7.-
algebra in the ns case, which we denote by hom"”.

An interesting example is the following one. Let A be a Lie algebra, and let
C be a commutative algebra up to homotopy. Then we obtain a natural .Z-
algebra structure on their tensor product A ® C. This structure has already
appeared in the literature in the article [TW15] by V. Turchin and T. Willwacher
on Hochschild-Pirashvili homology.

Let us now focus on the case of binary quadratic operads. When working
with algebras up to homotopy, there is a natural extension of the notion of
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morphisms of algebras called co-morphisms. They are a sensible homotopical
generalization of strict morphisms and they play a crucial role in Kontsevich’s
work [Kon03]. We show that our operator ®? is functorial not only with re-
spect to strict morphisms of algebras, but also with respect to co-morphisms
on the second algebra. All together, the above mentioned results give the fol-
lowing theorem.

THEOREM 4.5. The above mentioned Z.-algebra structure on the tensor product
of a P-algebra and a 2. -algebra induces a bifunctor

@Y : P-alg x oo-o@éo-alg — 00-ZLo-alg

where 0o-Z-alg denotes the category of Lu.-algebras with their co-morphisms, and
similarly for co-2._-alg.

Next, we study the compatibility of these new structures with an important
tool in homotopical algebra: the Homotopy Transfer Theorem, which tells us
that, given a retraction of chain complexes

»(C B

and a structure of an algebra of a certain kind on B, then there is a coherent
way to induce a homotopically equivalent structure of the same algebra but
now up to homotopy on C. Our construction ®¥ of an .%,,-algebra structure
is compatible with the Homotopy Transfer Theorem in the following sense.
Let A be a P-algebra and take a 2'-algebra B together with the data of a
retraction from B to a subcomplex C. Then there are two natural ways to
endow A ® C with an % -algebra structure: one can either pull back the
natural & ® 2'-algebra structure on the tensor product A® B to a Lie algebra
structure and then use the Homotopy Transfer Theorem, or one can first use
the Homotopy Transfer Theorem to obtain a 2! -algebra structure on C and
then pull back the resulting algebraic structure on A ® C using Theorem 3.6.

P

C

i

THEOREM 5.1. The two Z-algebra structures thus obtained on the tensor product
A ® C are equal.

Let us now go back to the case of algebras over arbitrary operads. After us-
ing Theorem 3.1 or its dual version, Theorem 3.6, to endow a mapping space
hom(D, A), respectively a tensor product A® C with an Z-algebra structure,
it is a natural question to ask what are the Maurer—Cartan elements of the re-
sulting .#,.-algebra. To any morphism V¥ of dg operads, one can naturally
associate a twisting morphism ¢y € Tw(BZ2, &), and thus a complete cobar
construction R e
Qy : dgH-alg — dgB2-cog .

This is a modification of a classical construction, where we go from B2-coal-
gebras to complete &7-algebras instead than from conilpotent B2-coalgebras to
P-algebras. Using this, we are able to prove the following statements.

DOCUMENTA MATHEMATICA 23 (2018) 189240



DEF. THEORY WITH HOMOT. ALG. STRUCT. 193

COROLLARIES 6.5 AND 6.6. Let A be a &7-algebra, let C' be a finite dimensional
2! _-algebra, and let D be a B(. ® 2)-coalgebra. If A is a complete &-algebra, there
is a natural bijection

MC(hom¥ (D, A)) = homggz-aig(Qa(s ' D), A) .

Similarly, if A is any &-algebra, but if we assume that D is conilpotent, then there is
a natural bijection

MC(hom" (D, A)) 2 homggg-aig(a (s 1D), A) .
Dually, assuming that A is complete, there is a natural bijection
MC(A ®Y C) = homggz-aig(Qa(s1CY), A) .

We use the second bijection to construct the deformation complex for mor-
phisms of &-algebras in Section 7.1. The third one plays a crucial role in the
article [RN17], where we use it to represent the Maurer—Cartan space (i.e. the
Deligne-Hinich-Getzler co-groupoid) of dg Lie algebras. We outline this in
Section 7.2.

STRUCTURE OF THE PAPER

In Section 2, we give a not so short recollection on basic facts and constructions
about operads which we use throughout the paper. In Section 3, we state and
prove the central theorem of the present article, on which rest all other results.
In Section 4, we focus on the case where the operads into play are binary
quadratic and we study the compatibility of the main theorem with the Manin
products and with co-morphisms of homotopy algebras. We proceed with
Section 5, where we give two ways to use the Homotopy Transfer Theorem
to produce the structure of a Lie algebra up to homotopy on certain tensor
products of algebras, one using Manin products and the other using our main
theorem, and prove that they are actually equal. In Section 6, we go back
to general operads and study the set of Maurer—Cartan elements of the Lie
algebra up to homotopy produced via the main theorem. In Section 7, we give
two applications to deformation theory. To conclude the main body of the
article, we give some explicit examples of applications of the main theorem in
the dual case in Section 8. Additionally, in Appendix A we give some basic
definitions and results about complete and filtered algebras over an operad,
which we need in Section 6.

NOTATION AND CONVENTIONS

Throughout this paper, we work over a fixed field K of characteristic 0, with
the remarkable exception of whenever we give the results for non-symmetric
operads, where we admit any field. This is necessary, for example because

DOCUMENTA MATHEMATICA 23 (2018) 189-240



194 DANIEL ROBERT-NICOUD

we will often need to identify invariants and coinvariants for actions of the
symmetric groups. We recall how this is done in general: let G be a finite
group, and V' a representation of G. Then the isomorphism

Ve — Vg

is given by sending an invariant v to ‘—é‘ [v], where [v] here denotes the class of
vin Vg. Conversely, the isomorphism

Vo — VE

is given by sending [v] to 3 . g - v, the sum of the elements of the orbit of a
representative of [v] under the action of G.

We always work over chain complexes unless otherwise specified. In partic-
ular, Maurer—Cartan elements of Lie algebras and .Z-algebras are of degree
—1. To take care of signs, we adopt the Koszul convention and the Koszul
sign rule, see [LV12, Sect. 1.5.3], and make heavy use of them throughout the
paper. All chain complexes are Z-graded.

We denote the symmetric group on n elements by S,,.

If V is a chain complex, we denote by V'V its linear dual chain complex. It is
given by (VV),, .= (V_,)". Its differential is equal to dyv = —dy,, so that the
natural pairing

(,):VVeV —K

is a morphism of chain complexes, where the base field K is seen as a chain
complex concentrated in degree 0. More generally, if V, W are two chain com-
plexes, we will denote by hom(V, W) the internal hom in chain complexes.
Its degree n elements are the linear maps of degree n from V' to W, and the
differential is given by

0(¢) = dwo — (—1)?l¢pdy

on homogeneous elements.

ACKNOWLEDGMENTS

I thank the anonymous referee for his or her useful comments and sugges-
tions. I am as always also extremely grateful to my advisor Bruno Vallette for
the constant support, the always relevant comments and corrections, and the
many useful discussions.

2 RECOLLECTION ON OPERADS

In this section, we give a recollection on various notions in operad theory. We
make explicit certain objects that we will need in what follows, such as the
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structure of algebra over the convolution operad for the mapping space of a
coalgebra and an algebra. We also introduce some new notations that we will
use throughout the paper. We try to stay as close as possible to the conventions
of the book [LV12].

2.1 OPERADS

For more details about S-modules, the definition of operads, and algebras over
operads, see the book [LV12, Sect. 5.1-3].

DEFINITION 2.1. An S-module over the field K is a collection
M = (M(0), M(1), M(2),...)

of right K[S,]-modules, for all n € N. If p € M(n), we say that p has arity n.
A morphism of S-modules f : M — N is a collection of S,,-equivariant maps f :
M(n) — N(n), foralln € N.

DEFINITION 2.2. Let M, N be two S-modules. Their composite is the S-module
M o N given by

(MoN)(n) ::@M(k)®3k< B N @ ®N(ni) s, xxsn, K[S,J) .

E>0 nittng=n

In order to work with the elements of this object, we introduce the following
notation. An element of (M o N)(n) can always be represented by an element
w € M(k), plus k elements v4,...,v, with v; € N(n;), and a shuffle o €
Sh(ni,...,n). We denote the resulting element by

pe @),

and write M ®Z,n1,...,7
the notation

. N for the collection of all such elements. We also use

M®k7n17~~~1nk N = @ M®Z7n1 ,,,,, ng N.
oc€Sh(ni,...,nk)

Notice that the module (M o N)(n) is given by the coinvariants with respect to
the action of S,, of the direct sum of all such vector spaces with ni+---+ni =n
equipped with the obvious action of S,, that is

(MoN)(n)@< P MOin.m N) :
S

k>0 \ni+:-+nr=n

n

DEFINITION 2.3. The Hadamard tensor product of two S-modules M and N is
the arity-wise tensor product

M%{{)N(n) =M(n)®N(n).
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In the rest of this paper, we will omit the H and simply write it as ® whenever
we are talking about S-modules.

We will need the following S-modules:
o The unit S-module is
I=(0,K,0,0,...).

It is the unit for composite product of S-modules.

o Associated to any chain complex V, there is a canonical S-module Endy
given by
Endy (n) = hom(V®" V).

The category of S-modules is made into a monoidal category by taking the
composite of S-modules as monoidal product and the unit S-module I as unit.

DEFINITION 2.4. An operad & is a monoid in this monoidal category. More ex-
plicitly, it amounts to the data of an S-module, denoted again by &2, together with a
composition map

Yo : PoP — &

and a unit map
N : 1 —-2

satisfying certain compatibility conditions.
In this definition, we withheld an algebraic or a dg before the word operad.

They come about when we decide to work with S-modules over graded vector
spaces or chain complexes respectively.

For any chain complex V, the S-module Endy, equipped with the usual com-
position of functions, is a dg operad.

2.2 ALGEBRAS OVER AN OPERAD

DEFINITION 2.5. Let & be a dg operad. A structure of an algebra over & (or a
P-algebra) on a chain complex A is a morphism of dg operads

3”—>End,4.

Recall that the structure of a &-algebra on a chain complex A is equivalent to
a linear morphism

pa: P(A) — A,
called the composition of A, making certain diagrams commute (see e.g. [LV12,
pp. 132-133]).

PROPOSITION 2.6. The free &7-algebra generated by a chain complex V' is the &-
algebra
2(V) = 2(n) @s, VO

n>0
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Being free means satisfying the following universal property: any morphism
from a free Z7-algebra to another 7-algebra is completely determined by its
values on the generators.

2.3 COOPERADS AND COALGEBRAS OVER A COOPERAD

For details about cooperads, see [LV12, Sect. 5.8].

Dual to the notion of an operad is the notion of a cooperad. Since we work
over a field of characteristic 0, we always identify invariants and coinvariants.
We consider the “completed” composite of S-modules:

k>0 Ryt =n

(MN)(n) = [ [ M(k)®s, ( I[I Nr)e- @ Nn @s,, xxsn, K[Sn]) .

DEFINITION 2.7. A cooperad is an S-module € together with a decomposition map
Ay 1 € — €€ and a counit map ey : € — I satisfying analogous commutative
diagrams dual to the ones for operads. A cooperad is said to be conilpotent if the
decomposition map splits through € o €.

Dual to the notion of an algebra over an operad, there is the concept of a
coalgebra over a cooperad.

DEFINITION 2.8. A €-coalgebra C is said to be conilpotent if its decomposition
map

~

Ac:C — €(C) =%€sC
splits through € (C) =€ o C.

