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1. Foreword

This foreword is intended to be a nonformal motivation for the problem considered
in this thesis. We give a quick overview of its time evolution from our point of
view without trying to be historically precise or to give full and original references.
More detail on the background can be found in e.g. [I8], [15], [17] and [11].

Operads are objects encoding algebraic structures. Originally invented in
topology in 60-70’s, operads were used to understand what are the right structures
preserved by homotopy equivalences and to solve the related problem of loop space
recognition (work of Stasheff, May, Boardman, Vogt for example).

In algebra, operads initially attracted little attention probably as a more gen-
eral formalism of triples (aka monads) was available. However, In 90’s, Ginzburg
and Kapranov [9] showed that there is a Koszul duality theory for operads anal-
ogous to that for associative algebras. This allowed for explicit calculations of
certain small cofibrant replacements of several operads, so called minimal res-
olutions. This was a major improvement over the triple resolution and even
over the algebraic analogue of the W-construction by Boardman and Vogt. It
explained some algebraic phenomena in rational homotopy theory and also re-
vealed that various oo-algebras, which appeared earlier in ad-hoc manners, are in
fact algebras over minimal resolution of the operad describing the corresponding
non-oo-algebras [I3]. For example, A.-algebra was found to be an algebra over
a minimal resolution of the operad for associative algebras. Further, the prin-
ciple that algebras over cofibrant operads are homotopy invariant (e.g. transfer
along homotopy equivalences), observed by Boardman and Vogt in topology, was
made rigorous even in algebra (works of Markl [12], Berger, Moerdijk [I]). It was
applied with spectacular success by Kontsevich in his proof of the deformation
quantization of Poisson manifolds [10].

Another application was a unified construction of cohomology theories for
various types of algebras. Given an algebra A over an operad A, the operadic
cohomology of A describes infinitesimal (formal) deformations of A in the category
of A-algebras, but also in the category of A..-algebras, where A, is a cofibrant
resolution of A. In particular, this gives an interpretation to higher cohomologies
of e.g. Hochschild or Chevalley-Eilenberg complex. Later, it was discovered
that the deformation complex computing the operadic cohomology carries a L -
structure (works of van der Laan [21], Markl [14], Merkulov, Vallette [19]). The
solutions of the corresponding generalized Maurer-Cartan equation associated
with this L.-structure are full formal deformations of A.

All these applications have a common prerequisite: to know a cofibrant re-
placement of the given operad A explicitly. In practice, one restricts to free
resolutions. There is always one such resolution at hand - it is the analogue of
the above W-construction, called bar-cobar resolution. However, the bar-cobar
resolution is redundant in the unprecise sense that too many cycles get killed by
boundaries. A large class of operads admits minimal resolution which doesn’t
have this deficiency. Furthermore, the minimal resolution of the given operad
A has the property of being unique up to an isomorphism. It is analogous to
the Sullivan minimal model in rational homotopy theory. Thus it is a canonical
representative of the weak equivalence class of A. A major breakthrough in the
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construction of minimal resolutions was the above mentioned paper by Ginzburg
and Kapranov on Koszul duality. It was later improved (e.g. works of Getzler,
Jones [§], Vallette [20]). The theory covers a large class of common operads, so
called Koszul operads. These are characterized by the quadraticity of the defining
relations and a certain homological condition. The minimal resolution is provided
by the cobar construction on Koszul dual cooperad. In most cases, this resolu-
tion is easily made explicit. However, there are also naturally appearing operads
which are not Koszul, e.g. the operad for alternative algebras [6]. Less natural
examples include e.g. the simple operad for anti-associative algebras [16].

To our best knowledge, there are basically only 2 examples of non-Koszul
operads with minimal resolution known. The first one is the operad for Batalin-
Vilkovisky algebras. This is a very recent work of Drummond-Cole and Vallette
[2]. The second one is known for a long time - it is the coloured operad describing
a morphism of 2 associative (or Lie) algebras. To generalize this example, we
replace the single morphism category by a general small category C. One easily
finds a coloured operad Ac such that Ac-algebras are C-shaped diagrams of A-
algebras. A natural question is: If one knows the minimal resolution of A and
also the minimal resolution of the category C (seen as a coloured operad in arity
1), can one construct the minimal resolution of A¢? This problem is studied in
this thesis.

The thesis consists of 3 independent articles. The first article (Chapter [2 [5])
is an overview of basic deformation theory. It may serve as a further motivation
for the two remaining chapters. In the second article (Chapter [3 [3]), we find
the operadic cohomology for Ac-algebras in case A = Ass without constructing
the resolution explicitly. This recovers the classical diagram cohomology by Ger-
stenhaber and Schack [7]. To this end, we show that the operadic cohomology
can be computed as certain Ext in the abelian category of operadic modules. In
the third article (Chapter [4 [4]), we give a partial description of the resolution.
More detail is available in the introduction of each article.
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2. Deformation Theory

Notes, taken by Martin Doubek and Petr Zima, from a course given by
Martin Markl at the Charles University, Prague, in the Summer semester 2006.

Abstract

First three sections of this overview paper cover classical topics of deforma-
tion theory of associative algebras and necessary background material. We then
analyze algebraic structures of the Hochschild cohomology and describe the re-
lation between deformations and solutions of the corresponding Maurer-Cartan
equation. In Section 2.6 we generalize the Maurer-Cartan equation to strongly
homotopy Lie algebras and prove the homotopy invariance of the moduli space of
solutions of this equation. In the last section we indicate the main ideas of Kont-
sevich’s proof of the existence of deformation quantization of Poisson manifolds.

Conventions. All algebraic objects will be considered over a fixed field k of
characteristic zero. The symbol ® will denote the tensor product over k. We will
sometimes use the same symbol for both an algebra and its underlying space.

Acknowledgement. We would like to thank Dietrich Burde for useful comments
on a preliminary version of this paper. We are also indebted to Ezra Getzler for
turning our attention to a remarkable paper [7]. Also suggestions of M. Goze and
E. Remm were very helpful.
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2.1 Algebras and modules

In this section we investigate modules (where module means rather a bimodule
than a one-sided module) over various types of algebras.

2.1.1 Example. — The category Ass of associative algebras.
An associative algebra is a k-vector space A with a bilinear multiplication AQ A —
A satisfying

a(bc) = (ab)c, for all a,b,c € A.

Observe that at this moment we do not assume the existence of a unit 1 € A.

What we understand by a module over an associative algebra is in fact a
bimodule, i.e. a vector space M equipped with multiplications (“actions”) by
elements of A from both sides, subject to the axioms

(bm) = (ab)m,
(mb) = (am)
m(ab) = (ma)b, for allm € M, a,b € A.
2.1.2 Example. — The category Com of commutative associative algebras.

In this case left modules, right modules and bimodules coincide. In addition to
the axioms in Ass we require the commutativity

ab = ba, for all a,b € A,
and for a module
ma = am, for all m € M, a € A.

2.1.3 Example. — The category Lie of Lie algebras.
The bilinear bracket [—,—] : L ® L — L of a Lie algebra L is anticommutative
and satisfies the Jacobi identity, that is

la,b] = —I[b,al], and
[a, [b, c]] + [b, [c,a]] + [¢,[a,b]] = O, for all a,b,c € L.

A left module (also called a representation) M of L satisfies the standard axiom
a(bm) — b(am) = [a, blm, for all m € M, a,b € L.

Given a left module M as above, one can canonically turn it into a right module
by setting ma := —am. Denoting these actions of L by the bracket, one can
rewrite the axioms as

[a,m] = —[m,a], and
la, [b, m]] + [b, [m, a]] + [m, [a,b]] = O, for all m € M, a,b € L.
Examples indicate how axioms of algebras induce, by replacing one
instance of an algebra variable by a module variable, axioms for the corresponding

modules. In the rest of this section we formalize, following [41], this recipe. The
standard definitions below can be found for example in [32].
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2.1.4 Definition. The product in a category C is the limit of a discrete diagram.
The terminal object of C is the limit of an empty diagram, or equivalently, an
object T such that for every X € C there exists a unique morphism X — T

2.1.5 Remark. The product of any object X with the terminal object T is
naturally isomorphic to X,

X xT=2X=2TxX.

2.1.6 Remark. It follows from the universal property of the product that there
exists the swapping morphism X x X = X x X making the diagram

b1

X xX X
\\\ <
b2 \\\ D2
X X x X,
Y41

in which p; (resp. po) is the projection onto the first (resp. second) factor, com-
mutative.

2.1.7 Example. In the category of A-bimodules, the product M; x M is the
ordinary direct sum M; & M,. The terminal object is the trivial module 0.

2.1.8 Definition. A category C has finite products, if every finite discrete dia-
gram has a limit in C.

By [32, Proposition 5.1], C has finite limits if and only if it has a terminal
object and products of pairs of objects.

2.1.9 Definition. Let C be a category, A € C. The comma category (also called
the slice category) C/A is the category whose
— objects (X, ) are C-morphisms X + A, X € C, and

— morphisms (X', 1) EN (X", 7") are commutative diagrams of C-morphisms:

X/ f X//
77, 7_‘.l/
1d 4

2.1.10 Definition. The fibered product (or pullback) of morphisms X I A and

X5 52 A'in Cis the limit D (together with morphisms D 2 X;, D 2 X)) of the
lower right corner of the digram:

p--P L x
PQ: fi
¥
X, A
fa



In the above situation one sometimes writes D = X; x4 Xs.
2.1.11 Proposition. If C has fibered products then C/A has finite products.

Proof. A straightforward verification. The identity morphism (A, id ) is clearly
the terminal object of C/A.

Let (X1, m) and (X»,ms) be objects of C/A. By assumption, there exists the
fibered product

p--Prx
: o
P2, \\\ ™1 (21)
y .
X, A
T2

in C. In the above diagram, of course, d := mp; = mps. The maps p; : D — X3
and ps : D — X5 of the above diagram define morphisms (denoted by the same
symbols) py : (D,0) — (X1,m) and py : (D,0) — (X3, 7ms) in C/A. The universal
property of the pullback implies that the object (D, ¢) with the projections
(p1,p2) is the product of (Xi,m) X (Xa,m) in C/A. O

One may express the conclusion of the above proof by
(X177T1) X (XQ,?TQ) :X1 XA XQ, (22)

but one must be aware that the left side lives in C/A while the right one in C,
therefore (2.2)) has only a symbolical meaning.

2.1.12 Example. In Ass, the fibered product of morphisms B; LN A, B, tEy)
is the subalgebra

By x4 By ={(b1,b) | f1(b1) = fa(b2)} € By & Bs (2.3)

together with the restricted projections. Hence for any algebra A € Ass, the
comma category Ass /A has finite products.

2.1.13 Definition. Let C be a category with finite products and T its terminal
object. An abelian group object in C is a quadruple (G, G x G Laeaechars
G) of objects and morphisms of C such that following diagrams commute:

— the associativity u:

d
Gxaxc' " ava
ide X It
GxG G,
1
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— the commutativity of u (with s the swapping morphism of Remark [2.1.6)):

GxG ° GxG
< N
G
— the neutrality of e:
Tx e G g e Xl o p

P

— the diagram saying that 7 is a two-sided wnverse for the multiplication pu:

T]XidG

G Gxd

ida X1 Y

G xd

G,
.

in which the diagonal map is the composition G — T' > G.

Maps u, n and e above are called the multiplication, the inverse and the unit
of the abelian group structure, respectively.

Morphisms of abelian group objects (G', 1/, 7', €’) EN (G", 1", n", €e") are mor-
phisms G’ 1 &" in C which preserve all structure operations. In terms of dia-
grams this means that

d
@ xa 12 o o a1 T—"2T
ILL/ /j,// 17/ ,r]// e/ e//
G e G e G e
f f f

commute. The category of abelian group objects of C will be denoted C,.

Let Alg be any of the examples of categories of algebras considered above and
A € Alg. It turns out that the category (Alg /A),p is precisely the corresponding
category of A-modules. To verify this for associative algebras, we identify, in
Proposition below, objects of (Ass /A),, with trivial extensions in the sense
of:

11



2.1.14 Definition. Let A be an associative algebra and M an A-module. The
trivial extension of A by M is the associative algebra A @& M with the multipli-
cation given by

(a,m)(b,n) = (ab,an +mb), a,b € A and m,n € M.

2.1.15 Proposition. The category (Ass /A),, is isomorphic to the category of
trivial extensions of A.

Proof. Let M be an A-module and A & M the corresponding trivial extension.
Then A @ M with the projection A @ M ™ A determines an object G of Ass /A
and, by and , GxG = (ADMOM ™ A). Ttis clear that yu: GXG — G
given by p(a, my, mg) := (a,my+ms), e the inclusion A — A®M andn: G — G
defined by n(a,m) := (a, —m) make G an abelian group object in (Ass /A)g.

On the other hand, let ((B, ), u,n,e) be an abelian group object in Ass /A.
The diagram

for the neutral element says that 7 is a retraction. Therefore one may identify the
algebra A with its image e(A), which is a subalgebra of B. Define M := Ker so
that there is a vector spaces isomorphism B = A® M determined by the inclusion
e : A — B and its retraction 7. Since M is an ideal in B, the algebra A acts
on M from both sides. Obviously, M with these actions is an A-bimodule, the
bimodule axioms following from the associativity of B as in Example 2.1.1] It
remains to show that m/m” = 0 for all m’,m” € M which would imply that B is
a trivial extension of A. Let us introduce the following notation.

For a morphism f : (B',7") — (B”, ") of k-splitting objects of Ass /A (i.e. ob-
jects with specific k-vector space isomorphisms B’ = A@® M’ and B" =2 A M”
such that 7’ and 7" are the projections on the first summand) we denote by
f: M’ — M” the restriction flar followed by the projection B” Ty M". We call
f the reduction of f. Clearly, for every diagram of splitting objects in Ass JA
there is the corresponding diagram of reductions in Ass.

The fibered product (A & M,7) x (A& M,r) in Ass /A is isomorphic to
A @ M @ M with the multiplication

(a',m7,my)(a”,m{,my) = (d'd”, a'm7] + miad" + mim{, a'm3 + mia" + mimJ).
The neutrality of e implies the following diagram of reductions

€ X id idyy Xe€
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which in turn implies
f(0,m) = fi(m,0) = m, for all m € M.

Since g is a morphism in Ass, it preserves the multiplication and so does its
reduction fi. We finally obtain

! - = (', 0) - 0, m") = (', 0) - (0, m")) = i’ - 0,0 - ") = 0,
This finishes the proof. O]

We have shown that objects of (Ass /A),, are precisely trivial extensions of A.
Since there is an obvious equivalence between modules and trivial extensions, we
obtain:

2.1.16 Theorem. The category (Ass/A)y, is isomorphic to the category of A-
modules.

Exercise 2.1.17. Prove analogous statements also for (Com /A)u, and (Lie /L) qgp.

Exercise 2.1.18. The only property of abelian group objects used in our proof of
Proposition [2.1.15| was the existence of a neutral element for the multiplication. In
fact, by analyzing our arguments we conclude that in Ass /A, every object with
a multiplication and a neutral element (i.e. a monoid in Ass/A) is an abelian
group object. Is this statement true in any comma category? If not, what special
property of Ass /A makes it hold in this particular category?

2.2 Cohomology

Let A be an algebra, M an A-module. There are the following approaches to the
“cohomology of A with coefficients in M.”

(1) Abelian cohomology defined as H*(Lin(R., M)), where R, is a resolution of
A in the category of A-modules.