Under the assumption that the underlying S-module is finite dimensional in
every arity, the linear dual of an operad becomes a cooperad, while the linear
dual of a cooperad is always an operad. Let &7 be such an operad. We will
use the notation

kni,...,ng,0 . \Y o V o~ V oo \Y
Am™ 17 (‘@ ®k,n1,m,nk, ‘@) =z ®k,n17~»,nk, Z

for the dual of the restriction of the composition map of # to # ®7 , 2.

Ifni+ns=n+11<j < mng,and o € Sh(n; — 1,n9), then we use the

notation ®2 stomean ®J | . |, where the ny is placed after j — 1

ni,n2,j
ones, and where ¢ acts with the second of the two blocks of o on the ns slots
on the second level of the two-level tree, and with the other block on the other

variables. Similarly, A™:"2:3:% denotes the respective restriction of A.

2.4 THE CONVOLUTION OPERAD AND ALGEBRAS OVER IT

If ¢ is a cooperad and & is an operad, then the S-action given by conjugation
makes
hom(%, 2)(n) := hom(¥(n), 2 (n))
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into an S-module. It is an operad — the convolution operad — in a natural way
as detailed in [LV12, Sect. 6.4.1]. The composition map is defined as follows.
If we have p € hom(%, #)(k) and v; € hom(%, Z)(n;) for 1 < i < k, then
Yhom(#,2) (1t @ (V1 ® - - - @ 1)) is the element of hom (¥, #)(n1 + - - - + ny) ob-
tained by first applying A« to € (n1 +- - -+nx), then projecting on the subspace
of ¢ o € with the underlying tree given by the k-corolla on the first level and
the ni-corolla, the ny-corolla and so on on the second level, applying p at the
first level and (v4, . . ., 1) at the second level, and finally composing with -y .
There is a passage from invariant to coinvariants here: the decomposition Ag
lands in invariants, but the composition 4 takes coinvariants as argument.
This is not done using the isomorphism described in the introduction, but by
identifying the invariants with a subspace of the tensor product and simply
taking the equivalence class.

In Section 6, we will be interested in certain algebras over this operad. Namely,
let D be a ¢¥-coalgebra, and let A be a &7-algebra. Let ;1 € hom(%, #)(n) and
©1,--.,¢n € hom(D, A). We define

Yhom(D,A) (,LL & (801 PR San))
to be the composite

D Ap(n) (%(n)®D®n)Sn pR(P1Q--®pn) (L@(n)®A®n)Sn BN 32(71)@5”14@" "/_A> A,

where once again the passage from invariants to coinvariants in not done us-
ing the isomorphism of the introduction, but as described above. Here, Ap(n)
is the composite of Ap followed by the projection onto ¢’ (n) @ D®".

PROPOSITION 2.9. The map "Vyom(p,a) makes the chain complex hom(D, A) into a
hom(%¥, &)-algebra.

Proof. 1t is straightforward to check the axioms for an algebra over an operad.
We leave the explicit computations to the reader. O

2.5 FREE OPERADS

DEFINITION 2.10. Let M be an S-module. A free operad over M is an operad
T (M) together with a morphism of S-modules n(M) : M — T (M) satisfying the
following universal property: for any operad 22, every morphism f : M — & of
S-modules extends uniquely to a morphism of operads f : T(M) — & such that
fn(M) = f.

As usual with this sort of universal properties, the free operad over an S-
module is unique up to isomorphism. It can be explicitly described as follows.

DEFINITION 2.11. Let M be an S-module. The tree module T (M) over M is the
S-module spanned in arity n by rooted trees of arity n with vertices of arity k labeled
by elements of M (k), together with the obvious right S, -action.
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THEOREM 2.12. Let M be an S-module. The free operad over M is the S-module
T (M) together with the grafting of trees as composition map.

In the dual picture, the cofree cooperad over M is the cooperad 7°(M) given
again by the tree module module 7 (M) endowed with the decomposition of
trees as decomposition map. It satisfies the dual universal property to the one
for free operads.

If & is an operad, by iterated application if the composition map we obtain a
morphism of operads
T(2) — 2,

which we denote by 74. This yields the monadic definition of an operad. Du-
ally, if ¢ is a cooperad, repeated applications of the decomposition map yield
amap

€ — T(%),
which we denote by A«.

Given two S-modules M and N, there is a natural morphism of operads
S:T(MRN)— T(M)RT(N).

It is induced by the map sending a tree with vertices indexed by elements of
M ® N to the tensor product of two copies of the same tree, the first one with
the vertices labeled by the respective elements of M/, and the second one with
the vertices labeled with the elements of N, see [LV12, pp. 308-309]. For 7
a rooted tree, denote by 7 (M)” the subspace of 7 (M) spanned by elements
having 7 as the underlying tree. Then we can define a map

T : T(M)” @ T(N)” — T(M & N)"

which is inverse to the restriction of ® to 7 (M ® N)7. We often refer to it as
the switch map.

2.6 OPERADIC SUSPENSIONS

We use the letter s to denote a formal element of degree 1, and denote by s+

its dual. Therefore, if V' is a graded vector space, its suspension is given by
sV,ie. (sV), = V,,_1. Notice that the dual of s ® s is then —s~! ® 57!, and
that s71s 2 1 = —ss~!. We denote by s~2 the element s~ ® s~ 1.

Let & be an operad. Then the suspension s4 is not an operad in general.
However, there is an operadic version of suspension. Let . := Endg, be
the operad which is 1-dimensional in every arity, where it is spanned by the
degree 1 — n map ., sending s®" to s. Similarly, we define .’ ! := End,-1,
and we denote by .¢ the dual cooperad of .¥~*, and by (~!)¢ the dual
cooperad of .7.
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DEFINITION 2.13. Let & be an operad. The operadic suspension of & is the
operad . ® 2. Similarly, the operadic desuspension of 2 is .~ ! @ 2.

Let € be a cooperad. Analogously to the above, the operadic suspension of ¢ is the
cooperad . ® €, and its operadic desuspension is (. 1)¢ ® €.

Notice that on the level of the underlying S-modules, we have ¢ = % and
similarly .71 = (~1)¢. However, there is a sign (—1)¢ due to the Koszul
sign convention appearing in the isomorphism. The correct sign can be found
by the following simple computation:

n(n;m

TLSTL

(1)

DS S s "
1)55’?,;137"5”nsn
1)
)

6—15
€
1),

S

(,
(_
(_
(,

where in the third line we used the fact that (n — 1)n is always even. Here
— and in the rest of this paper as well — certain tensor products, maps and
identifications are left implicit. For example, in various places we identified
1 € K with the element of V' ® V" corresponding to the identity of V, where
V is a finite dimensional vector space.

2.7 BAR-COBAR ADJUNCTION FOR OPERADS

There is a pair of adjoint functors between conilpotent coaugmented dg coop-
erads and augmented dg operads, called the bar and the cobar construction,
respectively. See [LV12, Sect. 6.5.1-3] for details.

DEFINITION 2.14. The cobar construction is the functor Q) taking a conilpotent
coaugmented dg cooperad € and giving the quasi-free dg operad

OF = (T(s7'€),d = dy +da)

where dy is the unique derivation extending the differential of €, and do is the unique
derivation extending (a suspended version of) the infinitesimal decomposition map
A(l) .

DEFINITION 2.15. Dually, the bar construction is the functor B taking an aug-
mented dg operad & and giving back the quasi-free dg cooperad

BZ = (T(sP),d = dy + da) ,
where dy is the unique coderivation extending the differential of &, and ds is the

unique coderivation extending (a suspended version of) the composition map of & on
trees with two vertices.
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Let € be a dg cooperad and let & be a dg operad, then a twisting morphism
from € to & is a degree —1 morphism of S-modules from ¥ to & satisfy-
ing a certain version of the Maurer—Cartan equation. The set of all twisting
morphisms is denoted by Tw(%, &), see [LV12, Sect. 6.4].

THEOREM 2.16. Let € be a conilpotent, coaugmented cooperad, and let & be an
augmented operad. There are natural isomorphisms

homyg OP(QCK, Z) = Tw(%, '@) = homgg coOp(%v BZ).

In particular, the functors Q and B form an adjoint pair.

2.8 BINARY QUADRATIC OPERADS, KOSZUL DUALITY AND HOMOTOPY AL-
GEBRAS

DEFINITION 2.17. An operadic quadratic data is a couple (E, R), where E is
an S-module and R is a sub-S-module of T (E)®), the S-module of trees with two
vertices. If (E, R) and (F, S) are two operadic quadratic data, a morphism

f:(E,R) — (F.5)

of operadic quadratic data between them is a morphism of S-modules f : E — F such
that T(f)(R) C S.

To such a quadratic data, one can associate a quadratic operad & (E, R) by
P(E,R)=T(£E)/(R).

Such an operad is said to be binary if the generating S-module E is concen-
trated in arity 2. The category of binary quadratic operads is the subcate-
gory of the category of operads having as objects the quadratic operads and
as morphisms the morphisms of operads induced by morphisms of operadic
quadratic data. Dually, we can also associate a quadratic cooperad € (E, R) to
any operadic quadratic data. It is defined through a universal property and
does not admit a full description as simple as the one for (E, R), see [LV12,
Sect. 7.1].

In the category of quadratic operads, we have the very useful tool of Koszul
duality.

DEFINITION 2.18. Given a quadratic operad & .= & (E, R), then its Koszul dual
cooperad is the quadratic cooperad

P = €(sE,s’R) .

DEFINITION 2.19. There is also the notion of the Koszul dual operad of &2, which
is defined as

P = (702"
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The following computation will be useful later on. We have
P (s e (2,
therefore, if we take & = 2' for some quadratic operad 2, then
(2) = (7 oY (1)
Another useful fact is the following one.

LEMMA 2.20. Let & = P(E, R) be a binary quadratic operad. Then &' is again
binary quadratic, and has the explicit presentation

P =2(s LS EY RY) .

The category of dg operads admits a model structure, see for example
[Hin97b], and it can be shown that, for a dg operad £ satisfying certain as-
sumptions, the dg operad 2B.Z is a cofibrant resolution of &?. However, the
dg operad QB is a very big object. Thus we are often interested to find
smaller cofibrant resolutions. The most common one is the minimal model for
& (see [LV12, Sect. 6.3.4]). A quadratic operad is said to be Koszul if it satisfies
certain homological conditions, see [LV12, Sect. 7.4 and 8].

THEOREM 2.21 ([GK94] and [G]94]). When & is a Koszul operad, the dg operad
Poo = QP is the minimal model for P.

DEFINITION 2.22. Let & be a Koszul operad. A homotopy &?-algebra is an alge-
bra over the operad Pw.

REMARK 2.23. Many quadratic operads of interest are Koszul. Some examples are
the so-called three graces Lie, Com, and Ass, which will be introduced in Section
2.11.

Abusing notation, we denote by 2., the dg operad Q' even when & is not Koszul.
The operad P is cofibrant, but the homotopy theory of & -algebras is not the same
as the homotopy theory of &7-algebras when & is not Koszul.

A direct consequence of Theorem 2.16 is that the structure of a &-algebra on
a chain complex A is equivalent to the data of a twisting morphism

oA € Tw(Z',Endy) .

2.9 INFINITY-MORPHISMS

Let & be a quadratic operad, and let A be a & -algebra. One can endow the
cofree coalgebra P'(A) with the unique coderivation d zi( 4 extending d; +da,
where

dy = (2'(A) 2 4 2, 4)

lo@1yva
—

dy == (P(A) 22 (P o) 2)(A) Zi(A) 2, 4).

This is the (canonical) bar construction B, A for the &,-algebra A.
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REMARK 2.24. This construction is the relative bar construction of a & .-algebra
with respect to the canonical twisting morphism

L P QP = P,
see [LV12, Sect. 6.5.4, 11.2] for more details.

DEFINITION 2.25. An oo-morphism of &w-algebras from A to A’ is a morphism of
differential graded &?'-coalgebras

B,A— B,A.

The composition of co-morphisms is the composition of morphisms of 2'-coalgebras.
We use the notation A ~» A’ to represent an oo-morphism from A to A’. The category
of Po-algebras with co-morphisms is denoted by co- P -alg.

The data of an co-morphism g : A ~» A’ is equivalent to a collection of maps
gn : P'(n) ®s, A" — A’

for all n > 0 satisfying certain relations.

While this might seem a peculiar notion at first, it is an important general-
ization of strict morphisms of algebras. For example, co-morphisms of .Z-
algebras play a fundamental role in Kontsevich’s proof of deformation quan-
tization of Poisson manifolds in [Kon03] and are generally an object of interest
in deformation theory.

2.10 THE HoMOTOPY TRANSFER THEOREM

Let & be a Koszul operad, and let X be a & -algebra. If there is a retraction

hCX;)

k3

of chain complexes, then the Homotopy Transfer Theorem tells us the follow-
ing.

THEOREM 2.26 (Homotopy Transfer Theorem). The chain complex Y inherits a
P o-algebra structure from X such that X and Y are homotopy equivalent as & -
algebras. Explicitly, the maps i and p can be extended to co-quasi-isomorphisms i,
and peo of P -algebras between them.

This deep theorem can be found in the book [LV12, Sect. 10.3], where its long
history and many facets are also elucidated. An explicit formula for the trans-
ferred structure is also given as follows. Let

px € TW(@‘,EndX)
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be a & -algebra structure on X. Then_a P -algebra structure on Y is given
by the twisting morphism ¢y € Tw(Z', Endy ) defined as the composite

T7#x), re(sEndy ) Y Endy |

AN (#)
where the map VdLy, called the Van der Laan map, is given by sending a tree
with the vertices marked by elements of sEndx to the same tree with the sus-
pension s removed, and with i’s on the leaves, p at the root, and h applied
to every inner edge, and then taking the obvious composition in Endy. This
explicit expression for the transferred structure first appeared in [GCTV12]. A
detailed exposition of this map is given in [LV12, Sect. 10.3.2]. Explicit for-
mulee for i, and po are given in [LV12, Sect. 10.3.5-6].

2.11 OPERADS OF MAIN INTEREST

The main symmetric dg operads appearing in this article are Lie, Com, and
Ass, coding Lie, commutative, and associative algebras respectively. They
will be described in more detail in Section 8.1. Their Koszul resolutions are
the dg operads £, ¢, and Ass. respectively. In the ns setting, we con-
sider principally As, also coding associative algebras. Its Koszul resolution is
denoted by .

As already mentioned in the introduction, the operad of main interest to us is
the quasi-free dg operad .Z,, encoding homotopy Lie algebras (also known as
strong homotopy Lie algebras in the literature). It is given by

Lo = QLie .

It is a well known fact that Lie' = (S Hew Com". For each n > 2, we denote
by u, the generating operation of Com(n), corresponding to the only way to
multiply n elements in a commutative algebra. We use the notation

by =5t Y n>2,
for the generators of the operad .Z.

Similarly, in the non-symmetric (ns) case we will be interested in the quasi-free
dg ns operad 7, coding homotopy associative algebras. It is given by

Aoy = NAS .

Analogously to what happens in the symmetric case, we have As' = ('~ 1)°®
As". For each n > 2, we denote by m,, the generating operation in As(n),
which corresponds to the unique way to multiply n elements in an associative
algebra (without changing their order). We use the notation

an = s LS tm) n>2,

for the generators of o7.
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3 CONVOLUTION HOMOTOPY ALGEBRAS

In this section, we state and prove the theorem which is the starting point for
all other results in this article. It says that if we are given an algebra over an
operad and a coalgebra over a cooperad, and if the operad and the cooperad
are related in a certain way by a morphism of dg operads, then we can put
a natural homotopy Lie algebra on the space of linear morphisms from the
coalgebra to the algebra. Dually, if we are given two algebras over dg operads
that are related by a morphism of dg operads, then we can put a natural .Z.-
algebra structure on their tensor product.

3.1 NATURAL .Z,,-ALGEBRA STRUCTURES

Let & and £ be dg operads, let 2 be augmented, and suppose we have a
morphism of dg operads
V:2 —Z.

Denote by ¥(n) : Z(n) — #(n) the restriction of ¥ to arity n. Then we can
associate to ¥ a map

s 1Lie' — hom(B(.¥ ® 2), 2)
by sending /,, to the element
s 1771 (n) € homg (5.%,2(n), Z(n))

given by

n(n—1)
—2

(717 () (sSng) = (=1)" ¥(q)

and then precomposing with the projection
projV : B(.# ® 2)(n) — 5.%,2(n)

onto the weight 1 part to get an element of hom(B(. ® 2), &)(n). We denote
by
Ny : Lo — hom(B(¥ @ 2), Z)

the unique morphism of algebraic operads extending the map given above.
In can be described explicitly as follows. Let / be an element of .7, with
underlying rooted tree 7, then Wy sends ¢ to the morphism from B(.¥ ® 2)
to & given by first projecting to the submodule 7 (5. ® 2)7 spanned by
elements having 7 as underlying tree, then applying Wy (¢,,) to the vertices of
arity n (with the correct signs appearing because of the Koszul sign rule), and
finally composing the resulting tree in &.

Without further ado, we can now state the main theorem of this section.
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THEOREM 3.1. Let ¥ : 2 — & be a morphism of dg operads. Then the morphism
of algebraic operads

Ny : Lo — hom(B(¥ @ 2), Z)

described above commutes with the differentials, i.e. it is a morphism of dg operads.
Moreover, it is compatible with compositions in the following sense. If we have a
second morphism © : % — 2 of dg operads, then we have the following commutative
diagram

hom(B(. ® %), 2)

Ng "
Nye
Lo hom(B( @ #), &)
NG B(¢Y ®©)

hom(B(.¥ ® 2), 2)

in the category of dg operads, that is:
o (£) = TWe () = Wy (OB( © ©)
forany £ € L.

REMARK 3.2. The idea of this construction was already present in Ginzburg—
Kapranov [GK94, Prop. 3.2.18] and elaborated a bit in [BL15, Appendix C].

REMARK 3.3. Thanks to the compatibility with the compositions, it is often only
necessary to compute W = Wiq, or Wg in order to find Wy for ¥ : 2 — Z.
Indeed, one can write ¥ = ide ¥V or ¥ = Vid g and then use the relations given
above.

REMARK 3.4. A slightly more general construction can be made in an analogous
way, as remarked independently in [Wiel6]. Where our results construct a morphism
from the operad £ to a certain convolution operad starting from a morphism of dg
operads, in loc. cit. the same result is obtained starting from a twisting morphism.
One passes from the former to the latter by pulling back by the canonical twisting
morphism m : B2 — 2. More precisely, let € be a dg cooperad and let & be a dg
operad. Then by definition

Tw(%¢, #) = MC (hom(¥, L)) ,

where hom(€, &) here denotes the pre-Lie algebra associated to the convolution al-
gebra. As dg operads, we have

hom(%, ) = hom(Com", hom(%, Z))
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=~ hom((.# 1 ® Com”, (.1 ® hom(¥, 2))
=~ hom((. 1) ® Com" , hom(.7° ® €, 2)) ,

where all the isomorphisms are canonical. Therefore,

Tw(¢, ) 2 MC (hom(( ") ® Com” , hom(S° ® €, 7))
=Tw (") ® Com", hom(S°® ¢, P))
= homgg 0p (Lo, hom(F°“ @ €, 2)) ,

where in the last line we used Theorem 2.16. In our situation, we can then consider
¢ = BZ and the twisting morphism

v=B2 5 2% ),

which gives back Theorem 3.1 thanks to the canonical isomorphism /¢ @ B2 =
B( ® 2). The explicit formulee for the morphisms of operads associated to an arbi-
trary twisting morphism are analogous to the ones presented above.

Proof. To show that Wy commutes with the differentials, it is enough to check
on the generators ¢,, of the operad .Z... The differential of the range of Ny is
given by

dhom(B(ﬁ’@fZ),ﬂ) = (d@)* - (dl + d2)*a

with d; and ds as described in Subsection 2.7. Notice that d» Wy (¢,) and
Wy (¢,,)d1 can be non-zero only on elements of weight 1 of B(.¥ ® 2), while
Wy (¢,)d> vanishes everywhere except on the weight 2 part B(.¥ ® 2) o(y)
B(. ® 2), as does Wy (de_ l,). Let s.7,q € B( @ 2)(1), then we compute

(d@W\p(fn)— (—1)”V\|\y(€n)d1)(synq) =
= dp (-1~ V() — (1) W(E) ()5S 20)
= (1) (dpW(g) — W(dog))
= 0 5
where b(n) = "1 Here we used the fact that ¥ is a morphism of dg

operads, and thus commutes with the differentials d» and d. To complete
this part of the proof, we only have to check what happens on elements of
weight 2. So we consider

(81 ®j $5n,q2)° € B(S ® 2) @7 B(¥ ® 2),

ni,n2,j

where n1 + ny =n+ 1and o € Sh(n; — 1, n2). Then we have
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—(=1)"Wg (€n)d2 (55, 1 ®j 55n,q2)° =
= (_1)n+1W\P(€n) ((_1)n2|qlH—m—1+(j—1)(n2—1)+055pn,y9(q1 ®; q2)a>
= (,1)n2\q1\+n171+(j71)(n271)+a+b(n)\I;(fm(ql ®;q2)%) -

The signs in the second line appear because of switches, the composition in
7, and because .7, carries the sign representation of S,,. At the same time,

dfoogn) Synlql ®j Synqu) =

(=1)7H" (lr, @1 4ay)" | (550,01 ®j 55n,02)°7
n1+n2 n—1

U+1€Sh (n1—1,7n2)

= Wy (~1)000 D570 (0, 9 0,,)7) (.00 01 @5 5T na2)”
(1) ( nz(m+\q1\)|/\|‘1,(g )(S«anm)@W\If(&u)(syn?(h))

= (f1)6+n2|Q1\+n1n2,yt@ ((71)n1fl+b(n1)\p(q1) ®; (71)”2*1+b(n2)\p(q2))0

n(n—1)

= (1) T (W) ®; U(e2)”

where
e=GF—-1Dna—1)4+0+n.

Comparing the signs and using the fact that ¥ is a morphism of operads, we
see that the two expressions are equal. Therefore, the morphism of algebraic
operads Wy commutes with the differentials. Checking the compatibility with
compositions is straightforward and left to the reader. O

COROLLARY 3.5. Let ¥ : 2 — & be a morphism of dg operads, let A be a &-
algebra, and let D be a B(. ® 2)-coalgebra. Then the chain complex hom(D, A)
carries the structure of an £-algebra by pulling back by the morphism Wg. We
denote the resulting Z,-algebra by hom™ (D, A).