(2) Non-abelian cohomology defined as H*(Der(F,, M)), where F, is a resolu-
tion of A in the category of algebras and Der(—, M) denotes the space of
derivations with coefficients in M.

(3) Deformation cohomology which is the subject of this note.

The adjective (non)-abelian reminds us that (1) is a derived functor in the
abelian category of modules while cohomology (2) is a derived functor in the
non-abelian category of algebras. Construction (1) belongs entirely into classical
homological algebra [30], but (2) requires Quillen’s theory of closed model cat-
egories [40]. Recall that in this note we work over a field of characteristics 0,
over the integers one should take in (2) a suitable simplicial resolution [I]. Let
us indicate the meaning of deformation cohomology in the case of associative
algebras.

Let V = Span{ey, ..., eq} be a d-dimensional k-vector space. Denote Ass(V)
the set of all associative algebra structures on V. Such a structure is determined
by a bilinear map 4 : V® V — V. Relying on Einstein’s convention, we write
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p(es,e;) = T'lje; for some scalars T'}; € k. The associativity ju(e;, pu(e;, ex)) =
p(p(es, e;), er) of pu can then be expressed as

mrh, =TLT, i gkr=1,...,d.

These d* polynomial equations define an affine algebraic variety, which is just
another way to view Ass(V), since every point of this variety corresponds to
an associative algebra structure on V. We call Ass(V') the variety of structure
constants of associative algebras.

The next step is to consider the quotient Ass(V)/ GL(V') of Ass(V) modulo
the action of the general linear group GL(V') recalled in formula below.
However, Ass(V')/ GL(V') is no longer an affine variety, but only a (possibly singu-
lar) algebraic stack (in the sense of Grothendieck). One can remove singularities
by replacing Ass(V) by a smooth dg-scheme M. Deformation cohomology is
then the cohomology of the tangent space of this smooth dg-scheme [6), [§].

Still more general approach to deformation cohomology is based on considering
a given category of algebras as the category of algebras over a certain PROP P
and defining the deformation cohomology using a resolution of P in the category
of PROPs [27,, 34, 36]. When P is a Koszul quadratic operad, we get the operadic
cohomology whose relation to deformations was studied in [3]. There is also an
approach to deformations based on triples [L1].

For associative algebras all the above approaches give the classical Hochschild
cohomology (formula 3.2 of [30, §X.3]):

2.2.1 Definition. The Hochschild cohomology of an associative algebra A with
coefficients in an A-module M is the cohomology of the complex:

6Hoch 6Hoch 5Hoch 6Hoch

0—>M—>C}lloch(A7M>—>”'—>Oﬁoch(A7M)—>

in which CJj, ., (A, M) := Lin(A®", M), the space of n-multilinear maps from A
to M. The coboundary & = dgocn : Choe (A, M) — Cpt2 (A, M) is defined by

Stiocnf(A0 @ ... ®a,) = (=1)"Magfla1®...@an) + flag® ... ® an_1)ay
n—1
Y (DT fap® ... ® 40111 © ... © ap),
i=0

for a; € A. Denote HJj (A, M) := H"(Cjomn (A, M), 0).
Exercise 2.2.2. Prove that 63, = 0.

2.2.3 Example. A simple computation shows that

~ HYo (A, M) ={m e M | am —ma =0 for all a € A},

~ H0,(A, M) = Der(A, M)/ IDer(A, M), where IDer(A, M) denotes the
subspace of internal derivations, i.e. derivations of the form ¥,,(a) = am — ma
for a € A and some fixed m € M. Slightly more difficult is to prove that

— H3, .. (A, M) is the space of isomorphism classes of singular extensions of A
by M [30, Theorem X.3.1].
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2.3 Classical deformation theory

As everywhere in this note, we work over a field k of characteristics zero and
® denotes the tensor product over k. By a ring we will mean a commutative
associative k-algebra. Let us start with necessary preliminary notions.

2.3.1 Definition. Let R be a ring with unit e and w : k — R the homomorphism
given by w(1) := e. A homomorphism € : R — k is an augmentation of R if
ew = idy or, diagrammatically,

k.

The subspace R := Kere is called the augmentation ideal of R. The indecompos-
ables of the augmented ring R are defined as the quotient Q(R) := }_%/}_%2.

2.3.2 Example. The unital ring k[[¢]] of formal power series with coefficients in k
is augmented, with augmentation e : k[[t]] — k given by €(3_,c, ait’) := ag. The
unital ring k[¢] of polynomials with coefficients in k is augmented by e(f) := f(0),
for f € k[t]. The truncated polynomial rings k[t]/ ("), n > 1, are also augmented,
with the augmentation induced by the augmentation of k[t].

2.3.3 Example. Recall that the group ring k|G| of a finite group G with unit
e is the space of all formal linear combinations ) geG (g9, Qg € k, with the
multiplication

(ZQEG a;g) (ZQEG a’/g/g) = ZQEG Zuv:g a;aZg

and unit le. The ring k[G] is augmented by € : k[G] — k given as

E(ZQGG agg) == deG Q-

2.3.4 Example. A rather trivial example of a ring that does not admit an aug-
mentation is provided by any proper extension K 2 k of k. If an augmentation
€ : K — k exists, then Kere is, as an ideal in a field, trivial, which implies that €
is injective, which would imply that K = k contradicting the assumption K # k.

Exercise 2.3.5. If v/—1 & k, then k[z]/(z? + 1) admits no augmentation.

In the rest of this section, R will be an augmented unital ring with an augmen-
tation € : R — k and the unit map w : k -+ R. By a module we will understand
a left module.

2.3.6 Remark. A unital augmented ring R is a k-bimodule, with the bimodule
structure induced by the unit map w in the obvious manner. Likewise, k is an R
bimodule, with the structure induced by €. If V' is a k-module, then R® V' is an
R-module, with the action ' (r" @ v) :=r'r" @ v, for ¥', 7" € Rand v € V.
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2.3.7 Definition. Let V be a k-vector space and R a unital k-ring. The free
R-module generated by V is an R-module R(V) together with a k-linear map
vV — R(V) with the property that for every R-module W and a k-linear
map V 5 W, there exists a unique R-linear map ® : R(V) — W such that the
following diagram commutes:

R(V)

K
;
Ww.

This universal property determines the free module R(V') uniquely up to iso-
morphism. A concrete model is provided by the R-module R ® V recalled in

Remark 2.3.61

2_.3.8 Definition. Let W be an R-module. The reduction of W is the k-module
W := k®@gr W, with the k-action given by k'(k" @ pw) := kK'k" @ gw, for k', k" € k
and w e W.

One clearly has k-module isomorphisms W = W/RW and R(V) = V. The
reduction clearly defines a functor from the category of R-modules to the category
of k-modules.

2.3.9 Proposition. If B is an associative R-algebra, then the reduction B is a
k-algebra, with the structure induced by the algebra structure of B.

Proof. Since B ~ B/RB, it suffices to verify that RB is a two-sided ideal in B.
But this is simple. For r € R, ¥/, 0" € B one sees that u(rb’,b") = ru(b',b") € RB,
which shows that pu(RB, B) C RB. The right multiplication by elements of RB
is discussed similarly. O

2.3.10 Definition. Let A be an associative k-algebra and R an augmented unital
ring. An R-deformation of A is an associative R-algebra B together with a k-
algebra isomorphism o : B — A.

Two R-deformations (B, B LN A) and (B",B" o A) of A are equivalent if
there exists an R-algebra isomorphism ¢ : B’ — B” such that ¢ = o' o /.

There is probably not much to be said about R-deformations without addi-
tional assumptions on the R-module B. In this note we assume that B is a free
R-module or, equivalently, that

B = R® A (isomorphism of R-modules). (2.4)

The above isomorphism identifies A with the k-linear subspace 1 ® A of B and
A ® A with the k-linear subspace (1® A) ® (1® A) of B® B.

Another assumption frequently used in algebraic geometry [19, Section 111.§9]
is that the R-module B is flat which, by definition, means that the functor B&g—
is left exact. One then speaks about flat deformations.

In what follows, R will be either a power series ring k|[t]] or a truncation of
the polynomial ring k[t] by an ideal generated by a power of ¢. All these rings
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are local Noetherian rings therefore a finitely generated R-module is flat if and
only if it is free (see Exercise 7.15, Corollary 10.16 and Corollary 10.27 of [2]). It
is clear that B in Definition [2.3.10] is finitely generated over R if and only if A
finitely generated as a k-vector space. Therefore, for A finitely generated over k,
free deformations are the same as the flat ones.

The R-linearity of deformations implies the following simple lemma. Recall
that all deformations in this sections satisfy .

2.3.11 Lemma. Let B = (B, u) be a deformation as in Definition [2.3.10 Then
the multiplication p in B is determined by its restriction to A® A C B® B.
Likewise, every equivalence of deformations ¢ : B' — B” is determined by its
restriction to A C B.

Proof. By , each element of B is a finite sum of elements of the form ra,
r € Rand a € A, and p(ra,sb) = rsu(a,b) by the R-bilinearity of p for each
a,b € A and r,s € R. This proves the first statement. The second part of the
lemma is equally obvious. O

The following proposition will also be useful.

—/ Ol”

2.3.12 Proposition. Let B = (B, B o A) and B" = (B",B — A) be
R-deformations of an associative algebra A. Assume that R is either a local
Artinian ring or a complete local ring. Then every homomorphism ¢ : B" — B”
of R-algebras such that ¢ = o/~ o o/ is an equivalence of deformations.

Sketch of proof. We must show that ¢ is invertible. One may consider a formal
inverse of ¢ in the form of an expansion in the successive quotients of the maximal
ideal. If R is Artinian, this formal inverse has in fact only finitely many terms
and hence it is an actual inverse of ¢. If R is complete, this formal expansion is
convergent. O

We leave as an exercise to prove that each R-deformation of A in the sense
of Definition is equivalent to a deformation of the form (B,B % A),
with B = R® A (equality of k-vector spaces) and can the canonical map B =
k®r(R® A) — A given by

can(1 ®g (1 ® a)) := a, for a € A.

Two deformations (B, p') and (B, ") of this type are equivalent if and only if
there exists an R-algebra isomorphism ¢ : (B, i) — (B, i) which reduces, under
the identification can : B — A, to the identity id4 : A — A. Since we will be
interested only in equivalence classes of deformations, we will assume that all
deformations are of the above special form.

2.3.13 Definition. A formal deformation is a deformation, in the sense of Def-
inition [2.3.10} over the complete local augmented ring k[[t]].

Exercise 2.3.14. Is k[z, y, t]/(z* + txy) a formal deformation of k[z, y|/(z*)?

2.3.15 Theorem. A formal deformation B of A is given by a family
{pi: A® A— A|ieN}
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satisfying po(a,b) = ab (the multiplication in A) and
(Dr) Zi+j:k, 3,j>0 pi(pj(a,b), c) = Zi-i-j:k, 4,j>0 pi(a, (b, c))  for all a,b,c € A

for each £ > 1.

Proof. By Lemma|2.3.11] the multiplication p in B is determined by its restriction
to A® A. Now expand pu(a,b), for a,b € A, into the power series

w(a,b) = po(a,b) + tuy(a,b) + t*ps(a, b) + - - -

for some k-bilinear functions p; : A® A — A, ¢+ > 0. Obviously, po must be the
multiplication in A. It is easy to see that p is associative if and only if (Dy) are
satisfied for each k£ > 1. O]

2.3.16 Remark. Observe that (D) reads

ap (b, ¢) — pa(ab, c) + pi(a, be) — pa(a,b)c =0

and says precisely that p; € Lin(A®? A) is a Hochschild cocycle, dpoen(ft1) = 0,
see Definition 2.2.1]

2.3.17 Example. Let us denote by H the group
H:={u=ida+@:it + ¢ot’ +---| ¢; € Lin(A, A)},

with the multiplication induced by the composition of linear maps. By Proposi-
tion [2.3.12] formal deformations ' = g + pit + pyt? + -+ and p’ = po + pit +
pyt? 4+ -+ of ug are equivalent if and only if

wo (po + it + pot® 4 ) = (o + pit + pt® + -+ ) o (u @ w). (2.5)

We close this section by formulating some classical statements [13] [14] [15]
which reveal the connection between deformation theory of associative algebras
and the Hochschild cohomology. As suggested by Remark [2.3.16] the first natural
object to look at is pq. This motivates the following

2.3.18 Definition. An infinitesimal deformation of an algebra A is a D-deformation
of A, where
D = k[t]/(t?)

is the local Artinian ring of dual numbers.

2.3.19 Remark. One can easily prove an analog of Theorem for infinites-
imal deformations, namely that there is a one-to-one correspondence between
infinitesimal deformations of A and k-linear maps p; : A ® A — A satisfying
(D1), that is, by Remark [2.3.16] Hochschild 2-cocycles of A with coefficients in
itself. But we can formulate a stronger statement:

2.3.20 Theorem. There is a one-to-one correspondence between the space of
equivalence classes of infinitesimal deformations of A and the second Hochschild
cohomology HZ_ . (A, A) of A with coefficients in itself.

och
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Proof. Consider two infinitesimal deformations of A given by multiplications %’
and ", respectively. As we observed in Remark [2.3.19 these deformations are
determined by Hochschild 2-cocycles p), pf : A® A — A, via equations

ax'"b=ab+tui(a,b) (2.6)
ax"b=ab+ty{(a,b), a,be A

Each equivalence ¢ of deformations " and %” is determined by a k-linear map

¢1 A — A,
¢(a) =a+tpi(a), a€A, (2.7)

the invertibility of such a ¢ follows from Proposition [2.3.12| but can easily be
checked directly. Substituting (2.6) and (2.7]) into

¢(a+'b) = ¢(a) «" ¢(b), a,be A, (2.8)
one obtains
¢(ab + i (a, b)) = (a +tdr(a)) =" (b + te1 (D))
which can be further expanded into

ab + ¢y (a, b)) = ab+ t(agy (b)) + t(¢1(a)b) + tui(a + tér(a), b+t (b))

so, finally,
ab + ti) (a,b) = ab + t(apy (b) + ¢1(a)b) + tuy(a,b).

Comparing the t-linear terms, we see that (2.8]) is equivalent to
:u,l (a’ b) = 6Hoch¢l ((1, b) + u’ll/(a7 b)

We conclude that infinitesimal deformations given by py, uf € C&, .. (A, A) are
equivalent if and only if they differ by a coboundary, that is, if and only if [1}] =
(1] in Hjoe, (A, A). O

Another classical result is:

2.3.21 Theorem. Let A be an associative algebra such that H3 . (4, 4) = 0.
Then all formal deformations of A are equivalent to A.

Sketch of proof. If %', " are two formal deformations of A, one can, using the
assumption HZ 4 (A, A) = 0, as in the proof of Theorem find a k-linear
map ¢; : A — A defining an equivalence of (B, ) to (B, ¥”) modulo t*. Repeating
this process, one ends up with an equivalence ¢ = id +t¢, + 3¢ + - - - of formal
deformations *" and *”. O

2.3.22 Definition. An n-deformation of an algebra A is an R-deformation of A
for R the local Artinian ring k[¢]/(t").

We have the following version of Theorem [2.3.15| whose proof is obvious.

2.3.23 Theorem. An n-deformation of A is given by a family
{pi: A A—A|1<i<n}
of k-linear maps satisfying (Dj) of Theorem [2.3.15/for 1 < k < n.
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2.3.24 Definition. An (n+1)-deformation of A given by {1, ..., finy1} is called
an extension of the n-deformation given by {p1, ..., i}

Let us rearrange (D,,41) into

_a,unJrl(b? C) + Hnt1 (ab> C) - Hn+1(a> bC) + Hnt1 (CL, b)C =

=Y e (.0) — (e b))

i+j=n+1, i,j>0

Denote the trilinear function in the right-hand side by £,, and interpret it as an
element of C3¥_, (A, A),

Oni= > (ulapy(b,e) = milps(a,0),¢)) € G (A, 4). (2.9)

i+j=n+1, i,5>0

Using the Hochschild differential recalled in Definition [2.2.1, one can rewrite
(Dny1) as
(5Hoch(,un+1> = Dn

We conclude that, if an n-deformation extends to an (n 4 1)-deformation, then
9, is a Hochschild coboundary. In fact, one can prove:

2.3.25 Theorem. For any n-deformation, the Hochschild cochain 9,, € C3_ (A, A)
defined in (2.9)) is a cocycle, dgoen(95) = 0. Moreover, [9,] = 0in HE_, (A, A) if

and only if the n-deformation {1, ..., u,} extends into some (n+1)-deformation.
Proof. Straightforward. m

Geometric deformation theory. Let us turn our attention back to the vari-
ety of structure constants Ass(V') recalled in Section 2.2} page [13] Elements of
Ass(V) are associative k-linear multiplications - : V ® V. — V and there is a
natural left action - — -, of GL(V') on Ass(V') given by

aopb = B (a) - 67 (D)), (2.10)
for a,b € V and ¢ € GL(V). We assume that V' is finite dimensional.

2.3.26 Definition. Let A be an algebra with the underlying vector space V
interpreted as a point in the variety of structure constants, A € Ass(V'). The
algebra A is called (geometrically) rigid if the GL(V)-orbit of A in Ass(V) is
Zarisky-open.

Let us remark that, if k = R or C, then, by [39, Proposition 17.1], the GL(V)-
orbit of A in Ass(V') is Zarisky-open if and only if it is (classically) open. The
following statement whose proof can be found in [39, § 5] specifies the relation
between the Hochschild cohomology and geometric rigidity, compare also Propo-
sitions 1 and 2 of [9].

2.3.27 Theorem. Suppose that the ground field is algebraically closed.
(i) If HZ, 4, (A, A) =0 then A is rigid, and
(ii) if H3, 4 (A, A) =0 then A is rigid if and only if HZ (A, A) = 0.
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Three concepts of rigidity. One says that an associative algebra is infinitesi-
mally rigid if A has only trivial (i.e. equivalent to A) infinitesimal deformations.
Likewise, A is analytically rigid, if all formal deformations of A are trivial.

By Theorem [2.3.20, A is infinitesimally rigid if and only if H3 (4, A) = 0.
Together with Theorem [2.3.21] this establishes the first implication in the following
display which in fact holds over fields of arbitrary characteristic

infinitesimal rigidity = analytic rigidity = geometric rigidity.

The second implication in the above display is [16, Theorem 3.2]. Theorem 7.1 of
the same paper then says that in characteristic zero, the analytic and geometric
rigidity are equivalent concepts:

char. 0
analytic rigidity <= geometric rigidity.

Valued deformations. The authors of [18] studied R-deformations of finite-
dimensional algebras in the case when R was a valuation ring [2, Chapter 5]. In
particular, they considered deformations over the non-standard extension C* of
the field of complex numbers, and called these C*-deformations perturbations.
They argued, in [I8, Theorem 4], that an algebra A admits only trivial pertur-
bations if and only if it is geometrically rigid.

2.3.28 Remark. An analysis parallel to the one presented in this section can
be made for any class of “reasonable” algebras, where “reasonable” are algebras
over quadratic Koszul operads [38, Section I1.3.3] for which the deformation co-
homology is given by a “standard construction.” Let us emphasize that most of
“classical” types of algebras (Lie, associative, associative commutative, Poisson,
etc.) are “reasonable.” See also [3, [4].

2.4 Structures of (co)associative (co)algebras

Let V be a k-vector space. In this section we recall, in Theorems [2.4.16{and [2.4.21],
the following important correspondence between (co)algebras and differentials:

{coassociative coalgebra structures on the vector space V'}

!

{quadratic differentials on the free associative algebra generated by V'}.
and its dual version:

{associative algebras on the vector space V'}

!

{quadratic differentials on the “cofree” coassociative coalgebra cogenerated by V'}.

The reason why we put ‘cofree’ into parentheses will become clear later in
this section. Similar correspondences exist for any “reasonable” (in the sense
explained in Remark class of algebras, see [12, Theorem 8.2]. We will in
fact need only the second correspondence but, since it relies on coderivations of
“cofree” coalgebras, we decided to start with the first one which is simpler to
explain.
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2.4.1 Definition. The free associative algebra generated by a vector space W
is an associative algebra A(W) € Ass together with a linear map W — A(W)
having the following property:

For every A € Ass and a linear map W %5 A, there exists a unique algebra
homomorphism A(W) — A making the diagram:

w

AW)

I

I

I

I

I

v
A
commutative.

The free associative algebra on W is uniquely determined up to isomorphism.
An example is provided by the tensor algebra T(W) := @, W®" with the
inclusion W = W®! < T(W). There is a natural grading on T(W) given by the
number of tensor factors,

TW) =@, T"(W),

where T"(W) := W®" for n > 1 and T°(W) := 0. Let us emphasize that the
tensor algebra as defined above is nonunital, the unital version can be obtained
by taking T°(W) := k.

2.4.2 Convention. We are going to consider graded algebraic objects. Our
choice of signs will be dictated by the principle that whenever we commute two
“things” of degrees p and ¢, respectively, we multiply the sign by (—1)P4. This
rule is sometimes called the Koszul sign convention. As usual, non-graded (clas-
sical) objects will be, when necessary, considered as graded ones concentrated in
degree 0.

Let f': V' — W’ and f”: V" — W" be homogeneous maps of graded vector
spaces. The Koszul sign convention implies that the value of (f’ ® f”) on the
product v' ® v” € V' @ V" of homogeneous elements equals

(f/ ® f//)(vl ® U”) — (_1)deg(f“)deg(v/)f/<vl) ® f”(l)”).
In fact, the Koszul sign convention is determined by the above rule for evaluation.

2.4.3 Definition. Assume V = V* is a graded vector space, V = @,, Vi, The
suspension operator T assigns to V' the graded vector space 1V with Z-grading
(tV)? := V=L, There is a natural degree +1 map 1: V — 1V that sends v € V
into its suspended copy Tv € TV. Likewise, the desuspension operator | changes
the grading of V' according to the rule (L V)’ := V**!. The corresponding degree
—1 map |: V — |V is defined in the obvious way. The suspension (resp. the
desuspension) of V' is sometimes also denoted sV or V[—1] (resp. s7'V or V[1]).

2.4.4 Example. If V is an un-graded vector space, then 1 V is V placed in
degree +1 and | V' is V placed in degree —1.
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2.4.5 Remark. In the “superworld” of Z,-graded objects, the operators 1T and
J agree and coincide with the parity change operator.

Exercise 2.4.6. Show that the Koszul sign convention implies ({ ® |)o (T ® 1
) = —id or, more generally,

n(n—1)

18 o pBnmgen o | On_ (1) g
for an arbitrary n > 1.

2.4.7 Definition. A derivation of an associative algebra A is a linear map 0 :
A — A satisfying the Leibniz rule

0(ab) = 0(a)b+ ad(b)
for every a,b € A. Denote Der(A) the set of all derivations of A.
We will in fact need a graded version of the above definition:

2.4.8 Definition. A degree d derivation of a Z-graded algebra A is a degree d
linear map 0 : A — A satisfying the graded Leibniz rule

0(ab) = 0(a)b + (—1)%ah(b) (2.11)

for every homogeneous element a € A of degree |a| and for every b € A. We
denote Der?(A) the set of all degree d derivations of A.

Exercise 2.4.9. Let u: A® A — A be the multiplication of A. Prove that ([2.11])
is equivalent to

Op = p(0 @ id) + p(id @0).
Observe namely how the signs in the right hand side of (2.11)) are dictated by the

Koszul convention.

2.4.10 Proposition. Let W be a graded vector space and T (W) the tensor
algebra generated by W with the induced grading. For any d, there is a natural
isomorphism

Der(T(W)) = Lin® (W, T(W)), (2.12)
where Lin®(—, —) denotes the space of degree d k-linear maps.

Proof. Let 6 € Der™(T(W)) and f := |y : W — T(W). The Leibniz rule (2.11)
implies that, for homogeneous elements w; € W, 1 <1 < n,

0w ® ... Qw,)

fw) @wy @ ... @ wy + (=) @ flws) ® ... @ wy + -
Z(_1)d(\w1|+...+|wi71\)w1 R...® f(wl) R...Qw,
=1

which reveals that 6 is determined by its restriction f on W. On the other hand,
given a degree d linear map f : W — T(W), the above formula clearly defines a
derivation 8 € Der®(T(W)). The correspondence

Der (T(W)) 3 0 <— f = 0|y € Lin® (W, T(W))

is the required isomorphism ([2.12]). O
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Exercise 2.4.11. Let § € Der®(T(W)), f := 0|y and = € T?>(W). Prove that
0(z) = (f @ id+id @f)(x).

2.4.12 Definition. A derivation # € Der(T(W)) is called quadratic if §(W) C
T2W. A degree 1 derivation @ is a differential if 6% = 0.

Exercise 2.4.13. Prove that the isomorphism of Proposition [2.4.10| restricts to
Der(T(W)) = Lin(W, T*(W)),
where Derd(T(W)) is the space of all quadratic degree d derivations of T'(W).

2.4.14 Definition. Let V be a vector space. A coassociative coalgebra structure
on V is given by a linear map A : V — V ® V satisfying

(A ®id)A = (id ®A)A
(the coassociativity).

We will need, in Section [2.6} also a cocommutative version of coalgebras:

2.4.15 Definition. A coassociative coalgebra A = (V, A) as in Definition [2.4.14]
is cocommutative if

TA=A
with the swapping map T: V®V — V ® V given by
T @v") = (=DM @ of
for homogeneous v/, v" € V.

2.4.16 Theorem. Let V' be a (possibly graded) vector space. Denote Coass(V)
the set of all coassociative coalgebra structures on V and Diff5(T(1V)) the set of
all quadratic differentials on the tensor algebra T'(1V). Then there is a natural
isomorphism

Coass(V) = Diff S(T(1V)).

Proof. Let x € Diff5(T(1V)). Put f := x|y so that f is a degree +1 map
TV — 1tV @ 1V. By Exercise 2.4.11] (with W := 1V, 0 := x and z := f(1v)),

0=x*(tv) = x(f(1v) = (f @ id +id @f)(f(Tv))
for every v € V, therefore
(f@id+idof)f =0. (2.13)

We have clearly described a one-to-one correspondence between quadratic dif-
ferentials y € Diff5(T(1V)) and degree +1 linear maps f € Lin'(1V,T?(1V))
satisfying (2.13)).
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Given f : TV = 1V ® 1V as above, define the map A : V — V ® V by the

commutative diagram

L v ety
1 te
14 VeV

i.e., by Exercise [2.4.6]
A=0@) ofort=—(1®])ofor.
Let us show that is equivalent to the coassociativity of A. We have
(Agid)A = (-(o)fteid) (-(el)f) =) fteid)(le)f1
=((tedfel)ft=-(elel)(feid)fT.
The minus sign in the last term appeared because we interchanged f (a “thing”
of degree +1) with | (a “thing” of degree —1). Similarly
(i @A)A = (id@(—(L@ ) 1) (—Le D fT) = (delel)f1) (L)1
=(olehNHft=0elel)(idaf)f1,

so (2.13) is indeed equivalent to (A ® id)A = (id ® A)A. This finishes the proof.
0

We are going to dualize Theorem [2.4.16| to get a description of associative
algebras, not coalgebras. First, we need a dual version of the tensor algebra:

2.4.17 Definition. The underlying vector space T'(W) of the tensor algebra with
the comultiplication A : T(W) — T(W) @ T (W) defined by

—_

Al ® ... Q wy,) = (1 ® ... 0 w;) ® (Wiy1 ... w,)

=1

is a coassociative coalgebra denoted “T'(W) and called the tensor coalgebra.

Warning. Contrary to general belief, the coalgebra “T'(W) with the projection
‘T(W) — W is not cofree in the category of coassociative coalgebras! Cofree
coalgebras (in the sense of the obvious dual of Definition are surprisingly
complicated objects [10, 43|, 20]. The coalgebra “T'(W) is, however, cofree in the
subcategory of coaugmented nilpotent coalgebras [38, Section 11.3.7]. This will
be enough for our purposes.

In the following dual version of Definition [2.4.8 we use Sweedler’s convention
expressing the comultiplication in a coalgebra C' as A(c) = > ¢y ® ¢(2), ¢ € C.

2.4.18 Definition. A degree d coderivation of a Z-graded coalgebra C'is a linear
degree d map 0 : C' — (' satisfying the dual Leibniz rule

Af(c) =Y 0(cq)) ® ey + Y (1) len) @ 0(c), (2.14)

for every ¢ € C. Denote the set of all degree d coderivations of C' by CoDer?(C).
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As in Exercise one easily proves that (2.14)) is equivalent to
Al = (0 ® id)A + (id R0)A.
Let us prove the dual of Proposition [2.4.10;

2.4.19 Proposition. Let W be a graded vector space. For any d, there is a
natural isomorphism

CoDer(“T(W)) = Lin®(T(W), W). (2.15)

Proof. For § € CoDer (T(W)) and s > 1 denote f, € Lin®(T*(W),W) the
composition
9|T5(W) proj.

fs :T°(W) —— “T(W) — W. (2.16)
The dual Leibniz rule (2.14]) implies that, for wy,...,w, € W and n > 0,

n—s+1
(=)ot @ @ wit @ fo(wi ® ... © Wigso1) @ Wits ® ... @ Wy,

s>1 i=1

which shows that 6 is uniquely determined by f := fo+ fi+--- € Lin®(T(W), W).
On the other hand, it is easy to verify that for any map f € Lin*(T(W), W)

decomposed into the sum of its homogeneous components, the above formula
defines a coderivation § € CoDer®(T(W)). This finishes the proof. O

2.4.20 Definition. The composition fs : T*(W) — W defined in is called
the sth corestriction of the coderivation 6. A coderivation § € CoDer®(T(W)) is
quadratic if its sth corestriction is non-zero only for s = 2. A degree 1 coderivation
0 is a differential if 6% = 0.

Let us finally formulate a dual version of Theorem [2.4.16

2.4.21 Theorem. Let V be a graded vector space. Denote CoDiff5(°T(1V)) the
set of all quadratic differentials on the tensor coalgebra “T'(} V). One then has a
natural isomorphism

Ass(V) = CoDiff 5(°T(LV)). (2.17)

Proof. Let x € CoDiff5(°T(LV)) and f: [V®]V — |V be the 2nd corestriction
of x. Define pt: V®V — V by the diagram

wmvf—»w

@4 \

I

VeVv V.

The correspondence x <> p is then the required isomorphism. This can be verified
by dualizing the steps of the proof of Theorem [2.4.16| so we can safely leave the
details to the reader. O
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2.5 dg-Lie algebras and the Maurer-Cartan equa-
tion

2.5.1 Definition. A graded Lie algebra is a Z-graded vector space

s=P"

neL

equipped with a degree 0 bilinear map [—, —] : g ® g — ¢ (the bracket) which is
graded antisymmetric, i.e.