Proof. This follows immediately from Proposition 2.9 and Theorem 3.1. O

3.2 THE DUAL CASE

Let & and 2 be dg operads. If 2 is reduced and finite dimensional in every
arity, then so is B( ® £2) and we have a natural isomorphism of operads

hom(B(Y' ® 2), 2) 2 Z@B(Y®2)V=22Q( 1) e2Y).
Under this correspondence, we get a morphism

My : L — 20Q(S H22Y).
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It can be described as follows. The data of a morphism of dg operads
vV:2 —7

is canonically equivalent to a collection of elements ¥,, € #(n) ® 2(n)" for
n > 0 satisfying certain conditions (given in Lemma 3.8). Therefore, we can
associate to ¥ a map

sl Liel — 2@ (s U )2 c Z2o(s ) e2Y)

by sending 4, to s71.7,7 !, and then commuting s~'.,! with the part of
¥, in #(n). Notice that as ¥ is equivariant under the action of the symmetric
group, the elements ¥,, are invariant under the action of S,,. Thus the element
we obtain with this map carries the sign representation. We denote by

My : Lo — 2L H22Y)

the unique morphism of algebraic operads extending this map. Explicitly,
it is given by taking an element of the operad %, sending it to 7(# ®
(s7H(#71)°® 2V)) using the map given above at every vertex, then applying
the morphism ¢ described in Subsection 2.5 to obtain an element of the ten-
sor product 7 () @ T(s~1(71)¢ ® 2V), and finally applying the operadic
composition map of & to the first part.

In this dual setting, the main theorem (3.1) becomes as follows.

THEOREM 3.6. Let U : 2 — & be a morphism of dg operads such that 2(n) is
finite dimensional for all n > 0. Then the morphism of algebraic operads

My : Lo — 22 Q(S 12 2Y)

described above commutes with the differentials, i.e. it is a morphism of dg operads.
Moreover, it is compatible with compositions in the sense that, if we have a second
morphism of dg operads

0: % — 2

with Z(n) finite dimensional for all n > 0, then we get the following commutative
diagram

20 (S HeeR)

M
e U1

7 Mwe

PSR

Mo 120 ) eeY)

QL e 2Y)

DOCUMENTA MATHEMATICA 23 (2018) 189240



210 DANIEL ROBERT-NICOUD

in the category of dg operads, that is:
Mye = (‘I/ ® 1)M@ = (1 ® Q((Y’l)“ X @V))M\Il .

COROLLARY 3.7. Let U : @ — & be a morphism of dg operads such that 2(n) is
finite dimensional for all n > 0, let A be a P-algebra, and let C be a Q((. )¢ ®
2V)-algebra. Then the tensor product A ® C carries the structure of an £x.-algebra
given by pulling back by the morphism My. We denote the tensor product A @ C
equipped with the induced £.-algebra structure by A®" C. This is compatible with
Corollary 3.5 in the sense that, if D is a finite dimensional B(.¥ ® 2)-coalgebra, then

hom¥ (D, A) =~ A®Y DV
as Zwo-algebras via the natural isomorphism.

Theorem 3.6 can be proven by using Theorem 3.1 and the natural isomorphism
hom(B(' ® 2), )2 2@ Q((L 1) @ 2Y)

for 2 reduced, but it can also directly be proven in this setting using the fol-
lowing lemma characterizing the sequence of elements ¥,, associated to ¥,
which will be used various times in the rest of the paper. This more direct
proof allows us to get rid of the assumption that 2 be reduced that we need
for the above isomorphism to work.

LEMMA 3.8. Let & and 2 be two dg operads such that 2(n) is finite dimensional
in all arities. For each n > 0, fix a homogeneous basis q1(n), ..., ¢m(n)(n) of 2(n).
A morphism of dg operads U : 2 — & is equivalent, by setting p;(n) = ¥(g;(n)),
to a collection of S-invariant elements

(n)
v, = Z pi(n) @ ¢;(n)¥ € P(n) ® 2" (n),

where P (n) @ 2(n)" is equipped with the diagonal action of the symmetric group,
satisfying

m(

)
(do(pitn) @ ai(n)” + (1" pyn) © db(a:(m))) =0 (2)

3

I
—

in #(n) @ 2(n)" and
T pi(n) @ AR (g, ()V) =
= Y () (pik) ® (piy (1) @ - @ p (1))@

1<i<m(k)
1<ij<m(n;)

©)

® (¢/ (k) ® (¢ (n1) @ -+ @ ¢’ (nk))?)
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whenever ny + -+ - +ni =nand o € Sh(na, ..., ny), where
k k
e =lai(B) D lai, ()| + D> i, (ny)llai, (ny0))]
=1 i=15">j

is the Koszul sign obtained by switching elements. This second equation holds in
P () @ (L& ny,.ny 2)7 = P (1) © (27 Oy, ni 27)

Notice that in this last isomorphism, signs may appear because of the Koszul conven-
tion.

From now on, we will ease notation by abstaining from indicating the arity
of an element of the basis refers to, and write simply ¢; for ¢;(n). The correct
arities can always easily be recovered from the context.

Proof. Fix n > 0. Notice that, as ¥ has degree 0, we have |p;| = |¢;| for all 5.
Invariance of the ¥,, under the S,-action is equivalent to the fact that ¥ is
equivariant. Let ¢ € 2(n) and let o € S,,, then we have

m(n) m(n) m(n)

S @) qpi=T(g) =T (q"fl)g =3 (@™ e =D @) ) w

i=1 =1 =1

and thus

m(n) m(n)

Yoo =Y req .
=1 =1

Equation (2) is nothing else than a restatement of the fact that de¥ = Wdo.
Indeed, let ¢ € 2(n), then

0=do¥(q) — ¥(daq)
m(n)

= > (@) a)dopi — (@) . d2q)p;)
=1
m(n)

= > (@ a)dop: — (~1)* (g q)pi)
i=1

=Y (do) @0 + (~D)Pp @ ds(a)) (@)
=0

Similarly, Equation (3) is equivalent to the fact that
Y2 (Vo) =Uyg.

Let
re(ry,...,rg)° € DRy 25
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then

m(n)

V(2 (r®@ (r,...,m)7)) = Z<qy,m(r®(rl,...,m)“»pi
m(n)

= S (AR () 1 @ (1) )
=1
m(n)

— Zpi®Ak’”1"“’"’“e(q;’) (r®(r1,...,rk)”) .

i=1
On the other hand, using the shorthand

Pisit,inie = Pi ® (Piy ® - @ pi,)7
and similarly for ¢, we have

Yo (Lo ) (r@(n @ - @mn)?)) =72 (¥(r) @ (L(r),..., ¥(r))7)

=y | D @ @) (G P o
1<i<m(k)

1<ij <m(nj)
Z (D)Y@t ™ @ (P15 k) )Y (Pisin v

1<i<m(k)
1<i;<m(ny)

Z (71)675‘7(271',1'1,“‘7%,0) & (qg{il,m,ik,a) (T®(T17~-~7Tk)a) )
1<i<m(k)
1<i;<m(n;)

completing the proof. O

3.3 THE NON-SYMMETRIC CASE

In the context of non-symmetric operads, our main theorem takes the follow-
ing form.

THEOREM 3.9. Let ¥ : 2 — & be a morphism of dg ns operads. Then there is a
canonical morphism of dg ns operads

WY : o — hom(B( ® 2), ) .

If moreover 2(n) is finite dimensional for all n > 0, this can be dualized to give a
canonical morphism of dg ns operads

M2 ot — Z Q) @ 2Y).
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Both are compatible with compositions, in the sense that if © : # — 2 is a second
morphism of dg ns operads,

ve = V'Wg =B(¥ ® )Ny,
and if moreover % (n) is finite dimensional for all n > 2, then
Vo = (Y@ ME =1 Q(( ) @ 6")My .

The construction of the morphisms Ny’ and MY’ is analogous to the one for
Wg and My. At the level of algebras, this gives the following.

COROLLARY 3.10. Let ¥ : 2 — & be a morphism of dg ns operads, let A be a -
algebra, and let D be a B(.¥ @ 2)-coalgebra. Then the chain complex of linear maps
hom(D, A) carries a structure of o/n.-algebra by pullback by the morphism Wy'. We
denote it again by hom" (D, A). If furthermore 2(n) is finite dimensional for all
n > 0and Cisa Q((L 1) ® 2V)-algebra, then the tensor product A @ C carries
the structure of an </.-algebra induced by pullback by the morphism M. We denote
it by A®Y C. Those two structures are compatible, in the sense that if 2 is finite
dimensional in all arities and D is a finite dimensional B(. ® £2)-coalgebra, then

hom¥(D, A) = A® DV

as 9so-algebras via the natural isomorphism.

4 BINARY QUADRATIC OPERADS AND MANIN MORPHISMS

In this section, we restrict ourselves to binary quadratic operads and we ex-
plore the consequences of our main theorem in this context. We only work
in the dual setting, i.e. with tensor products. In the present situation, the
statement of Theorem 3.6 simplifies to the existence of a map of dg operads

Lo — PR 2.

We start by recalling the notion of what we call the Manin morphisms, which
are morphisms arising from maps between operads via the adjunction be-
tween the black and white Manin products. We go on to prove that the mor-
phisms obtained through our main theorem lift the Manin morphisms to a
homotopical context. The principal result of this section lies in the fact that
the morphisms obtained through Theorem 3.6 are compatible with strict mor-
phisms of algebras on one side and co-morphisms on the other side (Propo-
sition 4.4). This amounts to the existence of a bifunctor given on objects by
taking a Z-algebra and a 2! _-algebra and giving back their tensor product
with the .Z-algebra structure obtained through Theorem 3.6 and allowing
oo-morphisms in the second slot.
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4.1 MANIN MORPHISMS

In the category of operads given by binary quadratic data and morphisms in-
duced by morphisms of quadratic data, one can define two operations, called
the white and black Manin products and denoted by O and @ respectively, both
taking two binary quadratic operads and giving back another one. These ob-
jects first appeared in the context of algebras in [Man87] and [Man88] and then
in [GK94] in relation to operads. For a more conceptual treatment, see [Val08]
or [LV12, Sect. 8.8].

PROPOSITION 4.1. Fix a binary quadratic operad 2. Then there is a natural isomor-
phism
homyp;y. quad. op.(%.e@7 '@) = homypn, quad. op.(%a yog,) .

That is to say, the functors — @ 2 and — O 2" are adjoint. Moreover, the operad Lie
is a unit for the black product.

Therefore, any morphism
U:Lie@2~29 — P
coming from a quadratic data is equivalent to a morphism
Lie — 202" .

As explained in [Val08, Sect. 3.2], the white product is the best binary
quadratic approximation of the Hadamard product, and there is a canonical
morphism

P02 — 202"

DEFINITION 4.2. We call the composite
my = (Lie — 209 — ?}’@)Q!)
the Manin morphism associated to W.

The Manin morphism my has the following explicit description. Assume & =
P(E,R) and 2 = #(F,S), fixabasis f1,...,frof F,and letey,...,ex € E
be the images of the f; under ¥. Then my is the unique morphism of operads
extending

k
m\y(b) = Zei ® 3—15@*1 i\/’
=1

where b € Lie(2) is the Lie bracket. Here, we implicitly used Lemma 2.20.

For any quadratic binary operad 2, there is a canonical Manin morphism,
namely the one associated to the identity of 2, giving

Mg = Mid, : Lie — 20 2" .