[CL, b] = _(_1)‘a”b|[b7 CL] (218)
for all homogeneous a,b € g, and satisfies the graded Jacobi identity:
[CL, [bv C]] + (_1>‘a|(‘b‘+|6|)[b7 [07 (IH + (_]‘>|C|(‘a|+|b|)[ca [a’a b]] =0 (219>
for all homogeneous a, b, c € g.

Exercise 2.5.2. Write the axioms of graded Lie algebras in an element-free form
that would use only the bilinear map [ := [—,—] : g ® g — ¢ and its iterated
compositions, and the operator of “permuting the inputs” of a multilinear map.
Observe how the Koszul sign convention helps remembering the signs in ([2.18))

and (219).

2.5.3 Definition. A dg-Lie algebra (an abbreviation for differential graded Lie
algebra) is a graded Lie algebra L = ., L™ as in Deﬁnitiontogether with
a degree 1 linear map d : L — L which is

— a degree 1 derivation , i.e. d[a,b] = [da,b] + (—1)1*[a, db] for homogeneous
a,b e L, and

— a differential, i.e. d* = 0.

Our next aim is to show that the Hochschild complex (Cfiou, (A4, A), dnoen) of
an associative algebra recalled in Definition has a natural bracket which
turns it into a dg-Lie algebra. We start with some preparatory material.

2.5.4 Proposition. Let C be a graded coalgebra. For coderivations 6,¢ €
CoDer(C) define

[0,0] :=0o0¢—(=1)1¥pop.
The bracket [—, —] makes CoDer(C) = @D, ., CoDer"(C) a graded Lie algebra.

nel

Proof. The key observation is that [0, ¢] is a coderivation (note that neither 6 o ¢
nor ¢ o 6 are coderivations!). Verifying this and the properties of a graded Lie
bracket is straightforward and will be omitted. O]

2.5.5 Proposition. Let C be a graded coalgebra and x € CoDer'(C) such that

[x.x] =0, (2.20)
where [—, —] is the bracket of Proposition Then

d(0) =[x, 0] for 6 € CoDer(C)

is a differential that makes CoDer(C) a dg-Lie algebra.
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Observe that, since |x| = 1, (2.20) does not tautologically follow from the
graded antisymmetry (2.18]).

Proof of Proposition[2.5.5 The graded Jacobi identity (2.19) implies that, for
each homogeneous 6,

I D 01 = — (=) I 10, x0] = [0, [y, X

Now use the graded antisymmetry [0, x] = (=1)%"*1[y, ] and the assumption
(X, x] = 0 to conclude from the above display that

[Xa [X7 9]] = _[X7 [X? 9“7

therefore, since the characteristic of the ground field is zero,

d*(0) = [x.[x.0]] = 0,

so d is a differential. The derivation property of d with respect to the bracket can
be verified in the same way and we leave it as an exercise to the reader. O]

In Proposition [2.5.5| we saw that coderivations of a graded coalgebra form a
dg-Lie algebra. Another example of a dg-Lie algebra is provided by the Hochschild
cochains of an associative algebra (see Definition [2.2.1)). We need the following:

2.5.6 Definition. For f € Lin(V®m+D V) g € Lin(VP"H) V) and 1 < i <
m + 1 define f o; g € Lin(V@m+7+) V) by

(foig):=f (id@(ifl) 09 ® ng(mﬂ‘ﬂ)) .

Define also
m+1

fog:=> (=1)""Vfo;g

=1
and, finally,
f,gl:==fog—(=1)""go f.

The operation [—, —] is called the Gerstenhaber bracket (our definition however
differs from the original one of [13] by the overall sign (—1)").

Let A be an associative algebra with the underlying space V. Since, by Def-
inition 2.2.1 Cith (4, A) = Lin(VE+D, V), the structure of Definition
defines a degree 0 operation [—, —] : Cjitl (A, A) @ CitL (A, A) — CiFHL (A A)
called again the Gerstenhaber bracket. We leave as an exercise the proof of

2.5.7 Proposition. The Hochschild cochain complex of an associative algebra
together with the Gerstenhaber bracket form a dg-Lie algebra Cjii (A, A) =

(Clﬁjlj;clh(A7 A)7 [_7 _]7 5Hoch)-

The following theorem gives an alternative description of the dg-Lie algebra
of Proposition [2.5.7]
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2.5.8 Theorem. Let A be an associative algebra with multiplication p : V ®
V — V and x € CoDiff5(°T(1V)) the coderivation that corresponds to x in the
correspondence of Theorem . Let d := [x, —| be the differential introduced
in Proposition [2.5.5] Then there is a natural isomorphism of dg-Lie algebras

g : (OI(—ITC—}ll)(Av A)? [_7 _]7 5Hoch> i) (OOD@T*<CT(\LV))7 [_7 _]7 d) :

Proof. Given ¢ € Citi (A, A) = Lin(VOO+D V) et f: (JV)2 ) — |V be
the degree n linear map defined by the diagram

(\J/V)@(n-i—l) f_» iV

¢®(n+1) i

V@(n-H) ¢ V.

By Proposition 2.4.19] there exists a unique coderivation § € CoDer™(“T(}V))
whose (n + 1)th corestriction is f and other corestrictions are trivial.

The map ¢ : C57V(A, A) — CoDer*(°T(1V)) defined by £(¢) := 0 is clear-
ly an isomorphism. The verification that £ commutes with the differentials and
brackets is a straightforward though involved exercise on the Koszul sign conven-
tion which we leave to the reader. O

2.5.9 Corollary. Let i be the multiplication in A interpreted as an element of
CI?Ioch(A7 A)’ and f € Cﬁoch(A7 A) Then 5H0Ch<f) = [H: f]

Proof. The corollary immediately follows from Theorem [2.5.8] Indeed, because &
commutes with all the structures, we have

Otocn(f) = €' Emoan(f) = €71(d(ES)) = 7' . &f] = [, f]-

We however recommend as an exercise to verify the corollary directly, comparing
(11, f] to the formula for the Hochschild differential. O

2.5.10 Proposition. A bilinear map « : V ® V. — V defines an associative
algebra structure on V' if and only if [k, k] = 0.

Proof. By Definition (withm =n=1),

1 1
5[%;, K] = 5 </€ ok —(—=1)"ko /<;> = KOk = KO1K—KOak = K(k®idy)—k(idy ®K),
therefore [k, k] = 0 is indeed equivalent to the associativity of &. O

2.5.11 Proposition. Let A be an associative algebra with the underlying vector
space V and the multiplication pp : V@ V. — V. Let v € C% 4, (A, A) be a
Hochschild 2-cochain. Then g+ v € Cq .. (A4, A) = Lin(V®2, V) is associative if
and only if

5Hoch(7/) + %[l/, I/] =0. (221)
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Proof. By Proposition [2.5.10 x4 + v is associative if and only if

1

0= %[M+ v+ ] = 3 {[M,M] + v, V] + [, v] + [I/,u]} = OHoch (V) + %[y, V.

To get the rightmost term, we used the fact that, since p is associative, [, u] =
0 by Proposition [2.5.10L We also observed that [u,v] = [v,p] = dnoen(v) by

Corollary [2.5.9] n

A bilinear map v : V®V — V such that p+ v is associative can be viewed as
a deformation of p. This suggests that is related to deformations. This is
indeed the case, as we will see later in this section. Equation is a particular
case of the Maurer-Cartan equation in a arbitrary dg-Lie algebra:

2.5.12 Definition. Let L = (L, [—, —], d) be a dg-Lie algebra. A degree 1 element
s € L' is Maurer-Cartan if it satisfies the Maurer-Cartan equation

1
ds + 5[5, s] = 0. (2.22)

2.5.13 Remark. The Maurer-Cartan equation (also called the Berikashvili equa-
tion) along with its clones and generalizations is one of the most important equa-
tions in mathematics. For instance, a version of the Maurer-Cartan equation
describes the differential of a left-invariant form, see [25, 1.§4].

Let g be a dg-Lie algebra over the ground field k. Consider the dg-Lie algebra
L over the power series ring k|[t]] defined as

L:=g® (), (2.23)

where (t) C k[[t]] is the ideal generated by ¢. Degree n elements of L are expres-
sions fit+ fot>+---, f; € g" for i > 1. The dg-Lie structure on L is induced from
that of g in an obvious manner. Denote by MC(g) the set of all Maurer-Cartan
elements in L. Clearly, a degree 1 element s = fit + fot®> + - -+ is Maurer-Cartan
if its components {f; € g'};>1 satisfy the equation:

(MCy) Bty S U fl=0

it+j=k
for each k£ > 1.

2.5.14 Example. Let us apply the above construction to the Hochschild com-
plex of an associative algebra A with the multiplication g, that is, take g :=
Citl (A, A) with the Gerstenhaber bracket and the Hochschild differential. In
this case, one easily sees that (MC},) for s = pyt + pat* + -+, p; € CF (A, A) is
precisely equation (Dy) of Theorem , k > 1, compare also calculations on
page 20l We conclude that MC(g) is the set of infinitesimal deformations of .

Let us recall that each Lie algebra [ can be equipped with a group structure
with the multiplication given by the Hausdorff-Campbell formula:

voyi=otyt oy bl b la) 4o (229
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assuming a suitable condition that guarantees that the above infinite sum makes
sense in [, see [42, [.IV.§7]. We denote [ with this multiplication by exp(l).
Formula (2.24)) is obtained by expressing the right hand side of

x -y = log(exp(z) exp(y)),

where

1 1 1 1
exp(a) ::1—|—a+§a2+§a3+---, log(1 + a) ::a—éaz—l—ga?’—---,

in terms of iterated commutators of non-commutative variables x and y.
Using this construction, we introduce the gauge group of g as

G(g) == exp(L’),

where L° = g° ® (t) is the Lie subalgebra of degree zero elements in L defined
in (2.23). Let us fix an element y € g'. The gauge group then acts on L' = g'® ()
by the formula

1 1
-1 :l—i-[I,X—l-l]—'—g[(L’, [@X"‘”H’g[% [JI, [%X"‘lm‘i‘ , T E G(g>7l S L17
' ' (2.25)
obtained by expressing the right hand side of

x-l=exp(x)(x +1)exp(—z) — x (2.26)
in terms of iterated commutators. Denoting dy := [x, x|, formula (2.25) reads
1 1
vol = l+do+ [0, + 5 { 2. de) + [o, 2. 0]} + 5 {2, [0, da]) + [z, [z, [o, ] }<2+27>

2.5.15 Lemma. Action (2.27) of G(g) on L' preserves the space MC(g) of
solutions of the Maurer-Cartan equation.

Proof. We will prove the lemma under the assumption that g is a dg-Lie algebra
whose differential d has the form d = [y, —] for some y € g' satisfying [x, x] = 0
(see Proposition. The proof of the general case is a straightforward, though
involved, verification.

It follows from that x + 2 -1 = exp(z)(x + ) exp(—z), i.e. x transforms
X + [ into exp(x)(x + ) exp(—z). Under the assumption d = [y, —|, the Maurer-
Cartan equation for [ is equivalent to [x + I,x + ] = 0. The Maurer-Cartan
equation for the transformed [ then reads

[exp(z) (x + 1) exp(—x), exp(z)(x + 1) exp(—z)] = 0,
which can be rearranged into
exp(z)[x + 1, x + ] exp(—z) = 0.
This finishes the proof. O
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Thanks to Lemma [2.5.15] it makes sense to consider

Def(g) := MC(g)/G(g),

the moduli space of solutions of the Maurer-Cartan equation in L = g ® ().

2.5.16 Example. Let us return to the situation in Example [2.5.14] In this case
90 = Clioan(A, A) = Lin(A, A),

with the bracket given by the commutator of the composition of linear maps.
The gauge group G(g) consists of elements x = fit + fot> +. .., fi € Lin(A, A). Tt
follows from the definition of the gauge group action that two formal deformations
W= po + pit + pht* + -+ and p’ = po + pit + pht? + - - of po define the same
element in Def(g) if and only if

oxp(z) (o + piit + ppt® + -+ ) = (po + it + pyt® + - - )(exp(z) @ exp(x)) (2.28)

for some x € G(g). The above formula has an actual, not only formal, meaning
— all power series make sense because of the completeness of the ground ring.

On the other hand, recall that in Example we introduced the group
H:={u=ids+¢:it + ¢ot” +---| ¢ € Lin(A, A)}.

The exponential map exp : G(g) — H is a well-defined isomorphism with the
inverse map log : H — G(g). We conclude that the equivalence relation defined

by (2.28) is the same as the equivalence defined by (2.5) in Example [2.3.17
therefore Def(g) = MC(g)/G(g) is the moduli space of equivalence classes of

formal deformations of .

The above analysis can be generalized by replacing, in (2.23)), (¢) by an arbi-
trary ideal m in a local Artinian ring or in a complete local ring.

2.6 L,-algebras and the Maurer-Cartan equa-
tion
We are going to describe a generalization of differential graded Lie algebras. Let
us start by recalling some necessary notions.
Let W be a Z-graded vector space. We will denote by AW the free graded
commutative associative algebra over W. It is characterized by the obvious analog
of the universal property in Definition [2.4.1| with respect to graded commutative

associative algebras. It can be realized as the tensor algebra T'(W) modulo the
ideal generated by  ® y — (—1)1*IWly @ 2. If one decomposes

W = Jeven D Wodd
into the even and odd parts, then
AW = k[Weven] ® E[WOdd],

where the first factor is the polynomial algebra and the second one is the exterior
(Grassmann) algebra. The algebra AW can also be identified with the subspace
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of T(W) consisting of graded-symmetric elements (remember we work over a
characteristic zero field).

Denote the product of (homogeneous) elements wy,...,w, € W in AW by
wiA. . .Aw,. For a permutation o € &, we define the Koszul sign e(0) € {—1,+1}
by

wi AL AW = ()W) A - o A Wok)

and the antisymmetric Koszul sign x(o) € {—1,+1} by

x(0) := sgn(a)e(o).

Exercise 2.6.1. Express ¢(0) and (o) explicitly in terms of ¢ and the degrees
lwy,. .., Jwnl.

Finally, a permutation o € &,, is called an (i,n — @)-unshuffle if (1) < ... <
o(i)and o(i+1) < ... < o(n). The set of all (i,n — i)-unshuffles will be denoted
Sin—i)-

2.6.2 Definition. An L., -algebra (also called a strongly homotopy Lie or sh Lie
algebra) is a graded vector space V' together with a system

I, @V -V, keN

of linear maps of degree 2 — k subject to the following axioms.
— Antisymmetry: For every k € N, every permutation ¢ € & and every
homogeneous vy, ...,v, € V,

Ue(Vo(1), - - s Vo) = X(0)lk(v1, - . ., vk). (2.29)
— For every n > 1 and homogeneous vy,...,v, € V,
(Ln> Z (—1)i Z X(U)ljai(va(l), e ,UU(i)), Ug(i+1), e ,Ua(n)) = 0.
i+j:71+1 UeGi,'n—i

2.6.3 Remark. The sign in (L,,) was taken from [I7]. With this sign convention,
all terms of the (generalized) Maurer-Cartan equation recalled in (2.31) below

have +1-signs. Our sign convention is related to the original one in |28, 29] via
n+1

the transformation [/, — (—1)< 2 )ln. We also used the opposite grading which
is better suited for our purposes — the operation I as introduced in [28 29] has
degree k — 2.