It is easy to see that
mg =(¥®1)mg,

so that it is often only necessary to know m g to compute my.
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4.2  APPLICATION OF THE MAIN THEOREM TO THE BINARY QUADRATIC CASE

For the rest of this section, we fix two binary quadratic data (E, R) and (F, S)
and denote by & = Z(E,R) and £ = #(F, S) the two associated operads.
Furthermore, we assume that F is finite dimensional. We fix a morphism

vV:2 —
in the category of binary quadratic operads. By Equation (1) we have
Qe 2)=o((2)) =2, .
Thus, we can apply Theorem 3.6 to the morphism ¥ to obtain a map
My : L — P22 2., .

Here we used the fact that since F' is finite dimensional, 2(n) is finite dimen-
sional for all n > 0. The following proposition shows that in this situation,
Theorem 3.6 provides us with a lifting of the Manin morphisms to operads
coding homotopy algebras.

PROPOSITION 4.3. The following square

M
L —— s P 9
L My J ,
Lie PR D

where the vertical maps are the canonical ones coming from the resolutions, is com-
mutative.

Proof. The left vertical arrow sends /5 to b and ¢,, to 0 for all n > 3. Therefore,
the south-west composite is the map sends

k
ly — Z e; @s LY
i=1
and all the higher ¢,, to zero. On the other hand, the right vertical arrow is
given by tensoring the identity of & with the canonical resolution map
2" — 92,

which is defined on the generators s71(2')! = s71(.71)¢ ® 2V as being the
identity on arity 2 and zero on all higher arities, this because £ is quadratic.
By definition, the morphism My sends /,, to an element of 2 (n)®s~1(2')!(n).
Therefore, the north—east composite gives zero on ¢, for n > 3 and sends
k
ly — Z e @s LAY
i=1

just like the other map. O
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4.3 FUNCTORIALITY OF THE .%».-ALGEBRA STRUCTURE ON TENSOR PROD-
UCTS

The Z-algebra structure on the tensor product of a #?-algebra and a Qéo—
algebra is functorial in &?-algebras. Indeed, given two Z7-algebras A and A4/,
a 2. -algebra C, and a morphism

f:A— A
of &-algebras, there an obvious induced (strict) morphism of .Z.-algebras
AV C— A Y C,
given by
a®cr— fla)®c.

In fact, we have more than that: the functoriality also holds for 2" _-algebras
in a strong way, that is with respect to co-morphisms.

Suppose we are given two Z-algebras A and A’, as well as two 2" _-algebras
C and C’, a morphism of Z?-algebras f : A — A’, and an co-morphism of
2'_-algebras g : C ~ C’. Then we can use these objects to define a morphism
of Lie'-coalgebras, i.e. suspended cocommutative coalgebras,

f@Yg: Lie(A® C) — Lie'(A' ® C)
as the unique morphism of suspended cofree cocommutative coalgebras ex-

tending the map sending

I @ (a1 @)@ @ (an @ ¢) € Lie'(n) @ (A® C)%"

to

Z (_1)(n_1)|p7’|+€f(pA(pi)(a1) s ;an)) ® gn(yn_lqz\/ ® C1 ® t ® CTL) Ll

i=1
where
n n
e=> > laillej| + (n=1))_ |aif
i=1 j<i i=1
is the sign obtained via Koszul rule by reordering terms, and p4 is the -
algebra structure of A seen as a map

pa: Y — Endy .

This morphism can be seen as first sending .7, 1 i to 2(n) @ (2')' using
sMys~!, rearranging terms to get elements of (2 (n) ®s, A®") ® ((2')'(n) ®s,,
C®™), and then applying f and the composition of A on the first part and g,
on the second part.
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PROPOSITION 4.4. Let A, A’ be P-algebras, and let C, C' be 2" _-algebras. Further,
let f : A — A’ be a morphism of &-algebras, and g : C ~» C' be an co-morphism of
2! _-algebras. The map defined above is a morphism

fo¥g:B,(ARYC) — B, (A @Y )

of dg suspended cocommutative coalgebras, i.e. an oco-morphism of £x-algebras.
Moreover, if f : A" — A" is a second morphism of &-algebras and g' : C' ~~ C" is
another oo-morphism of 2°_-algebras, then

(frof@” (g og)=("®"g)o(f&"g).
Proof. For this proof, let p4 be the algebraic structure of A seen as a map
pa: P — Endgy
and let p¢ be the algebraic structure on C, but seen as a twisting morphism
oo € Tw((2') Ende) = Tw(( 1) ® 2Y,Endc) ,

and similarly for A’ and C’. The algebraic structure of A ®"¥ C'is also seen as
a twisting morphism

Yawc € Tw(Lie', Endage) = Tw((.7 1) @ Com", End sec)

and the same is true for the one of A’ ®¥ C’. We denote by ¢ the differentials
of both B,(A ®¥ C) and B,(4’ @Y C").
To ease notation, we adopt the following conventions:

e We usually do not write the elements of the algebras, leaving them im-
plicit. For example, for the element

Ty @ (a1 ®@c1) @ @ (an ® ¢p) € Lie' @ (A C)®"

we write just 7 11Y. The reordering of the elements of the algebras are
also left implicit, so that .7, 1 1 also denotes the element

(—1) S iy @ (1@ ®an) @ (1@ D)

where € is the appropriate Koszul sign. Notice that, with this convention,
we have for example that d ygcyen = dgengoon.

e Whenever we have an element of End 4, End¢, or Endagc, we implicitly
apply it to the elements of the respective algebra. For example, we write

(1®; pa)(p1 ®; p2)
with p; € Z(n1) and pa € P (nsy), withny + ne = n + 1, for

i1
(_1)\172\ >y \ai\pl®(a1®. - ®a;-1@p(P2) (A @ - D4y )DUjtngy 410 - @) .
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e We use the fact that
AT(F ) = TT(AT (LA ()
to avoid writing unnecessary signs. We abuse of notation and also use
T to identify
() e T(Z) e T(2")
with
T(2)T(S ") o2

and so on. To ease notation, we also just write 7" for 77, as the underlying

tree can always easily be recovered from the context.

e Again as in the proof of Lemma 3.8, we use the shorthand

Dhyivyin,oe = (Dh @ (i, ® -+ @ Py, )7,

and similarly for g, . .

We start by proving that f ®¥ g is an co-morphism of .Z.,-algebras. We con-
sider
I @ (a1 ®@c1) @ @ (an @ ¢,) € Lie' @ (A C)®".

We have

5('5/71_1#%@(@1®Cl)®"'®(an®cn)) =
= (*D"‘lf{lux ® diagcyen+
+ Y (105 pase) T (AM290 () (), @ 1)) -

ni+ns=n+1
1<j<n,
o€Sh(n1—1,n2)

Writing out explicitly 4 c, the second term is

m(nz)
> (18 (pa® )T (A (7) D2 (i, @5 (piz ® qé))”> :
ni+no=n+1
1<j<ny
o€Sh(ny—1,n2)

in=1

Now we apply f ®¥ g and then project onto A’ ® C’ to obtain
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(projo(f @ g) 0 0)(S ) =
= () DWED(fps @ ) (pi @ L ) VA aengoen
=1

+ S (—ylrellad(fos @ (ga, ®5 )@

nit+nz=n+1 1<i;<m(n1)
1<j<n1 1<izg<m(ns2)
oc€Sh(ni—1,n2)

®T (Anhnmj,a(yn—l),yy(pil ®j ph)a ® (qlvl ®j qi\;)a) )

Then, using Lemma 3.8 (3) and switching terms, remembering that |pc| = —1,
this equals

m(n)

Z (_1)(n71)(|pi‘+1))+(n*1+“h‘)pr(pi)dA®" ® gu(L1qY)

i=1

+ Y (=)D £ (py) @ gu(F ) ) deen
i=1
m(n)

+ Z nlpllpr (ps) ® Z (gn, ®; o)A (P =1

ni+nz=n+1
1<j<n;
o€Sh(ni—1,n2)
m(n)
= > (=D)"" fpa(pi)dasn ® gn(F q) )+

=1

m(n)

n Z 1)"Pil fpa(pi) ® (projo godp, ) (7 "))

where we used the fact that |p;| = |¢;|. On the other hand,

(f ¥ g)(yn_l,u,\{ ®(@®c)® @ (an ® cn)) =
= ) S D)Mo (fpa)®F © (g @ © Gay))®

k>1 1<h<m(k)
ni+..Fnp=n 1<i;<m(n;)
o€Sh(ny,...,nk)

®T (Ak’nl’mynk’U(ynil)phyil,m,ikﬁ ® qf\z/,il,m,ik,a) )

where ¢ is the sign appearing by rearranging the p;,’s and ¢;,’s. Now we
apply ¢ and project onto A’ ® C’ to get

DOCUMENTA MATHEMATICA 23 (2018) 189—-240



220 DANIEL ROBERT-NICOUD

m(n)
dagor(fpa@gn) | D (=) PIPlp, @ .7 gy
i=1
) > (D (par o (fpa)®F @ por 0 (gn, @+ @ gn,))®
E>1 1<h<m(k)

nit. ANE=n 1< <m(ny)
oceSh(n1,...,nk) ~ "

T (Akml7...’nk7g(yn_1)ph,i17»»»,ik,0 ® qi\{,il,...,ik,a)

= > (=)l g go (foalp) @ g h))
=1
+ Z Z (71)E,pr®(90C/ ®(gn1 ®®gnk))®

E>1 1<h<m(k)
ni o F=n 16 <min;)
c€Sh(ny,...,nk)

®T (Ak’nl’Mynk’U(ynil)phﬂla--wikﬁ ® q}\z/,il,...,ik,a) )

where we used the fact that f is a strict morphism of &7-algebras. By Lemma
3.8 (3) and a switch, the last term equals

S DI s @ (90 @ (gny - ® g ))®
E>1
ni+...+ng=n
o€eSh(n1,...,nk)
m(n)
@ Y pi@ AR (g,

1=1
and so the whole expression evaluates to

m(n) m(n)

Do) fpa(p) © gu(Fta) + Y (1) fpa(pi) @ dorgn( L el

i=1 =1

+ > D" pap)e
k>1
ni+...+np=n
o€Sh(n,..., ng)

i=1

m(n)
® (Z (pcr @ (gn, ® -+ ®9nk))> ARt (77 g

m(n)

= > (D)l fpa(p) ® gn(F ')

+ > (=" fpa(p) @ (projoda, vy 0 9(Sn ta)) -
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As g is an co-morphism of 2!_-algebras, comparison of the term we evaluated
above implies
(fe¥g)os=0d0(fa"g),

so that (f ®? g) is indeed an co-morphism of %, -algebras.
The proof of the fact that this assignment respects compositions can be proven
in a similar way, and is left as an exercise to the dedicated reader. O

This result amounts to the following statement.

THEOREM 4.5. There is a bifunctor
@Y . P-alg x oo—g@éo—alg — 00-ZLo-alg

taking a P-algebra A and a 2’ _-algebra C and giving back A @Y C. The action on
maps is given by Proposition 4.4.

REMARK 4.6. Omne can write an analogous version of the results presented in this
section and the next one for the homotopy algebra structures obtained on spaces of
linear maps through Theorem 3.1. The reason we have not done so is that the notion
of co-morphisms and the Homotopy Transfer Theorem for homotopy coalgebras —
which are expected to work in a similar way to the notion for algebras — have never
been developed in the literature, and it is not in the scope of the present article to do it.