Let us expand axioms (L,,) for n = 1,2 and 3.
Case n = 1. For n =1 (L;) reduces to l;(l1(v)) = 0 for every v € V, i.e. [; is a
degree +1 differential.
Case n = 2. By , lo: V®V — Vis a linear degree 0 map which is graded
antisymmetric,
ly(v,u) = —(=1)Py(u, v)

and (L,) for n = 2 gives
(L2) h(la(u,v)) = lo(ly (uw), v) + (=) iy (u, 1 (v))
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meaning that [; is a graded derivation with respect to the multiplication l5. Writ-
ing d := 1y and [u,v] := ls(u,v), (Ls) takes more usual form

dfu,v] = [du,v] + (=) [u, dv].

Case n = 3. The degree —1 graded antisymmetric map I3 : ®*V — V satisfies
(Ls):

(=), o], w] + (=) fw, ), o] + (1) M [[v, w], u] =
(—1)|“||w|(d13(u, v,w) + l3(du, v, w) + (—1)'“‘13(11, dv,w) + (—1)|“|+‘”‘l3(u, v, dw)).

One immediately recognizes the three terms of the Jacobi identity in the left-
hand side and the d-boundary of the trilinear map I3 in the right-hand side. We
conclude that the bracket [—, —] satisfies the Jacobi identity modulo the homotopy
l3.

2.6.4 Example. If all structure operations l;,’s of an L.-algebra L = (V. [, 1o, .. .)
except [y vanish, then L is just a dg-vector space with the differential d = [;. If
all l’s except [; and [y vanish, then L is our familiar dg-Lie algebra from Def-
inition with d = [; and the Lie bracket [—, —] = l. In this sense, dg-Lie
algebras are particular cases of L..-algebras.

2.6.5 Example. Let L' = (V' 1},15,15,...) and L" = (V" I{,15,14,...) be two
Loo-algebras. Define their direct sum L' @ L” to be the L.-algebra L' @& L” with
the underlying vector space V' @ V" and structure operations {lx}r>1 given by

/ " / AN T / "eon "
lk('U1®’U1,---,'Uk€BUk) '_lk(vl>"'avk)+lk(”1a'-->vk>a
/ / A} " "
for vi,...,v, € V' of,...,v e V"

For a graded vector space V denote (V) the quotient of ®* V modulo the
subspace spanned by elements

V1 ® - @ Uk — X(0) Vo(1) @+ @ Vg (-

The antisymmetry (2.29)) implies that the structure operations of an L., algebra
can be interpreted as maps

We are going to give a description of the set of L.-structures on a given
graded vector space in terms of coderivations, in the spirit of Theorem [2.4.21] To
this end, we need the following coalgebra which will play the role of “T'(W).

2.6.6 Proposition. The space A(W) with the comultiplication A : A(W) —
AW) @ A(W) defined by

n—1
Alwr A Awy) =Y Y €)Wy Ao Ao(p) @ (Wegisny Ao A Wo(m))

1=1 0€6; n_;

is a graded coassociative cocommutative coalgebra. We will denote it “A(W).
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Proof. A direct verification which we leave to the reader as an exercise. O]

For the coalgebra A(W), the following analog of Proposition [2.4.19| holds.

2.6.7 Proposition. Let W be a graded vector space. For any d, there is a
natural isomorphism

CoDer®(CA(W)) = Lin(C\N(W), W).
We leave the proof to the reader. Observe that the coalgebra ‘A(WW) is a

direct sum
AW) =P A"(W)
n>1
of subspaces /A" (W) spanned by wy A ... A w,, for wy,...,w, € W. One may
define the sth corestriction of a coderivation § € CoDer(°/\(W)) as the compo-
sition
G‘AS(W) proj.
fs i SN (W) —— AN(W) — W.

As in Definition [2.4.20} a coderivation § € CoDer®(¢\(W)) is quadratic if its sth
corestriction is non-zero only for s = 2. A differential is a degree 1 coderivation

0 such that 62 = 0.

2.6.8 Theorem. Denote by L. (V) the set of all L-algebra structures on a
graded vector space V and CoDiff'(°A(}V)) the set of differentials on *A(LV).
Then there is a bijection

Lou(V) = CoDiff (*A(LV))
Proof. Let y € CoD_zﬁ”l(c/\(iV)) and f, : “A"(}V) — |V the nth corestriction
of x, n > 1. Define [,, : V,,(V) — V by the diagram

‘N(IV) —»f" v

®" !

Vo (V) i V.

It is then a direct though involved verification that the maps

L, = (—1)("2)], (2.30)
define an L.-structure on V and that the correspondence x < (l1,1ls,13,...) is
one-to-one. The reason for the sign change in (2.30) is explained in Remark [2.6.3|
O

2.6.9 Remark. By Theorem L..-algebras can be alternatively defined as
square-zero differentials on “cofree” cocommutative coassociative coalgebras (the
reason why we put ‘cofree’ into quotation marks is the same as in Section 2.4}
see also the warning on page . Dual forms of these object, i.e. square-zero
differentials on free commutative associative algebras, are Sullivan models that
have existed in rational homotopy theory since 1977 [45]. The same objects
appeared as generalizations of Lie algebras independently in 1982 in a remarkable
paper [7]. As homotopy Lie algebras with a coherent system of higher homotopies,
L.-algebras were recognized much later [22 29].
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Figure 2.1: Saito’s portrait of K.

Exercise 2.6.10. Show that the isomorphism of Theorem restricts to the
isomorphism

Lie(V) 2 CoDiff3(“A(LV))

between the set of Lie algebra structures on V' and quadratic differentials on the
coalgebra ¢/A({V'). This isomorphism shall be compared to the isomorphism in

Theorem 2.4.27].

Let us make a digression and see what happens when one allows in the right
hand side of all, not only quadratic, differentials. The above material
indicates that one should expect a homotopy version of associative algebras. This
is indeed so; one gets the following objects that appeared in 1963 [44] (but we
use the sign convention of [33]).

2.6.11 Definition. An A -algebra (also called a strongly homotopy associative
algebra) is a graded vector space V' together with a system

e VR SV k>,
of linear maps of degree k — 2 such that

n)\

3
,_.

) k1 (V15 oy Uns 1 (VN4 15 s UNtk )5 Ui 1 s Un) = O

T

Ok::I
for every n > 1, vy,...,v, € V, where e = k + X\ + kX + k(|vy]| + -+ + |va]).

One easily sees that (A;) means that 0 := pu; is a degree —1 differential,
(Ag) that the bilinear product ps : V ® V. — V commutes with 0 and (Aj)
that ps is associative up to the homotopy us. A.-algebras can also be described
as algebras over the cellular chain complex of the non-¥ operad K = {K,,},>1
whose nth piece is the (n—2)-dimensional convex polytope K, called the Stasheff
associahedron |38, Section I1.1.6]. Let us mention at least that K> is the point, K3
the closed interval and K4 is the pentagon from Mac Lane’s theory of monoidal
categories [31]. A portrait of K5 due to Masahico Saito is in Figure
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2.6.12 Theorem. For a graded vector space V denote A, (V) the set of all
A-algebra structures on V and CoDiff'(°T(1V)) the set of all differentials on
°T'(}V). Then there is a natural bijection

Ao (V) = CoDiff '(‘T(LV)).

Proof. The isomorphism in the above theorem is of the same nature as the iso-
morphism of Theorem [2.6.8] but it also involves the ‘flip’ of degrees since we
defined, following [33], A.-algebras in such a way that the differential 9 = 4
has degree —1. We leave the details to the reader. O

Let us return to the main theme of this section. Our next task will be to
introduce morphisms of L..-algebras. We start with a simple-minded definition.

Suppose L' = (V' I}, 15,15, .. .)and L" = (V" I,15)1%, .. .) are two Lo-algebras.
A strict morphism is a degree zero linear map f : V' — V" which commutes with
all structure operations, that is

Fvr, - on)) = G(f(vr), - f (),

for each vy,...,v, € V', k> 1.
For our purposes we need, however, a subtler notion of morphisms. We give
a definition that involves the isomorphism of Theorem [2.6.8|

2.6.13 Definition. Let L' and L” be L..-algebras represented by dg-coalgebras
AWV, ) and (A(V"),8"). A (weak) morphism of L..,-algebras is then a
morphism of dg-coalgebras F': (‘A(}V’),d") — (CA(LV"),d").

Definition [2.6.13| can be unwrapped. Let F) : °A,(} V') — [ V" be, for each
k > 1, the composition

roj.

F
C/\k’(\l{‘/ﬁ) C/\(J/V//) p ¢V”-
Define the maps fi : V,V' — V" by the diagram

F,
C/\k(\l/vl> L’ \Lvl/

®" !

\/kvl i VY
Clearly, fr is a degree 1 — k linear map. The fact that F' is a dg-morphism
can be expressed via a sequence of axioms (M,), n > 1, where (M,,) postulates
the vanishing of a combination of n-multilinear maps on V' with values in V"
involving f;,l; and [ for i < n.

We are not going to write (M,)’s here. Explicit axioms for L..-maps can be
found in [24], see also [28, Definition 5.2] where the particular case when L” is
a dg-Lie algebra (I} = 0 for k > 3) is discussed in detail. The reader is however
encouraged to verify that (M;) says that f; : (V') 1) — (V",1]) is a chain map
and that (Ms;) means that f; commutes with the brackets l; and IJ modulo the
homotopy f.
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Morphisms of L..-algebras L' and L” with underlying vector spaces V' and
V" can therefore be equivalently defined as systems f = {fj : ®k V= V" s,
where fi is a degree 1 — k graded antisymmetric linear map, and axioms (M,,),
n > 1, are satisfied. Let us denote by L., the category of L..-algebras and their
morphisms in the sense of Definition [2.6.13]

Exercise 2.6.14. Show that the category strL., of L..-algebras and their strict
morphisms can be identified with the (non-full) subcategory of L., with the same
objects and morphisms f = (fi, f2,...) such that f, =0 for £ > 2.

Show that the obvious imbedding dglie < L., is not full. This means that
there are more morphisms between dg-Lie algebras considered as elements of the
category L., than in the category of dglLie. Observe finally that the forgetful
functor [J : L, — dgVect given by forgetting all structure operations is not
faithful.

2.7 Homotopy invariance of the Maurer-Cartan
equation

Let us start with recalling some necessary definitions.

2.7.1 Definition. A morphism f = (fy, fo,...) : L' = (V' I},1;,...) = L' =
(V711,15 .. .) of Lo-algebras is a weak equivalence if the chain map f; : (V',1}) —
(V"11) induces an isomorphism of cohomology.

2.7.2 Definition. An L.-algebra L = (V,l,ls,...) is minimal if [} = 0. It is
contractible if [, = 0 for k > 2 and if H*(V,[;) = 0.

2.7.3 Proposition. A weak equivalence of minimal L..-algebras is an isomor-
phism.

Proof. Let f = (f1, f2,...) : L' = L” be a weak equivalence of L.-algebras. It
follows from the minimality of L’ and L” that the linear part f; is an isomor-
phism, thus the corresponding map F : (‘A(}V’),d) — (°A(V"),6”) induces
an isomorphism of cogenerators. It can be easily shown that such maps can be
inverted. O

The following theorem, which can be found in [26], uses the direct sum of
L.-algebras recalled in Example 2.6.5]

2.7.4 Theorem. Each L.-algebra is the direct sum of a minimal and a con-
tractible L..-algebra.

Let L = L,, ® L. be a decomposition of an L.-algebra L into a minimal
L..-algebra L,, and a contractible L.-algebra L.. Since the inclusion ¢ : L,, —
L,, ® L. = L is a weak equivalence, Theorem implies:

2.7.5 Corollary. Each L..-algebra is weakly equivalent to a minimal one.

Corollary can also be derived from homotopy invariance properties of
strongly homotopy algebras proved in [35]. Suppose we are given an L.-algebra
L = (V,l},ls,...). In characteristic zero, two cochain complexes have the same
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cochain homotopy type if and only if they have isomorphic cohomology. In par-
ticular, the cochain complex (V,l;) is homotopy equivalent to the cohomolo-
gy H*(V,l;) considered as a complex with trivial differential. Move (M1) on
page 133 of [35] now implies that there exists an induced minimal L..-structure
on H*(V,1y), weakly equivalent to L. Let us remark that an A.-version of Corol-
lary was known to Kadeishvili already in 1985, see [23].

Remarkably, each L..-algebra is, under some mild assumptions, weakly equiv-
alent to a dg-Lie algebra. This can be proved as follows. Suppose L is an
L.-algebra represented by a dg-coalgebra (°A({V),d). The bar construction
B(°A({V),0) is a dg-Lie algebra and one may show, under an assumption that
guarantees the convergence of a spectral sequence, that B(°A(]V),d) is weakly
equivalent to L in the category of L,-algebras. This property is an algebraic ana-
log of the rectification principle for WP-spaces provided by the M-construction
of Boardman and Vogt, see [38, Theorem I1.2.9].

Let g be an L. .-algebra over the ground field k, with the underlying k-vector
space V. Then V ® (t), where (t) C k][t]] is the ideal generated by ¢, has
a natural induced L.-structure. Denote this L.-algebra by L := g ® (t) =
(V& (t),l1,1s,13,...). Let MC(g) be the set of all degree +1 elements s € L'
satisfying the generalized Maurer-Cartan equation

1 1 1
li(s) + 5[2(3, s) + 513(57 s,8)+ -+ ﬁln(s, cey8) - =0. (2.31)
When g is a dg-Lie algebra, one recognizes the ordinary Maurer-Cartan equa-
tion ([2.22)).

At this moment one needs to introduce a suitable gauge equivalence be-
tween solutions of generalizing the action of the gauge group G(g) recalled
in . Since in applications of Section all relevant L..-algebras are in fact
dg-Lie algebras, we are not going to describe this generalized gauge equivalence
here, and only refer to [26] instead. We denote Def(g) the set of gauge equivalence
classes of solutions of . Let us, however, mention that there are examples,
as bialgebras treated in [30], where deformations are described by a fully-fledged
L.-algebra.

2.7.6 Example. For g contractible, Def(g) is the one-point set consisting of the
equivalence class of the trivial solution of (2.31]). Indeed,

MC(g) = {s = s1t + st + ... | dsy = dsy = --- = 0}

so, by acyclicity, s; = db; for some b; € g°, ¢ > 1. Formula (2.27) (with z =
—bltl — bth — .- and ! = Slt + 82t2 S ) gives

(=bity — boty —+++) - (st + sot® + ) =0,
therefore s = s1t + sot? + - - - is equivalent to the trivial solution.

2.7.7 Example. Let g’ and g” be two L.-algebras. Then, for the direct product,

Def(g’ @ g") = Def(g’) x Def(g”).

Indeed, it follows from definition that MC(g’ & g”) = MC(g’) x MC(g”). This
factorization is preserved by the gauge equivalence.
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The central statement of this section reads:

2.7.8 Theorem. The assignment g — Def(g) extends to a covariant functor from
the category of L.,-algebras and their weak morphisms to the category of sets. A
weak equivalence f : g’ — g” induces an isomorphism Def(f) : Def(g’') = Def(g”).

The above theorem implies that the deformation functor ®ef descends to the
localization hol., obtained by inverting weak equivalences in L,,. By Quillen’s
theory [40], hoL is equivalent to the category of minimal L.-algebras and homo-
topy classes (in an appropriate sense) of their maps. This explains the meaning
of homotopy invariance in the title of this section.

Proof of Theorem[2.7.8 For an Lo,-morphism f = (f1, fa, f3,...) : ¢ — ¢” define
MC(f) : MC(g') — MC(g") by

MC(f)(s) = f1(5)+%fz(s,s)+---+%fn(s,...,s)+~~

It can be shown that MC(f) is a well-defined map that descends to the quotients
by the gauge equivalence, giving rise to a map Def(f) : Def(g') — Def(g”).

Assume that f : g’ — g” above is a weak equivalence. By Theorem 2.7.4] ¢’
decomposes as g’ = g/, ® ¢, with g/, minimal and g/, contractible, and there is a
similar decomposition g” = g/ @ g” for g”. Define the map f : g/, — g, by the
commutativity of the diagram

/ / i /
gm@gcggm
/ f

p
On © 0 — O,
in which i is the natural inclusion and p the natural projection. Observe that f
is a weak equivalence so it is, by Proposition [2.7.3] an isomorphism. Therefore,

in the following induced diagram, the map Def(f) is an isomorphism, too:

Def(g,,) x Def(g,.) 2o, Def(g),)

Def(f) Def(f)
K9
Ocf(gl) x Def(al) I Def(ql))
Since, by Example 2.7.6, both Def(g..) and Def(g!) are points, the maps Def(i)

and Def(p) are isomorphisms. We finish the proof by concluding that Def(f) is
also an isomorphism. O

2.8 Deformation quantization of Poisson mani-
folds

In this section we indicate the main ideas of Kontsevich’s proof of the existence
of a deformation quantization of Poisson manifolds. Our exposition follows [26].
Let us recall some necessary notions.
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2.8.1 Definition. A Poisson algebra is a vector space V with operations
VeV —=Vand {—,-}:V®V — V such that:

— (V, ) is an associative commutative algebra,

— (V,{—,—}) is a Lie algebra, and

— the map v — {u,v} is a - -derivation for any v € V, ie. {u,v - w} =
{u,v} - w+v - {u,w}.
Exercise 2.8.2. Show that Poisson algebras can be equivalently defined as struc-
tures with only one operation ¢ : V ® V' — V such that

us(Vew) = (Ue¥)ow — %{(u.w).v + (vew)ou — (veur)ow — (w.u).v)} :

for each w,v,w € V| see [37, Example 2].

Poisson algebras are ‘classical limits’ of associative deformations of commuta-
tive associative algebras. By this we mean the following. Let A = (V, - ) be an
associative algebra with multiplication a, b — a-b. Consider a formal deformation
(k[[t]] ® V,*) of A given, as in Theorem [2.3.1] by a family {y; : A® A — A};>
by the formula

axb:=a-b+tu(a,b) +t2uy(a,b) + t*uz(a,b) + - - - (2.32)
for a,b € V. We have the following:

2.8.3 Proposition. Suppose A = (V, - ) is a commutative associative algebra.
Then, for an associative deformation (2.32)) of A,

{CL, b} = ,ul(a'v b) - Nl(bv a)a aab € V7
is a Lie bracket such that P, := (V,-,{—, —}) is Poisson algebra.

2.8.4 Definition. In the above situation, P, is called the classical limit of the
x-product and (k[[t]] ® V,*) a deformation quantization of the Poisson algebra
P..

Proof of Proposition[2.8.3 Let us prove first that {—, —} is a Lie bracket. The
antisymmetry of {—, —} is obvious, one thus only needs to verify the Jacobi iden-
tity. It is a standard fact that the antisymmetrization of an associative multiplica-
tion is a Lie product [42, Chapter I], therefore [—, —] defined by [z, y] := zxy—y*z
for x,y € k[[t]] ® A, is a Lie bracket on k[[t]] ® A. We conclude by observing
that the Jacobi identity for {—, —} evaluated at a,b,c € A is the term at ¢? of
the Jacobi identify for [—, —] evaluated at the same elements.
It remains to verify the derivation property. It is clearly equivalent to

pi(ab, ¢) — pi(e,ab) — apq (b, ¢) + apy(c,b) — py(a, e)b+ pi(c,a)b =0 (2.33)

where we, for brevity, omitted the symbol for the - -product. In Remark [2.3.16)
we observed that p; is a Hochschild cocycle, therefore

pla,b,c) = ap(b,c) — p(ab, c) + p(a, be) — pi(a,b)e = 0.

A straightforward verification involving the commutativity of the - -product shows
that the left hand side of (2.33)) equals —p(a,b,c) + p(a,c,b) — p(c,a,b). This
finishes the proof. O
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Let us recall geometric versions of the above notions.

2.8.5 Definition. A Poisson manifold is a smooth manifold M equipped with
a Lie product {—, =} : C®(M) ® C*(M) — C*>°(M) on the space of smooth
functions such that (C*(M), - ,{—,—}), where - is the standard pointwise mul-
tiplication, is a Poisson algebra.

Poisson manifolds generalize symplectic ones in that the bracket {—, —} need
not be induced by a nondegenerate 2-form. The following notion was introduced
and physically justified in [5].

2.8.6 Definition. A deformation quantization (also called a star product) of
a Poisson manifold M is a deformation quantization of the Poisson algebra

(C®(M),-,{—, —}) such that all y,;’s in (2.32)) are differential operators.

2.8.7 Theorem (Kontsevich [26]). Every Poisson manifold admits a deformation
quantization.

Sketch of Proof. Maxim Kontsevich proved this theorem in two steps. He proved
first a ‘local’ version assuming M = R?, and then he globalized the result to an
arbitrary M using ideas of formal geometry and the language of superconnections.
We are going to sketch only the first step of Kontsevich’s proof.

The idea was to construct two weakly equivalent L..-algebras g, g” such that
Def(g') contained the moduli space of Poisson structures on M and Def(g”) was
the moduli space of star products, and then apply Theorem [2.7.8 In fact, g’ will
turn out to be an ordinary graded Lie algebra and g” a dg-Lie algebra.

— Construction of g'. It is the graded Lie algebra of polyvector fields with the
Shouten-Nijenhuis bracket. In more detail, g’ = @, -, ¢ with

g"i=TD(M,\"""TM), n > 1,

where T'(M, A" TM) denotes the space of smooth sections of the (n + 1)th
exterior power of the tangent bundle T'M. The bracket is determined by

oA Ao N Ay =
k l
:ZZ DR E I NN o NEN L NECATO A AT A AT
=0 7=0

where &,..., &,y ..., € (M, TM) are vector fields, ~indicates the omission
and [&;, ;] in the right hand side denotes the classical Lie bracket of vector fields
& and n; [25) 1.81].

Recall that Poisson structures on M are in one-to-one correspondence with
smooth sections a € T'(M, A*T'M) satisfying [a,a] = 0. The corresponding
bracket of smooth functions f,g € C*°(M) is given by {f,¢9} = a(f ® g). Since
g’ is just a graded Lie algebra,

MC(g)={s=sit+st’+...€g" @) | [s,5] =0}

therefore clearly s := at € MC(g') for each a € I'(M, A*T M) defining a Poisson
structure. We see that Def(g’) contains the moduli space of Poisson structures
on M.

42



— Construction of g”. 1t is the dg Lie algebra of polydiffenential operators,

g _@Dpoly

n>0

where

poty (M) C Cﬁiclh(C“(M), C=(M))

consists of Hochschild cochains (Definition [2. of the algebra C*°(M) given by
polydifferential operators. It is clear that Dpoly(M ) is closed under the Hochschild
differential and the Gerstenhaber bracket, so the dg-Lie structure of Proposi-
tion restricts to a dg-Lie structure on g”. The analysis of Example
shows that Def(g”) represents equivalence classes of star products.

— The weak equivalence. Consider the map f; : g’ — g” defined by

fl(gow"?gk)(gow-'agk): k—|—1 Z gn Hga( g’L

U€6k+1

for &o,...,& € T(M,TM) and go,...,gx € C°(M). It is easy to show that
fi:(g,d=0) = (g", dHoen) is a chain map. Moreover, a version of the Kostant-
Hochschild-Rosenberg theorem for smooth manifolds proved in [26] states that f;
is a cohomology isomorphism. Unfortunately, f; does not commute with brack-
ets. The following central statement of Kontsevich’s approach to deformation
quantization says that f; is, however, the linear part of an L.,-map:

Formality. The map f; extends to an L.,-homomorphism f = (f1, fo, f3,...) :
g/ — g//'

The formality theorem implies that g’ and g” are weakly equivalent in the
category of L..-algebras. In other words, the dg-Lie algebra of polydifferential
operators is weakly equivalent to its cohomology. The ‘formality’ in the name of
the theorem is justified by rational homotopy theory where formal algebras are
algebras having the homotopy type of their cohomology.

Kontsevich’s construction of higher f;’s involves coefficients given as integrals
over compactifications of certain configuration spaces. An independent approach
of Tamarkin [46] based entirely on homological algebra uses a solution of the
Deligne conjecture, see also an overview [2I] containing references to original
sources.

[]
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3. Gerstenhaber-Schack diagram
cohomology from operadic point
of view

Abstract

We show that the operadic cohomology for any type of algebras over a non-
symmetric operad A can be computed as Ext in the category of operadic A-
modules. We use this principle to prove that the Gerstenhaber-Schack diagram
cohomology is operadic cohomology.

3.1 Introduction

The Operadic Cohomology (OC) gives a systematic way of constructing coho-
mology theories for algebras A over an operad A. It recovers the classical cases:
Hochschild, Chevalley-Eilenberg, Harrison etc. It also applies to algebras over
coloured operads (e.g. morphism of algebras) and over PROPs (e.g. bialgebras).
The OC first appeared in papers [10], [9] by M. Markl.

Abstractly, the OC is isomorphic to the triple cohomology, at least for algebras
over Koszul operads [1]. It is also isomorphic to the André-Quillen Cohomology
(AQC). In fact, the definition of OC is analogous to that of AQC: It computes
the derived functor of the functor Der of derivations like AQC, but does so in
the category of operads. While AQC offers a wider freedom for the choice of a
resolution of the given algebra A, OC uses a particular universal resolution for
all A-algebras (this resolution is implicit, technically OC resolves the operad A).
Thus there is, for example, a universal construction of an L., structure on the
complex computing OC [I3], whose generalized Maurer-Cartan equation describes
formal deformations of A.

The success of OC is due to the Koszul duality theory [7], which allows us to
construct resolutions of Koszul operads explicitly. Koszul theory has received a
lot of attention recently [I8] and now goes beyond operads. However, it still has
its limitations:

On one hand, it is bound to quadratic relations in a presentation of the op-
erad A. The problem with higher relations can be remedied by using a different
presentation, but it comes at the cost of increasing the size of the resolution
(e.g. [4]). This is not a major problem in applications, but the minimal resolu-
tions have some nice properties - namely they are unique up to an isomorphism
thus providing a cohomology theory unique already at the chain level. So the
construction of the minimal resolutions is still of interest.

On the other hand, there are quadratic operads which are not Koszul and for
those very little is known [15].

In this paper, we show that OC is isomorphic to Ext in the category of operadic
A-modules. Thus instead of resolving the operad A, it suffices to find a projective
resolution of a specific A-module MDA associated to A. The ideas used here
were already sketched in the paper [13] by M. Markl.
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The resolution of operadic modules are probably much easier to construct
explicitly than resolutions of operads, though this has to be explored yet. This
simplification allows us to make a small step beyond Koszul theory:

An interesting example of a non-Koszul operad is the coloured operad de-
scribing a diagram of a fixed shape consisting of algebras over a fixed operad
and morphisms of those algebras. The case of a single morphism between two
algebras over a Koszul operad is long well understood. For a morphism between
algebras over a general operad as well as for diagrams of a few simple shapes,
some partial results were obtained in [I2]. These are however not explicit enough
to write down the OC.

On the other hand, a satisfactory cohomology for diagrams was invented by
Gerstenhaber and Schack [5] in an ad-hoc manner. In [2], the authors proved
that the Gerstenhaber-Schack cohomology of a single morphism of associative or
Lie algebras is operadic cohomology. We use our theory to extend this result to
arbitrary diagrams.

The method used can probably be applied in a more general context to show
that a given cohomology theory is isomorphic to OC. The original example is
[13] (and similar approach also appears in [17]), where the author proves that
Gerstenhaber-Schack bialgebra cohomology is the operadic cohomology. Also the
method might give an insight into the structure of operadic resolutions them-
selves, the problem we won’t mention in this paper.

On the way, we obtain a modification of the usual OC which includes the
quotient by infinitesimal automorphisms (Section .

Also an explicit description of a free resolution of the operad A with adjoined
derivation is given if a free resolution of A is explicitly given. This appeared
already in [I3] and produces several new examples of minimal resolutions and as
such might be of an independent interest.

We assume the reader is familiar with the language of operads (e.g. [16],[8]).

Finally, I would like to thank Martin Markl for many useful discussions.

3.1.1 Convention. As our main object of interest is a diagram of associative
algebras, we will get by with non-symmetric operads, that is operads with no
action of the permutation groups. The results can probably be generalized in a
straightforward way to symmetric operads.
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In Section [3.2] we briefly recall basic notions of the operad theory with fo-
cus on coloured operads (see also [I1],[12]). We pay special attention to operadic
modules. We introduce the notion of tree composition which is just a convenient
way to write down complicated operadic compositions. In Section [3.2.3] we dis-
cuss free product of operads and obtain a form of the Kiinneth formula computing
homology of the free product.

In Section we develop the theory sketched by M. Markl in Appendix B of
[13]. We give full details for coloured operads. We begin by recalling the operadic
cohomology. In Section [3.3.2] we construct an explicit resolution of the operad
DA describing algebras over A with adjoined derivation assuming we know an
explicit resolution of the operad A. In Section [3.3.3] we clarify the significance of
operadic derivations on the resolution of DA with values in £nd 4. This leads to
an augmentation of the cotangent complex which has nice interpretation in terms
of formal deformation theory. In Sections [3.3.4] and [3.3.5], we realize that all the
information needed to construct augmented cohomology is contained in a certain
operadic module. This module is intrinsically characterized by being a resolution
(in the category of operadic modules) of MDA, a certain module constructed
from A in a very simple way.

In Section [3.4] we apply the theory to prove that the Gerstenhaber-Schack
diagram cohomology is isomorphic to the operadic cohomology. We begin by ex-
plaining how a diagram of associative algebras is described by an operad A. We al-
so make the associated module MDA explicit. Then we recall the Gerstenhaber-
Schack cohomology and obtain a candidate for a resolution of MDA. In Section
3.4.3, we verify that the candidate is a valid resolution. This computation is
complicated, but still demonstrates the technical advantage of passing to the
modules.
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3.2 Basics

Fix the following symbols:
e (' is a set of colours.
e [ is a field of characteristics 0.
e Nj is the set of natural numbers including 0.
We will also use the following notations and conventions:

e Vector spaces over k are called k-modules, chain complexes of vector spaces
over k with differential of degree —1 are called dg-k-modules and morphisms
of chain complexes are called just maps. Chain complexes are assumed non-
negatively graded unless stated otherwise.

e |z| is the degree of an element z of a dg-k-module.
e H,(A) is homology of the object A, whatever A is.
e k(S) is the k-linear span of the set S.

e ar(v) is arity of the object v, whatever v is.

e Quism is a map f of dg-k-modules such that the induced map H.(f) on
homology is an isomorphism.

3.2.1 Definition. A dg-C-collection X is a set

{X( ¢ )|n€N0,c,01,...,cn€C}
Cly...,Cpn

of dg-k-modules. We call ¢ the output colour of elements of X (
are the input colours, n is the arity. We also admit n = 0.