4.4 'THE NON-SYMMETRIC CASE

There is a theory of Manin products also in the ns case, see [LV12, Sect. 8.8.9],
with As taking the role of Lie as unit for the black product. As above, we can
use the adjunction between the products to associate to a morphism ¥ : 2 —
& of ns binary quadratic operads (coming from a morphism of the underlying
quadratic data) a morphism

mpy:Ads — 2292 .
PROPOSITION 4.7. The following square

ns

| |

As P2

where the vertical maps are the canonical ones coming from the resolutions, is com-
mutative.

The result analogous to the compatibility of My with various notions of mor-
phisms into play takes the following form.
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PROPOSITION 4.8. Let U : @ — & be a morphism of dg ns binary quadratic
operads such that 2 is finitely generated. Let A, A’ be &-algebras and let C,C’ be
9! _-algebras. Further, let f : A — A’ be a morphism of Z-algebrasand g : C ~~ C'
be an oco-morphism of 2'_-algebras. Then there is a canonical co-morphism of s
algebras

fo¥g:B(A®Y(C) — B(A ¥ (),

constructed analogously to the symmetric case. Moreover, if f' : A" — A" is a second
morphism of -algebras and g' : C" ~ C"" is another oo-morphism of 2'_-algebras,
then

(fof)@¥ (g og)=(f'®"g)o(f&"g).
Again as before, this amounts to the following statement.

THEOREM 4.9. There is a bifunctor
Q¥ . P-alg x oo—o@;'x)-alg — 00-po-alg

taking a P-algebra A and a 2'_-algebra C and giving back A @Y C, with the action
on maps being given by Proposition 4.8.

5 COMPATIBILITY WITH THE HOMOTOPY TRANSFER THEOREM

In this section, we stay in the context of binary Koszul operads. Again, we
only work in the dual scenario, with tensor products. Recall the Homotopy
Transfer Theorem, which tells us that if we are given any homotopy algebra
whose underlying chain complex retracts to another chain complex, then we
can induce a natural homotopy algebra structure on the second chain complex
without losing any homotopical information. In particular, this is true when
the starting homotopy algebra is strict. Suppose we are given two algebras
over two operads related by a morphism as in the statement of the main theo-
rem (3.6). Consider a retraction of the underlying chain complex of the second
algebra. There are two ways to induce a homotopy Lie algebra structure on
the tensor product of the first chain complex and the retracted one: we can
either first use the Manin morphism and then the Homotopy Transfer The-
orem with the induced retraction on the tensor product, or we can first use
the Homotopy Transfer Theorem with the original retraction and then apply
the main theorem. We prove that the two structures obtained in this way are
equal.

5.1 TWwO WAYS TO OBTAIN A HOMOTOPY LIE ALGEBRA STRUCTURE
Suppose 2 is a binary Koszul operad, let A be a &7-algebra and let B be a
2'-algebra. Suppose further that we have a retraction of chain complexes

}LCB;)C

k3
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from B to C. Then we have the following two natural ways to obtain an .Z.-
algebra structure on the tensor product A ® C'.

1. Pull back the (¥ ® 2')-algebra structure on A® B to a Lie algebra struc-
ture using the Manin morphism my, then transfer this structure to an
Z-algebra structure {¢,,},,>2 on A ® C using the retraction

1®p
1®hCA®B ——— AxC.

1®1

2. Use the retraction to transfer the 2'-algebra structure on B to a 2*_-
algebra structure on C, then pull back the (£ @ 2'_)-algebra structure
on A ® C to an Z-algebra structure {/, },,>2 using the morphism My.

5.2 THE TWO STRUCTURES ARE EQUAL

THEOREM 5.1. Let ¥ : 2 — &2 be a morphism of binary quadratic dg operads such
that 2 is finitely generated and Koszul. Then the two Z-algebra structures ob-
tained on A ® C'as described above are equal. Moreover, the respective co-morphisms
extending the morphisms of the retraction are related by

(101)oo =104 and (10p)oo=10" pso .

Proof. We begin by establishing a bit of notation. We denote by BRT the set of
binary rooted trees, and by BRT),, the subset given by trees of arity n. We fix
a basis fi,..., fr of F and let e; := U(f;). For all 7 € BRT, we fix once and
for all a numbering of the vertices. For 7 € BRT,; and binary operations
ai,. .., o, we denote by 7(aq, . . ., o) the tree with the «; inserted at the ver-
tex i. Let ¥ = Z(E,R) and 2 = Z(F, S) be the quadratic presentations of
& and 2. We write

Vo T(E) — P =T(E)/(R)

for the composition map (i.e. the quotient map), and similarly for 2. No-
tice that this notation is consistent, because we can see 7 (E) as a subspace of
T(2) since E = Z2(2), and there the map ¥ is exactly the usual operadic
composition map. We represent the &7-algebra structure on A by the degree 0
map of operads

PA P — End A

and similarly for A’, while all other algebra structures are given by twisting
morphisms and denoted by ¢p, vagp and so on. Notice that as B is also a
strict 2' algebra, and that 2'isa binary operad, we have that

op € Tw((2"), Endp) = Tw((.1)°® 2Y,Endp)
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splits through (2')/(2) = ., ' F'V. Finally, let
VdL¢ : T¢(sEndg) — Ende

be the Van der Laan morphism associated to the retraction from B to C, and
similarly denote by VdLgc the Van der Laan morphism associated to the
induced retraction from A ® Bto A® C.

We start by unwinding the definitions to give an explicit formulation for the
second structure. For n > 2, fix a basis q1,..., ¢y nx) of 2(n). As we have
(@Y = (71 ® 2V, this also gives us the basis {77 1q)'}; of (2')'(n). By
the Homotopy Transfer Theorem, the 2'_-algebra structure on C is given by
the twisting morphism

oo € Tw((2')', Ende)

equal to the composite

Ay .\ (s
(2Y) 2@, e ((QI)') To28), 7¢(sEndp) Yo Ende

Since the chain complex B has the structure of a strict 2'-algebra, and since
2" is a binary operad, the second arrow gives zero on all non-binary trees.
Therefore, we can rewrite the composite above as

N A?g’)‘ 1 v °(s¢B) e VdL¢
(2) —= TS F )—>T (sEndp) —= End¢ ,

where Abg,)l is the composite of A( o with the projection on binary trees.
Notice that it is dual to the composition map

Putting all of this together, we get
po = VdLoT (spp) AlSy: -
Using this, we obtain for the second .#-algebra structure:
m(n)

Zn = (pa¥ ® @) Z (71)“11"(”71)(11. ® %:lq;/

i=1

m(n)
= (pa¥ ® (VALc T (sen))) Z Z el o AT(71q)
T7€BRT,, =1
m(n)
= (pA‘I/ X (VchTC(SgOB))) Z Z q; ® AT qZ R

T€BRT,,
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where the correct switches are left implicit. In the second line, the map A7 is
the dual to the monadic composition map 7 (2) — £ restricted to the sub-
space 7 (£2)7 with underlying tree 7.

Now we make explicit the first £, -algebra structure. The Homotopy Transfer
Theorem gives

b, = VdLA®CTC(SSOA®B)Alzi?eI (yn_lﬂrvz) .

Since the retraction of A ® B to A ® C is given by tensoring the maps of the
retraction of B to C with the identity on A, the Van der Laan map VdL 4g¢ can
be computed by first using ® to double the tree in 7¢(sEndagp), obtaining
an element of 7°(Enda) ® 7°(sEndg), then composing the operations at the
vertices of the first tree and applying the Van der Laan morphism VdL¢ to the
second tree. Writing this out, we have

VdLagc = (VEnd, ® VdLe)® .

Now, the map T*°(spagp) is given by applying my at each vertex, and then
applying pa ® spp at each vertex. So it is straightforward to see that we have

T (spaws) = (T (pa) ® T*(s¢5)) 2T (My) ,

that is to say, if we apply 7°(spagp) and then double the tree, we obtain
the same thing that we get by applying mg at each vertex, then immediately
doubling the tree, and only then applying p4 to the vertices of the first copy
of the tree and sp¢ to the vertices of the second one. Now we use the fact that
my = (¥ ® 1)m e and commute the (¥ ® 1) over the map ® to obtain

DT (spaen) = (T°(pa¥) @ T(sep)) 2T (ma) .

Putting all of this together and writing Abi;;; as a sum over all binary rooted
trees, we obtain

fn = (Tnas ®Vch><TC<pA\If>®TC<ssoB>><1>TC<m,@>( > AT(YnluX)>

T7€BRT,,
= (pAUF5 @ VALeT (s05)) (%)
= (pa¥ ® VAL T (s¢B)) (k) ,

where

(;) = Z T<AT(5ﬂn1) Z T(fil ® X""’fin—l ®fi\7/¢1)>’

TE€BRT, 1<iy, . in—1<k

and

*) = > T(A*mﬂ) _ > (—1)‘%9(T(fi17~-~,fq,”1))®T(fiv1,~-~,fxll)>~

TE€BRTy,
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The sign (—1)¢ comes from the map ® doubling a tree and separating opera-
tions (as we have to switch some f;’s and f,’’s). Now, noticing that that sign
is exactly the one coming from dualization, we have

(*): Z T<AT(47!L1) Z (1)"?-"2(7—(.)“1'11"'1.)“1'7,,1))®T(fi\11"'ffi\;,_1)>

TEBRTH, 1<ig,hip 1<k

= > T(A’ml) > Ao (T(firses fin_1)) @ T(firs- -, fim)V)‘

TEBRTy,

The equality of the two structures comes from the fact that

Zqi@AT(qzv): Z ,’?g(T(fi17""fin—l))®T(fi1""’fin)\/
i=1

1<iy, . in—1<k

for all 7 € BRT,. This can be seen by writing the composition map 2 on
T(F)™ in two ways. The formulee for the co-morphisms extending the maps
in the retraction follow immediately from the explicit expressions for them
given in [LV12, Sect. 10.3.5-6] and the fact that the maps in the retraction act
by the identity on A. O

5.3 THE NON-SYMMETRIC CASE

In the same situation as above, but with non-symmetric operads, the results
take the following form.

THEOREM 5.2. The two o/-algebra structures on A @ C' obtained by applying
the Homotopy Transfer Theorem in two different ways are equal, and the respective
oo-morphisms extending the morphisms of the retraction are related by

(100 =101 and (1®p)oo=10" pss.

6 MAURER-CARTAN ELEMENTS

Theorem 3.1 gives us a way to endow the hom space of certain coalgebras and
algebras with an .Z-algebra structure. It is then a natural question to ask
what the Maurer—Cartan elements of the resulting .#-algebra represent. The
interest into this question is given by the following “philosophical” principle
attributed to Deligne and others, and made into a formal theorem using oo-
categories by Pridham [Pri10] and Lurie [Lur14]:

“Every deformation problem in characteristic 0 is encoded
into the Maurer—Cartan elements of an % -algebra.”

In this section, we interpret the set of Maurer—Cartan elements of the homo-
topy Lie algebra obtained through the main theorem as the set of morphism
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between certain algebras. This will allow us to construct the deformation
complex for morphisms of algebras over an operad in the next section. The
dual setting, which will allow us to represent the Deligne-Hinich-Getzler co-
groupoid for dg Lie algebras, is also treated.