When the above dg-k-modules have zero differentials, we talk just about grad-
ed C-collection. If moreover no grading is given, we talk just about C-collection.
All notions that follow have similar analogues. If the context is clear, we might
omit the prefixes dg-C' completely.

A dg-C-operad A is a dg-C-collection A together with a set of of dg-k-
module maps

C C; C
(e, ) )
<Cly"'7ck> dl)"' 7dl Cly- 7ci717d17“' 7dl7ci+17“'ck

called operadic compositions, one for each choice of k,l € Ny, 1 < ¢ < k and
C,C1y. .., Ckydy,...,d; € C and a set of units

e:k—>A<c),
c

one for each ¢ € C. These maps satisfy the usual associativity and unit axioms,
e.g. [16].
The initial dg-C-operad is denoted I.

‘ )
CcC1,...,C
ClyeCn/? 1, y n
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Equivalently, dg-C-operad is a monoid in the monoidal category of dg-C-
collections with the composition product o:

c
(AOB)(cl,...,cn) o
d d
@ 4, ° Jesl " Je--eB ¢ .
>0 dl, Ce ,dk Cly...,Cy Ciy4evifg_14+15- -5 Cn

11,0620,
didpeC

In contrast to the uncoloured operads, the composition is defined only for the
“correct” colours and there is one unit in every colour, i.e. [ (E) = k for every
¢ € C. Hence we usually talk about the units. We denote by 1. the image of
1€k=1I(%, hence Ime = @, k(1.). The notation 1. for units coincides with
the notation for identity morphisms. The right meaning will always be clear from
the context.

For a dg-C-operad A, we can consider its homology H,(A). The operadic
composition descends to H.(A). Obviously, the units 1. are concentrated in
degree 0 and by our convention on non-negativity of the grading, 1. defines a
homology class [1.]. It is a unit in H*(.A). It can happen that [1.] = 0 in which
case it is easily seen that H,(A) (CICOCn) = 0 whenever any of ¢;’s equals c. If all
[1.]’s are nonzero, then H,(A) is a graded C-operad.

Let M and M, be two dg-C-collections. Then dg-C-collection morphism
f is a set of dg maps

e S 4 Do) 4, )
Cly...,Cp Cly...,Cp Cly...,Cp

one for each n € Ny, ¢, ¢q,...,¢c, € C.
The dg-C'-collection morphisms are composed “colourwise” in the obvious way.
A dg-C-operad morphism is a dg-C-collection morphisms preserving the
operadic compositions and units.

Recall that given a dg-k-module A, the endomorphism operad End comes
equipped with the differential

Ognasf = 0af — (1) fO4en

for f € Enda(n) homogeneous. Let there be a decomposition

(4,04) = (A 0a.).

ceC

Then the endomorphism operad is naturally a dg-C-operad via

5ndA( ¢ )::Homk(Acl@---@ACn,Ac).
Cly...,Cp

An algebra over a dg-C-operad A is a dg-C-operad morphism

(.A, 8A) — (571(1,4, 8SndA)-
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3.2.1 Operadic modules

3.2.2 Definition. Let A = (A4,04) be a dg-C-operad. An (operadic) dg-.A-
module M is a dg-C-collection

{M( ¢ )|n€NO,c,cl,...,cn€C}
Cly...,Cp

with structure maps

O»L:A( ¢ )®M( i >—>M< ¢ ),
‘ C1, ", Ck dy,---,d Clyt o 3 Gty dy, o dy, Gy, e G

T TR B (S
! C1,° , Ck dla"'adl Cla"'acifladla'“7dlaci+la"'ck

one for each choice of ¢, ¢y, -+ ,dy,--- € C'and 1 < ¢ < k. These structure maps
are required to satisfy the expected axioms:

(_1>|a2‘|m|<a1 oZ.L m) Of—&—ar(m)—l Qo ... 1< ]
(a1 0 ) oF m = ay of (g of ;. m) o j<i<j+ar(ag) —
(—1)leellml(q 0l ar(on)41) O] of g i > g+ ar(ag),

m of (a1 05 ag) = (m ozR aq) oﬁFl Qs,

B . (_1)|a2“m|(a1 o‘ az) oiLJ,»ar(az)—l m P .] < Z
(a1 0 m) 0} ay = alof(moRzﬂaz) oo i< j<i+ar(m)—
(—1)'6“2”7”'(041 Ojar(m)+1 Q2) Of m -+ j > i+ ar(m)
and
leoom=m=mo;1, ... 1<i<ar(m)

for aj,ay € A and m € M( ¢ ) in the correct colours. We usually omit

€15 Car(m)

the upper indices L, R, writing only o; for all the operations.
A morphism of dg-A-modules M, M5 is a dg-C-collection morphism

M, ER M satisfying
flaokm) = aof f(m),
f(mofta) = f(m)oF a.
We expand the definition of dg-.A-module. Recall that each /\/l( ) is a
a dg-k-module. The differentials of these dg-k-modules define a dg- o collectlon
morphism Iy : M — M of degree —1 satisfying 93, = 0. The structure maps
ol and off commute with the differentials on the tensor products. Hence Ou :
M — M is a derivation in the following sense:
Om(ao;m) = daa 0;m+ (—1)1%a o; dym,
Om(m o;a) = dym oy a+ (—1)™m o; D4a.
As in the case of modules over a ring, A-modules form an abelian category. We

have “colourwise” kernels, cokernels, submodules etc. There is a free A-module
generated by a C-collection M, denoted

A (M)

o4

1
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and satisfying the usual universal property. As an example of an explicit descrip-
tion of A (M), let A :=TF (M;) be a free C-operad generated by a C-collection
M. Then A (M,) is spanned by all planar trees, whose exactly one vertex is dec-
orated by an element of M, and all the other vertices are decorated by elements
of M; such that the colours are respected in the obvious sense.

We warn the reader that the notion of operadic module varies in the literature.
For example the monograph [3] uses a different definition.

While dealing with A-modules, it is useful to introduce the following in-
finitesimal composition product A o' (B,C) of C-collections A, B, C:

, c
(Ao (B,C))(C1 . ) = (3.1)
P A( ‘ )@B( o >®---®C( i )@---@B( i )
k0100, dy,...,dy Cly--ey Ciy G415 G Cip_1+13+++> Cn

0<i;<...<ip_1<nm, RGN
dy,...,dpeC [th —position

See also [8]. We denote by
A (B,C)

the projection of Ao (B,C) onto the component with fixed .

For the free module, we have the following description using the infinitesimal
composition product:

A(M) =2 Ao (I,Mo A).

3.2.2 Tree composition

An (unoriented) graph (without loops) is a set V' of vertices, a set H, of half
edges for every v € V and a set E of (distinct) unordered pairs (called edges)
of distinct elements of V. If e := (v,w) € E, we say that the vertices v,w are
adjacent to the edge e and the edge e is adjacent to the vertices v, w. Denote
E, the set of all edges adjacent to v. Similarly, for h € H,, we say that the
vertex v is adjacent to the half edge h and vice versa. A path connecting vertices
v,w is a sequence (v, vy), (v1,v2), ..., (v, w) of distinct edges. A tree is a graph
such that for every two vertices v, w there is a path connecting them iff v # w.
A rooted tree is a tree with a chosen half edge, called root. The root vertex is
the unique vertex adjacent to the root. The half edges other than the root are
called leaves. For every vertex v except for the root vertex, there is a unique edge
e, € E, contained in the unique path connecting v to the root vertex. The edge
e, is called output and the other edges and half edges adjacent to v are called
legs or inputs of v. The root is, by definition, the output of the root vertex. The
number of legs of v is called arity of v and is denoted ar(v). Notice we also admit
vertices with no legs, i.e. vertices of arity 0. A planar tree is a tree with a given
ordering of the set H, U E, — {e,} for each v € V' (the notation U stands for the
disjoint union). The planarity induces an ordering on the set of all leaves, e.g.
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by numbering them 1,2, .... For example,

is a planar tree with 3 vertices, 3 half edges and 2 edges. We use the convention
that the topmost half edge is always the root. Then there are 2 leaves. The
planar ordering of legs of all vertices is denoted by small numbers and the induced
ordering of leaves is denoted by big numbers.

Let T1,T; be two planar rooted trees, let T} have n leaves and for j = 1,2 let
V; resp. Hj, resp. E; denote the set of vertices resp. half edges resp. edges of
T;. For 1 <14 < n we have the grafting operation o; producing a planar rooted
tree T} o; Ty defined as follows: first denote [ the i** leg of T} and denote v; the
vertex adjacent to [, denote r the root of T and denote v, the root vertex of Ts.
Then the set of vertices of T} o; Ty is V; U V5, the set H, of half edges is

Hl,v veVl—{vl}
"o Hy,, —{l} ... v=u
v szv UE‘/Q_{UQ} ’
Hyp, —{r} ... v=1y

and finally the set of edges is Ey U FyU{(v1,v9)}. The planar structure is inherited
in the obvious way. For example,

182
122021/L
1

1
2 = 142
1 2 1 23

2
1

From this point on, tree will always mean a planar rooted tree. Such trees
can be used to encode compositions of elements of an operad including those of

arity 0.
Let T be a tree with n vertices vy, ..., v,. Suppose moreover that the vertices
of T are ordered, i.e. there is a bijection b : {vq,...,v,} = {1,...,n}. We denote

such a tree with ordered vertices by T5.

Now we explain how the bijection b induces a structure of tree with levels on
T, such that each vertex is on a different level. Intuitively, b encodes in what
order are elements of an operad composed. We formalize this as follows:

Let p1,...,pn € P be elements of a dg-C-operad P such that if two vertices
v;,v; are adjacent to a common edge e, which is simultaneously the I'" leg of v,
and the output of vj, then the (" input colour of p; equals the output colour of
pj. We say that v; is decorated by p;. Define inductively: Let ¢ be such that v; is
the root vertex. Define

T =,
Tbl(plu s 7pn) = Di-

Here we are identifying v; with the corresponding corolla. Assume a subtree T%~1
of T and Tf’l(pl, ...,pn) € P are already defined. Consider the set J of all j’s
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such that v; & T%1 and there is an edge e between v; and some vertex v in T"!.
Let ¢ € J be such that b(v;) = min{b(v;) : j € J}. Let [ be the number of the leg
e of vertex v in the planar ordering of 7" and define

TF =T+ o, v,
Tbk(ph e 7pn) = Tbkil<p17 s 7pn> O1 Di-

In the upper equation, we are using the operation o; of grafting of trees. Finally

Tb(pla cee 7pn) = Tbn(pla cee 7pn>

Ty(p1, ..., pn) is called tree composition of py, ..., p, along Tj.

If T and p;’s are fixed, changing b may change the sign of T,(p1,...,pn).
Observe that if P is concentrated in even degrees (in particular 0) then the sign
doesn’t change. If b is understood and fixed, we usually omit it.

For example, let
U1

For i = 1,2,3, let p; be an element of degree 1 and arity 2. Let b(vy) = 1,
b(vg) =2, b(vg) =3 and V' (vy) = 1, b/'(v2) = 3, b(vs) = 2. Then

Tb(]?1>]92>p3) = (Pl 01 pz) o3 p3 and Tb'(P1>P2>P3) = (pl 09 p3) 01 P2

and by the associativity axiom

Ty(p1sp2; p3) = =Ty (p1, P2, P3)-

A useful observation is that we can always reindex p;’s so that

Ty(p1,- - pn) = (- ((p1 94, P2) iy P3) -+~ iy Pn) (3.2)

for some i1,49,...,0p_1.
Tree compositions are a convenient notation for dealing with operadic deriva-
tions.

3.2.3 Free product of operads

3.2.3 Definition. Free product Ax B of dg-C-operads A, B is the coproduct
AT] B in the category of dg-C-operads.

Let A, B be dg-k-modules. The usual Kiinneth formula states that the map
H,(A)® H,(B) = H,(A® B) (3.3)
[a] ® [b] — [a ® D]

is a natural isomorphism of dg-k-modules, where | | denotes a homology class.
Our aim here is to prove an analogue of the Kiinneth formula for the free product
of operads, that is

H.(A)« H.(B) = H.(A*B) (3.4)
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naturally as C-operads.

First we describe A x B more explicitly. Intuitively, A * B is spanned by trees
whose vertices are decorated by elements of A or B such that no two vertices
adjacent to a common edge are both decorated by A or both by B. Unfortunately,
this is not quite true - there are problems with units of the operads.

Recall a dg-C-operad P is called augmented iff there is a dg-C-operad mor-
phism P % I inverting the unit of P on the left, i.e. the composition I = P % I
is 1;. The kernel of a is denoted by P and usually called augmentation ideal.

If A, B are augmented, we let the vertices be decorated by the augmentation
ideals A, B instead of A, B and the above description of A % B works well. In fact,
this has been already treated in [I1].

However we will work without the augmentation assumption. Choose a sub-
C-collection A of A such that

Adly=A, (3.5)
Imoy, C .7[,

where

1a:= P kL)

ceC
This is possible iff

[1.] # 0 for all c € C,

that is if H.(A) is a graded C-operad. This might not be the case generally as
we have already seen at the beginning of Section so let’s assume it. Choose
B for B similarly.

For given A, B, a free product tree is a tree T together with

c(v),c1(v), ca(v), ..., Car(w)(v) € C for each vertex v

and a map

P : vertices of T — {A, B} (3.7)

such that if vertices vy, vo are adjacent to a common edge, which is simultaneously
the I*" leg of v, and the output of v,, then

c(v)) = c(vy) and P(v1) # P(vy).

Finally, the description of the free product is as follows:

AxB = Prl) e PR Pw) (Cl ), (v) | @))’ (3.8)

ccC -+ Carv

where T runs over all isomorphism classes of free product trees and v runs over
all vertices of T" and 1.’s are of degree 0. If the vertices of T" are vy, ..., v, then

every element of ), f(v)(C1 (v),.-c-chjzr(v) (v)) can be written as a tree composition

T(x1,...,7,) where 2; € P(v;). We say that v; is decorated by ;.
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The operadic composition

T(x1,...,2n) 0 T' (2}, ..., 7))

7 'm

in A« B is defined in the obvious way by grafting 7" and T" (the result T'o; T" of
the grafting may not be a free product tree) and then (repeatedly) applying the
following reducing operations:

1. Suppose wq, wy are vertices of T o; T” adjacent to a common edge e which
is simultaneously the {"leg of w; and the output of w,. Suppose moreover
that w; is decorated by p; and ws by py. If both pi,ps are elements of
A or both of B, then contract e and decorate the resulting vertex by the
composition of p; o; ps.

2. If a vertex is decorated by a unit from 14 or 1z (this may happen since
neither A nor B is generally closed under the composition!), omit it unless
it is the only remaining vertex of the tree.

After several applications of the above reducing operations, we obtain a free
product tree or a tree with a single vertex decorated by a unit.

Obviously, 1.’s are units for this composition.

The differential 9 on A x B is determined by and the requirement that
d(1.) = 0 for every ¢ € C. It has the derivation property and equals the differ-
ential on A resp. B upon the restriction on the corresponding sub-C-operad of
A x B. Explicitly, for T(zy,...,z,) € A% B with z; € A or B, assuming (B-2), we

have
n

T (1, x0)) = Y _&T(x1,....0(x), ... 2),

=1

where €, 1= (—1)23;11 2l

It is easily seen that the dg-C-operad (A x B, 9) just described has the required
universal property of the coproduct.