6.1 MAURER—CARTAN ELEMENTS OF .Z,.-ALGEBRAS

Let (g,d,{¢n}n>2) be an £ -algebra. Then, whenever it is defined, the
Maurer—Cartan equation is

1
dl‘—f—ZEEn(l‘,,x):O

n>2

for |x| = —1. In particular, if g is actually a dg Lie algebra (i.e. ¢,, = 0 for all
n > 3), then we recover the usual Maurer-Cartan equation

1
dx+§[ac,ac] =0.

DEFINITION 6.1. The set of Maurer—Cartan elements of an -Z.-algebra g is denoted
by MC(g).

6.2 TWISTING MORPHISMS AND BAR—COBAR CONSTRUCTIONS

This part of the section is a slight variation of the material that can be found
in [LV12, Sect. 11.1-3], where we consider general coalgebras instead of just
conilpotent ones, which forces us to work with the complete algebras of Ap-
pendix A instead of general ones. Notice that we need the fact that the dg
operad & is reduced in order to have a well-defined notion of complete -
algebras. The various results given in the book [LV12] keep holding in this
situation with only slight changes. For example, a morphism from a free com-
plete &-algebra to a complete &-algebra is completely determined by the im-
age of the generators.

Let ¢ be a dg cooperad and let & be a dg operad. Suppose o : € — &
is a twisting morphism. Let A be a complete &-algebra and let D be a ¢-
coalgebra. Then a twisting morphism with respect to ocis a linearmap ¢ : D — A
of degree 0 satisfying the “Maurer-Cartan equation”

() +*al$) =0,
where x,, is the unary operator of degree 0 defined by
walp) = (D 2D, gD 2% poA 1L, ) .

Notice that there is a passage from invariants to coinvariants which is left
implicit. It is actuated using the isomorphism described in the introduction.
We denote the set of solutions of this equation by Tw, (D, A).
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We can use o € Tw(%, &) to construct a functor from ¢-coalgebras to com-

plete #-algebras, which we call the complete cobar construction Q,, for obvious
reasons. It takes a ¢-coalgebra D and gives back the complete %7-algebra

QoD = (Z(D),d = d +dy) ,

where —d; is the unique derivation extending the differentials of &2 and D,
and —d; is the unique derivation extending the degree —1 map

—

D 22, ¢sp 2292, psp — (D).
PROPOSITION 6.2. There is a natural bijection

hom QaD, A) = Twa (D, A).

dgﬁ-alg(

Proof. The proof given in the book [LV12, Prop. 11.3.1] goes through basically
unchanged. Notice that it is crucial that A is complete, since for example we

need the fact that a morphism Qa(D) = Ais equivalent to its restriction to D,
and if A is not complete we can only say that such a morphism gives a map
D — A, but not go in the other direction. O

Recall that there is a canonical twisting morphism 7 : B2 — 2 associated
to the counit of the bar-cobar adjunction, see [LV12, Sect. 6.5.4]. Given a
morphism ¥ : 2 — & of dg operads, we can pull it back by 7 to obtain the
twisting morphism

Yp=n"vV:B2 — Z,

and thus the complete cobar functor

ﬁw : dgB2-cog — dg?;;’—alg .

6.3 MAURER—CARTAN ELEMENTS

Let ¥ : 2 — & be a morphism of dg operads, let D be a B(.¥ ® 2)-coalgebra,
and let (A, F, A) be a filtered Z7-algebra as defined in Appendix A. Then s~ D
is canonically a B2-coalgebra. We can then compare the Maurer-Cartan equa-

tion in hom" (D, A) with the equation defining Tw,,. We have a natural bijec-
tion
hom(D, A) — hom(s™'D, A)

given by sending ¢ € hom(D, A) to the linear map s¢ € hom(s~'D, A) de-
fined by

sp(s™le) = (—1)¥H ()

for any « € D. This assignment anticommutes with the differentials.
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THEOREM 6.3. Let ¢ € hom(D, A) be of degree —1. Then we have

Osg) T rulsp) =0 & dlg)+ Y ~lalpsp) =0,

n>2
In other words, there is a natural bijection
Twy (D, A) = MC(hom” (s71D, A)) .

REMARK 6.4. Notice that, since A is filtered, we can define a descending filtration

by
E,hom" (D, A) := hom(D, F,,A) C hom(D, A) ,

which makes hom"” (D, A) into a filtered Z.,-algebra. Then, by Proposition A.6 we
have that hom™ (D, A) is complete, so that it makes sense to speak of its Maurer—
Cartan elements.

Instead of taking A filtered, one can also consider arbitrary &-algebras but require
the coalgebra D to be conilpotent. This is equivalent to the coradical filtration F3D

of D being exhaustive, see [LV12, Sect. 5.8.4]. Then the Zs-algebra hom” (D, A) is
again filtered by

E,hom” (D, A) == {f € hom(D, A) | F2D C ker(f)},

and thus complete.

We will find ourselves in the first situation when speaking of the Deligne—Hinich—
Getzler co-groupoid in the application presented in Section 7.2, while the second sit-
uation will make its appearance when defining the deformation complex of morphisms
of P-algebras in Section 7.1.

Proof. As already remarked above, we have
s(dp) = —=9(s¢) -

Fix n > 2, we will compare ¢, (¢p,...,¢) with *fb")(sap), the part of *y(sy)
passing through
B2(n) ®s, D®" C B24D .

We start by computing

1 1
ﬁgn(saa sy 90) = m’yhom(D,A) (V\I\Il(gn) oy 90®n)

=7a(Wa(ln) 0 ) Ap(n)
= ’YA(((silynfllll(n))proj(l)) o gp) Ap(n)
=7a((s7", 1 ¥(n)) 0 0) Ap(n)

Starting from the second line we left implicit the passage from invariants to

coinvariants given by the usual isomorphism. The factor n! come from the fact
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that in the definition of the algebraic structure on hom(D, A) we used another
identification of invariants with coinvariants. In the last line, Ap (n) denotes
(proj™ o 1)Ap(n), the part of Ap living in 5.%,2(n) @ D®". To compute
*Ef) (s¢), notice that the canonical twisting morphism 7 : B2 — 2 is nothing
else than the projection onto the weight 1 part s2 C B2, so that we have

%5 (5) = 74 © 59) A1 p(n)
=7a(¥mosp)As-1p(n)
=7a(¥osp)s ' Agip(n),
where A,-1p(n) is a notation for (7 o 1)A,-1p, the part of A,-1p contained

in s2(n) ® (s7'D)®". To finish the proof, we compare their actions on an
element of s7'D. Let x € D, we use Sweedler’s notation and write

Ap(n)(z) = s.70q0) @ T(1) @+ Q T(y,) -
We have
sla(, - 0) (57 2) = —Lulp, ., 9) (2)
= —7a((s7 " " ¥(n)) o @) Ap(n)(z)
—ya((s717 1 W(n)) 0 @) (55nq0) ® T(1) @+ + @ T(n))
= (~1)"Ha@ DTy (57 T (0) (5 50q(0))) @ @(2(1) @ -+ @ (T (n)))
n(n—1)
= (—1)"IO T (U (gg0) @ @(z) @ @ p(Tm))) -

In the last two lines, the sign € is such that

(p® @) (r1) @ T = (—1)p(rm) @ @ p(xm)) -

For the other side of the equation, we have

_ n(n—1)
Aerp(n)(s™ie) = (~1)Io T g @ sl @ @ s g -
Therefore, we have

7 (s9) (s w) = 7a (¥ o sp)s T A1 p(n) (s x)

n e n(n—1) _ _
=(-1) lagoy [+et1+=3 ya(¥ o 50)(q) ® s 1$(1)®---®s 11E(n))

oy (¥(q(0) @ p(z1) ® - @ p(T(n))) -

The two terms differ by a sign, concluding the proof. O

'n.(n 1)

— ( 1)"\‘1(0) [+e+

COROLLARY 6.5. Let A bea P-algebra, and let D be a B(.¥ ® 2)-coalgebra. If A
is complete, we have a natural bijection

homdgy_aﬂg(ﬁw (s71D), A) = MC(hom” (D, A)) .
If D is conilpotent, we have natural bijections

homdgy_mg(Qw(s_lD), A) = MC(hom\Ij (D, A)) = homngg_cog(s_lD, ByA) .
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6.4 THE DUAL CASE

In the dual setting, let ¥ : 2 — & be a morphism of dg operads such that 2 is
finite dimensional in every arity, let A be a complete &7-algebra, and let C' be a
finite dimensional Q((.¥~1)¢ ® 2)-algebra. Then the dual C"V of C is naturally
a B( @ 2)-coalgebra. Corollary 6.5 translates as follows in this context.

COROLLARY 6.6. Let A be a complete &7-algebra and let C be a finite dimensional
Q1) @ 2V)-algebra. We have a natural bijection

homgg z-aig (g (s 1CV), A) = MC(A @Y C) .

6.5 THE NON-SYMMETRIC CASE

There is a notion of Maurer-Cartan elements in an @#/-algebra, where the
relevant equation is
dx—i—Zmn(x,...,x) =0.
n>2

We denote again the set of all such elements by MC. Notice that we do not
have any factor J; appearing. This is related to the fact that we never need to
identify invariants and coinvariants in the ns setting, as we are not considering
any group action. It follows that all our results hold over any field. The same
reasoning as above gives the following statement.

THEOREM 6.7. Let A be a &-algebra and let D be a hom(B(. ® 2), &)-algebra.
If A is complete, we have a natural bijection

homgg-aig(Qy (s D), A) = MC(hom" (D, A)) .
If D is conilpotent, we have natural bijections
homgg 7-aig (2 (s~ D), A) = MC(hom" (D, A)) & homggp o-cog(s ' D, By (A)) .

Here the Maurer—Cartan elements are now taken in the /s,-algebra hom" (D, A).
Dually, under the usual assumption that 2 is finite dimensional in every arity, if C
is a finite dimensional Q((~1)¢ @ 2V)-algebra and A is complete, then we have a
natural bijection

homug -aig (g (s 1CV), A) = MC(A @Y C) .

7 APPLICATIONS TO DEFORMATION THEORY

In this section, we apply the theorems we just proved to solve two problems
in deformation theory. The first application is the construction of the defor-
mation complex for morphisms of algebras over an operad. The second one
is the representation of the Deligne-Hinich-Getzler co-groupoid for dg Lie
algebras.
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7.1 FIRST APPLICATION: THE DEFORMATION COMPLEX FOR MORPHISMS OF
ALGEBRAS

Given an augmented dg operad &7 and two “?-algebras X and Y, one might
ask what is the deformation complex coding morphisms of &-algebras from
X to Y. We solve this problem using Corollary 6.5.

Following Quillen [Qui70], the first step of the construction is to replace X
with a cofibrant replacement in the category of Z7-algebras. In order to do so,
one considers the canonical Koszul morphism

m:BY — F

and the associated bar-cobar adjunction between #’-algebras and B.%’-co-
algebras. One can then take 2B, X as a functorial resolution for X and try to
find the deformation complex for morphisms

QB X —Y.

Notice that B X is a conilpotent B.Z?-coalgebra, so that we can use the results
proved in Section 6.

ProproOsSITION 7.1. We have

homgg-alg (2B X, V) 22 MC (hom‘@(stX, Y)) ,

where hom? := hom'?,

Proof. This is direct consequence of Corollary 6.5. O

This motivates the following definition.

DEFINITION 7.2. Let & be a dg operad and let X,Y be two &-algebras. The de-
formation complex of morphisms of #-algebras from X to Y is the £-algebra
hom? (sB,X,Y).

REMARK 7.3. In certain cases, one can find alternative versions for this object. For
example, if & is binary Koszul, then one can give the structure of a Lie algebra to
hom(sB,X,Y), where

kP — P

is the canonical twisting morphism, see [LV12, Sect. 7.4.1]. The Maurer—Cartan el-
ements of this Lie algebra correspond to the morphisms of &?-algebras from QB X
to Y. The relation between this Lie algebra and the Z.-algebra introduced in Defi-
nition 7.2 is given by (the pre-dual version of) Proposition 4.3. Namely, we have the
commutative square
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N4
Lo —Z L hom(B( @ P), P)

J |

Lie hom( @ &', 2)

where the map f. : P — B is the quasi-isomorphism of [LV12, Prop. 6.5.8].
We can make B, X into a BZP-coalgebra by pushing forward its structure along
fx, and the resulting coalgebra is quasi-isomorphic to B X. Then the two £-
algebras hom(sB, X,Y) and hom? (sB, X,Y) are quasi-isomorphic, and the quasi-
isomorphism is filtered (e.g. with respect to the filtration induced by the coradical fil-
tration of the coalgebras). Thus, we can apply the Dolgushev—Rogers theorem [DR15,
Thm. 2.2] to show that the deformation problems associated to the two algebras are
the same.

7.2 SECOND APPLICATION: A COSIMPLICIAL DG LIE ALGEBRA MODELING
MAURER—CARTAN ELEMENTS

Here, we present an overview of how one can use the results given here to
associate to every complete dg Lie algebra a new, small co-groupoid (i.e. Kan
complex) representing its Maurer-Cartan elements which is equivalent to the
well-known Deligne-Hinich—Getzler co-groupoid. The construction is func-
torial and the resulting functor from complete dg Lie algebra to simplicial sets
is represented by a cosimplicial dg Lie algebra. These results are presented
in full details (and more generality) in the article [RN17], where various the-
orems given here (namely, Theorems 3.6, and 5.1, as well as Corollary 6.6) are
used in a crucial manner.

The present article was written with the following application in mind. Let
(9, Fug) be a filtered dg Lie algebra. The Deligne—Hinich—Getzler co-groupoid is
the Kan complex

MC.(g) = lim MC(g/Fag ® )

where (), is the Sullivan simplicial dg commutative algebra of the polynomial
differential forms on the geometric simplices. There is a simplicial contraction
due to Dupont of ), onto a sub-simplicial set C, which is finite dimensional
at every level, which is just the cellular cochain complex of the geometric sim-
plices. Using this retraction, one can obtain a filtered ., -algebra structure on
g ® C,. Using methods from homotopical algebra, we can prove that there is
a homotopy equivalence of simplicial sets

MC,(g) = MC(g® Cs) .

Finally, using Corollary 6.6 on g ® C, for the morphism ¥ being the identity
of the operad Lie, we have that

MC(g ® C,) = homdgLie(ﬁw(s_lc:/)vg) )
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which provides thus a new model me, = Qr(s71CY) for the space of Maurer—
Cartan elements of a dg Lie algebra. This leads to the following result.

THEOREM 7.4 ([RN17, Cor. 5.3]). Let g be a complete dg Lie algebra. There is a
weak equivalence of simplicial sets

MC.(g) ~ homgglie(mc,, g) -
It is natural in g.

This, plus a study of the properties of the new oco-groupoid, is the content of
the article [RN17].

8 EXAMPLES

In this section, we will study the .#-algebra structures obtained from our
main theorem (3.6) for some canonical morphisms between the three most
often appearing operads: the three graces Com, Lie and Ass. Namely, we will
study the identities of these operads and the sequence of morphisms

Lie -5 Ass — Com ,

where the first morphism corresponds to the antisymmetrization of the mul-
tiplication of an associative algebra, and where the second one corresponds to
forgetting that the multiplication of a commutative algebra is commutative to
get an associative algebra.

Many more examples of less common, but still very interesting operads, both
in the symmetric and in the ns case, as well as various morphisms relating
them, can be found in [LV12, Sect. 13].

8.1 NOTATIONS

We will denote by b € Lie(2) the generating operation of Lie, i.e. the Lie
bracket. The operad Ass is the symmetric version the non-symmetric operad
As coding associative algebras. It is given by Ass(n) = K[S,,]. We denote the
canonical basis of Ass(n) by {mq }scs, . The element m, € Ass(n) corresponds
to the operation

(al, ceey an) > Qg-1(1) " " Qg—1(n)

at the level of associative algebras. The action of the symmetric group is of
course given by (m,)” = m,,. As before, we denote by u, € Com(n) the
canonical element. The morphism @ : Lie — Ass is given by sending b to
miq — M(12), and corresponds to antisymmetrization at the level of algebras.
The morphism u : Ass — Com is given by sending both miq and m;9) to po.
For the homotopy counterparts of the operads mentioned above: as before
we denote by ¢,, € Z(n) the element of %, (n) corresponding to the n-ary
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bracket. We have Ass' = (1) ® Ass", thus in each arity n > 2 the operad
Asso has n! generators

My = 5_1Yn_1mg € Asseo c€ES,.

The action of the symmetric group on these generators is given by (m,)” =
(—1)"Ms,. Finally, the operad % coding homotopy commutative algebras
the same thing as an #/-algebra that vanishes on the sum of all non-trivial
shuffles, see [Kad88] or [LV12, Sect. 13.1.8].
8.2 THE IDENTITY Com — Com
This is the simplest example. The identity of Com induces the morphism

Mcom : Lo — Com @ Lo
which sends the element 4,, to

Ln & S_I%L,Ur\{ = ln @ Ly .
Therefore, it is the canonical isomorphism

Lo = Com Q@ L .

If Ais a commutative algebra and C'is an .Z-algebra, then the operations on
A ®Ym™ C are given by

gn(al dcty...,an ®Cn) = (71)6/“1(0'1;' . aan) ®£n(clv" '7Cn) )

where (—1)¢ is the sign obtained by commuting the a;’s and the ¢;’s.

8.3 THE IDENTITY Ass —> Ass
Since the operad Ass satisfies Ass' = Ass, the induced morphism is
Mpss : Lo — Ass @ AsS .

It sends 4, to
Z me @ s LS m) = Z My @ My = Z (=1)7(miq @ M) -
o€Sy €S, oES,

If A is an associative algebra and C' is an Ass.-algebra, then the .7, opera-
tions on A ®4¢ C are given by

fn(a1®01, ey O @ Cn) =

= Z (—1)‘7+Eme(a071(1), .. .a071(n)) (9 me(cgq(l), .. .Co.—l(n)) R
oES,

where ¢ is the sign obtained by switching the a;’s and the ¢;’s, and correspond
therefore to a kind of antisymmetrization of Asss.
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8.4 THE IDENTITY Lie — Lie

The last identity we have to look at is the identity of the operad Lie. It gives
rise to a morphism of dg operads

Mpie : Lo — Lie @ G -
It is of more complicated description, but comparing formula we see that it
is the same structure that is used in a fundamental way in the article [TW15,
pp-19-20] on Hochschild—Pirashvili homology.
8.5 THE FORGETFUL MORPHISM u : Ass — Com
This morphism is given by sending

My > fn
for all ¢ € S,,. The corresponding morphism
My : L — Com @ Assee = AsSso
is given by
My (€,) = Z fn @ 5~ LSmY = Z oy @ My = fly @ Z (—1)7 (me)°.
o€Sy o€Sy o€S,

Therefore, under the canonical identification Com ® Ass,, = Asss, it is the
standard antisymmetrization of an Ass.-algebra structure giving an .Z-
algebra structure.

8.6 THE ANTISYMMETRIZATION MORPHISM a : Lie — Ass
The induced morphism is a morphism of dg operads
Mg : Lo — A5 R € -

It can be interpreted as follows: a ¢-algebra can be seen as an Ass..-algebra
vanishing on the sum of all non-trivial shuffles (see [Kad88]). That is, we have
a natural morphism of dg operads

1: ASSoo — Co s

which is in fact given by Q((. )¢ ® a"). Now we can use the second part of
Theorem 3.6 telling us that

Me=Mi, . a=(1®i)Msss .

Therefore, the .#.-algebra structure on the tensor product of an associative
and a ¥-algebra is given by first looking at the ¢.-algebra as an Ass..-
algebra, and then antisymmetrizing the resulting (Ass ® Asso)-algebra as
already done above.
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8.7 THE NON-SYMMETRIC CASE

The analogues to the three graces in the non-symmetric setting are the operad
As encoding associative algebras, which we already know well, the operad
Dend of dendriform algebras ([LV12, Sect. 13.6.5]), and the operad Dias en-
coding diassociative algebras ([LV12, Sect. 13.6.7]). They fit into a sequence of
morphisms

Dias — As — Dend .

We get induced morphisms from .27 to
Dias ® Dendso , Aoy, Dend® Diasso, Dends and Dend ® 5, .

We leave their explicit computation to the interested reader.

A COMPLETE £-ALGEBRAS

Fix a reduced operad &?. We will give the definition of complete &?-algebras
and filtered #7-algebras, and state some basic facts about them, skipping most
proofs.

To the operad & we can associate the endofunctor on the category of (un-
bounded) chain complexes

2 : Chain — Chain

given by
2(V) =[] 2n) s, Ve

n>1

LEMMA A.1. The usual unit and composition of & induce the structure of a monad
on 2.

Proof. By inspection. Notice that, since & is reduced, every sum involved
finite and allows us to switch products and tensor products. O

LEMMA A.2. We have a canonical morphism of monads
In particular, every complete &-algebra is a &-algebra.

Proof. The morphism is induced by the natural inclusion of direct sums of
chain complexes into products. O

DEFINITION A.3. A complete &-algebra is an algebra over the monad P, seen as
a P-algebra.
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THEOREM A.4. The free complete &P-algebra over a chain complex V is given by

ﬁ(V) In other words, every morphism of gj—algebms with @(V) as domain is
completely characterized by its restriction to V.

One can also consider filtered (i.e. topological) &?-algebras.

DEFINITION A.5. A filtered &-algebra (A, F. A) is a &-algebra A together with
a descending filtration

A=FADFADF3AD---
satisfying the following properties:
1. The filtration is closed under the differential of A, i.e.
da(F,A) C F,A
forallm > 1.

2. The composition map respects the filtration, that is
1a(P(k) @, Fry A® -+ @ Fn,) C© Foygogn A
forany k> land ny,...ny > 1.

3. The algebra A is complete with respect to the filtration, that is to say that

A= H_r)nA/FnA

n
as S-algebras via the natural morphism.

PROPOSITION A.6. If (A, F,A) is a filtered &-algebra, then A is a complete -
algebra.

Proof. Suppose (4, F, A) is filtered, then every a € A can be written as

{an}nz1 € lim A/F, A,

where a,, € A/F, A is sent to a,, by the obvious projection whenever n. > m.
So let .
T = (pk X {afl711}7L1 R ® {aﬁf}nk)kzl c c92(14) .

Then we set
Tl = { D vaspalpr@a @ @apk) mod FmA} 7
k<m m>1

which gives a well-defined element of lim A/F, A = A. Itis straightforward
to check that this makes A into a complete £?-algebra. O
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Finally, the free complete &7-algebra is canonically a filtered &7-algebra.

PROPOSITION A.7. Let V be a chain complex. Then the filtration

—

makes &2 (V

F.2(V) = [[ 2(k) @5, V*

k>n

) into a filtered &-algebra.
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