Now we are prepared to prove a version of in a certain special case:

3.2.4 Lemma. Let (A,04) = (A, 04) and (B,0p) LN (B',9p') be quisms of
dg-C-operads, that is we assume homology of A, A’, B, B’ are graded C-operads
and H,.(«a), H.(8) are graded C-operad isomorphisms. Then there are graded
C-operad isomorphisms ¢, ¢’ such that the following diagram commutes:

H.(A) % H,(B) ——~ H,(A%B)

H.(a)* H.(5) H. (o )

/

H,(A) % H,(B') -~ H.(A'*B)

Proof. Choose A, B so that (3.5) and (3.6] hold. Now we want to choose AcA
so that

A ®ly=A,
a(A)c A (3.9)
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and choose B C B’ similarly. To see that this is possible, we observe a(A)N14 =
0: If a(@) € 14 for some @ € A, there is u € 14 such that a(u) = a(a), hence
a(@—u) =0 and da(@ — u) = 0 since both @ and u are of degree 0. Since « is
a quism, @ — u = Jd4a for some a € A and by the property (3.6) of A we have
@ —u € A. But this implies u € A, a contradiction.

Now use the explicit description (3.8)) of the free product A * B and the usual
Kiinneth formula @ to obtain an isomorphism

H,(A) @@H ) 5 H,( @@P H,(AxB)

and similarly for A’, B'.
Assume we are given a free product tree T" and its vertex v. The tree T' comes
equipped with P as in (3.7]). Let

PO=EOI-1F i s

and define a map

w(v) : P(v) = P'(v),
[ a for P)=A
mv) = { B for Pv)=B

This is justified by (3:9). Then the following diagram
@ ® H.(P(v)) —~ H*@Q?m))
O ®, H*<w<v>>| IH*@T ®,7())
DR 7w . @RPw)

commutes by the naturality of the usual Kiinneth formula. The horizontal C-
collection isomorphism ¢ is given in terms of tree compositions by the formula

(T ([z4], [xa],-..)) = [T(z1, 22, .. .)],

where @1, 25, ... € A or B. Now we verify that ¢ preserves the operadic composi-
tion:

UTe([aa], - )) 0i (T[], - ) = (T[], ) 0 Tyl - ).
The left-hand side equals [T (x1,...) o; Ty (y1, .. .)], so we check

Ty (21, ..) 0 Ty, .. )] = o(Tu([z1),-.) 05 Ty (i), . .)).

We would like to perform the same reducing operations on T, (x1,...)o; Ty (yi, - . .)
and T, ([x1],...) o; T,([y1], - ..) parallely. For the first reducing operation, this is
OK. For the second one, if, say, [x1] € 1y, (a), then 21 = u + Jsa for some
u€lyand a € A. Hence T,(z1,...) =T,(u,...)+T(04a,...). So we can go on
with T, (u, ...) o; Ty(y1,...) and T,([x1],...) o; T,([y1], . ..), ommiting the vertex
vy decorated by u resp. [r1], but we also have to apply the reducing operations
to T,(0aa,...) 0; Ty(y1,...). As it turns out, this tree composition is a boundary
in A xB. We leave the details to the reader. O
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3.3 Operadic cohomology of algebras

3.3.1 Reminder

Let (R,0r) & (A,04) be dg-C-operad over (A,d4), ie. pis a dg-C-operad
morphism. Let (M, dy) be a dg-A-module. Define a k-module

Der’} (R, M)

consisting of all C-collection morphisms 6 : R — M of degree |§| = n in all
colours satisfying

0(r1 0 12) = 0(r1) off p(ra) + (—=1)1Ilp(ry) oF O(ry)
for any ri,7 € R and any 1 < i < ar(r;). Denote

Dery(R, M) := @ Der’y (R, M).

ne’

For 6 € Der4(R, M) homogeneous, let
08 == 00x — (—1)1910,6. (3.10)

Extending by linearity, the above formula defines a map 0 from the k-module

Ders(R, M).
3.3.1 Lemma. § maps derivations to derivations and 6 = 0.
Proof. The degree of § obviously equals —1 and
0%0 = (00r — (—=1)"0u0)0r — (—1)* 100 (0% — (—=1)"1OM0) =

= 00% — (=)0, 00r — (=1)1PH10,005 — (—1)IFH1HPI+1IH2 g —
=0.

The following computation shows that d maps derivations to derivations:
(660)(r1 0 m9) = 0 (9r1 0379 + (—1)I"Iry 0; Ory) +
— (—1)‘0@ (97"1 o; pra + (—1)'9‘“1',07"1 0; 07“2) =
= 007, o; pro + (= 1)U por o) Gry+-
+ (=1)"10ry o; pdry + (—=1)WHDIN oy o 0Or,+
— (=1)190r, o; pro — (=1)"10r, o; Dpro+
_ (—1)‘9“'“'“)8;)7’1 0; Ory — (—1)(|9|+1)|”|+|0|p7°1 0; O0ry =
= (00)r1 05 proy + (_1)‘69"“1'07“1 o; (60)ra
where we have ommited the subscripts of 0. O]

A particular example of this construction is

(R,0r) % (A, 04),
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a cofibrant [IT] resolution of a dg-C-operad A, and
M = (End g, O, )s
which is a dg-A-module via a dg-C-operad morphism
(A,04) = (End 4, Ocna,)

determining an A-algebra structure on a dg-k-module (A, 04) = @ .. (Ac, 0a,).
Let TC denote the suspension of a graded object C, that is (1C), := C,_;.
Analogously | denote the desuspension.

3.3.2 Definition.
(C*(A,A),0) =1 (Der‘*((R, Or),End ), 6) (3.11)
is called operadic cotangent complex of the A-algebra A and
H*(A,A) := H(C*(A, A),0)
is called operadic cohomology of A-algebra A.

The change of grading * — 1 — x is purely conventional. For example, if
A is the operad for associative algebras and R is its minimal resolution, under
our convention we recover the grading of the Hochschild complex for which the
bilinear cochains are of degree 1.

3.3.2 Algebras with derivation

Let A be a dg-C-operad. Consider a C-collection ® := k(¢.|c € C), such that ¢,
is of arity 1, degree 0 and the input and output colours are both c. Let © be the
ideal in A F (®) generated by all elements

ch o1& — Z QO Cbci (312)
i=1

forneNo,c,cl,...,cnECandaEA( . ) Denote

Clyeeey n

AxF (P
DA = (*Twaa'DA) )

where Op 4 is the derivation given by the formulas

Opa(a) :=0a(a), Opa(¢):=0

fora € A and c € C.

An algebra over DA is a pair (A, ¢), where A = @ . A. is an algebra over
A and ¢ is a derivation of A in the following sense: ¢ is a collection of degree 0
dg-maps ¢. : A. — A, such that

n

de(afay, ... a,)) = Za(al, ey O (@), an)

=1
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forozGA( ¢ )andajEch,lgjgn.

Clyeeey Cn
Given a free resolution

R = (F(X),0r) 2 (A,04), (3.13)

where X is a dg-C-collection, it is surprisingly easy to explicitly construct a free
resolution of (DA, dp4). Consider the free graded C-operad

DR =F(Xpda X),
where X := TX. We denote by z the element T2 € X corresponding to z € X.

To describe the differential, let s : F(X) — DR be a degree +1 derivation
determined by

s(z) ==z for x € X.

Then define a degree —1 derivation dpr : DR — DR by

Opr(x) = Or(x),
aDR(¢c) = 07 (314>

n
aDR@) = .01 T — Zx 0 Pc;, — 3(37%@‘
i=0
3.3.3 Convention. From now on we will assume
c
n € Ny, c,cl,...,anC,weX( )
Cly...,Cpn

whenever any of these symbols appears. We will usually omit the lower indices ¢
and ¢;’s for ¢.

3.3.4 Lemma. dpr’ = 0.

Proof. Using the notion of the tree compositions introduced in Section [3.2.2] let
872(37) = Zz n(xila e 7xznz)

Opr’(x) = Opr <¢ o] x — Zx 0; ¢ — s(@R(x))> =

=1

= gf) 04 aDR(I) — Z 6pn(x) 0 gb —+
j=1

— Opr (Zizeijﬂ((ﬁﬂ, s Tigy - ,xzm)>
-1

(]
If we assume ({3.2)), then ¢; = (—1)2{;11 l#al - The last application of dpg on the
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double sum can be rewritten as

ZZZ Z éijkTi(xil,...,GR(x,»k),...,ﬂ,...,wmi)+

i j=11<k<n;,

ki
+ZZT Ti1, 7¢Ol mljy ;xzm) +
n; ar(zgj)
_ZZ Z xzh ]Ok¢a7$znl)+
i j=1 k=1
_ZZT I’Ll,"' aR(ij>) 71’1’711-)7
where €, = €€ if k < j and €, = —¢;5€i if £ > j. The second and third lines

sum to

ar(T;)

Zgbol ity T, ZZszl,.. , Tin;) Of ¢ =

% i

=¢oy aDR Z aDR

while the first and last rows sum to

—sOpr (Z Ti(xa,--- 7$ml)) = —s0pr> =0

and this concludes the computation. O

From now on, we will refer by DR also to the dg-C-operad (DR, dpr). Define
a C-operad morphism ppr : DR — DA by

por () = pr(z),
Por(Pc) == P,
MDR(&) = O

3.3.5 Theorem. ppy is a free resolution of DA.

3.3.6 Example. Let’s see what we get for A := Ass =F (u) /(p 01 u {2 [4)

and its minimal resolution (see e.g. [12]) R := Asso = (F (X),0r) 25 (Ass, 0),
where

X = k<x2,x3, .. >

is the collection spanned by z" in arity n and degree |z"| = n — 2 and Oy is a
derivation differential given by

Z Z z+ (k+1)(G+1) 4 o 2

i+j=n+1 k=1
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and the quism pr : R = Ass, — Ass = A is given by
pr(2?) =, pr(z™) =0 for n > 3.
Then the associated operad with derivation is

Ass xF ()
(pop—por¢—posd)

where ® := k(¢) with ¢ a generator of arity 1. Its free resolution is

DA =

DR = (F(X©®® X),dpr) 225 (DA,0),
where the differential Opg is given by

aDR(ZL‘) = aR(ZL'),
Ipr(0) =0,

Opr (™) == ¢ oy 2" — an 0; ¢ _Z Z(_l)i+(k+1)(j+l)(£i o 7 + (_1)1'1,1' or gj)
i=1

itj=n+1 k=1

and the quism ppr by

por(7) == pr(7), ppr(d) :==¢, ppr(z)=0.

of Theorem[3.53.5. Obviously ppr has degree 0 and commutes with differentials
because of the relations in DA. Let’s abbreviate Opr =: 9. First we want to use
a spectral sequence to split & such that 9°, the 0" page part of 9, is nontrivial
only on the generators from X.

Let’s put an additional grading gr on the C'-collection X & ®® X of generators:

gr(z) = ||, er(¢) =1, gr(z):= |z|.

This induces a grading on DR determined by the requirement that the composi-
tion is of gr degree 0. Let

p

Sp ::@{ZEDR]gr(z):i}.

=0

Obviously OprS, C §,. Consider the spectral sequence E* associated to the
filtration
0 Fo b Foor o

of DR. On DA we have the trivial filtration
0—DA

and the associated spectral sequence E™*.

We will show that ppg induces quism (E*, ') = (E™,d"). Then we can use
the comparison theorem since both filtrations are obviously bounded below and
exhaustive (e.g. [19], page 126, Theorem 5.2.12, and page 135, Theorem 5.5.1).
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Then the 0% page satisfies E° = F (X @& ® ® X) and is equipped with the
derivation differential 9°:

ar(z)

() =0=0"¢.), 0(x)=dco1az— Z T 0 @,

i=1
Denote by © the ideal in F (X @ ®) generated by

ar(z)
¢eo01 X — Zwoi be, (3.15)

i=1
forallz € X ( y )) of arbitrary colours.

Clye-y Car(z

3.3.7 Sublemma.
F(X & ®)

£y
Once this sublemma is proved, 0! on E' 2 H,(E°,8°) = T892 will e given
by

H,(E°,0%) =

0'(x) = Or(z), 9'(¢c) =0. (3.16)

We immediately see that E"' = DA and it is equipped with the differential
0" = Op 4. To see that ppr' : B — E'™ induced by ppr is a quism, observe that
we can use the relations in DA to "move all the ¢’s to the bottom of the
tree compositions”, hence, denoting

' =T (®),

we have

DA Ao d.

The composition and the differential on A o @’ are transferred along this isomor-
phism from D.A. Similarly,

F(X®dP
FXSP) L ix)oa (3.17)
D
Under these quisms
ppr' becomes pr o 1y (3.18)

It remains to use the usual Kiinneth formula (3.3]) to finish the proof.

of Sublemma|3.3.1. Denote ¢* := ¢. 01 -+ 01 ¢. the m-fold composition of ¢..
Let
DR :=F (X ¢ )

and, for n > 0, let DR™ C DR be spanned by elements

U o1 x o (T1,. .., Tar(z)) and

(b;n 01 X0 (xla s 7$ar(x))
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forallz e X(, ¢  ),m>0,2; € DR"(%),1 <i < ar(z). In other words,

Clv"'vcar(:c)
DR =d' o (X ® X) o DR".
DR" is obviously closed under 8° and

DR’ — DR' — .. — colimDR" = DR,

where the colimit is taken in the category of dg-C'-collections.

Before we go further, we must make a short notational digression. Consider
a tree composition T(g1,...,gm) with ¢; € X U ® U X for 1 < i < m. Recall
the tree T" has vertices vy, . .., v,, decorated by g1, ..., g, (in that order). We say
that g; is in depth d in T'(¢1,...,9j, ..., gm) iff the shortest path from v; to the
root vertex passes through exactly d vertices (including v; and the root vertex)
decorated by elements of X LI X.

As an example, consider

g1
92 94
93

If g1,93,94 € X and g, € @, then gy, go are in depth 1 and g3, g4 are in depth 2.
Using the notion of depth, the definition of DR™ can be rephrased as follows:
DR" is spanned by T(g1,...,gm) with g; € X U® LU X 1 < < m, such that if
gj € X for some j, then g; is in depth < n in T(g1, ..., gm).
Consider the quotient Q" of F (X @ ®) by the ideal generated by elements

ar 33]

T(gla'--7gj—la¢c 0175 — Z X 1¢Cz7g]+17"'7gm)

for any tree T', any g1,...,9j-1,9j+1,---,9m € X U® and any z; € X in depth
<ninT(g1,...,9j-1,%j, Gj41,---,9m). Lhere are obvious projections

F (X &)
—

To see the last isomorphism, observe that we can use the relations defining Q"
to "move” the ¢.’s in tree compositions so that they are all in depth > n or in
positions such that their inputs are leaves, then use (3.17)).

For example, consider the following computation in Q?, where the black ver-
tices are decorated by X and white vertices by ®

S
A AR ALK

Notice that we can’t get the white vertices any deeper in Q2.

FIX®®)=0"+ Q' = .- — colim Q" &
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In particular,
Q"> X o Q" (3.19)
Obviously
H.(DR, %) 2 Q°

and we claim that
H,(DR",d") = Q"

for n > 1. Suppose the claim holds for n and we prove it for n + 1. The idea is
to use a spectral sequence to get rid of the last sum in the formula

80<¢7Cn c01xo (mh cee 7xar(x))> =

¢£n+1 01T 0 ('rla s 7$ar(z)) +
ar(z)

_Z¢molxoi¢o(xla"w:[;ar(m)) +
=1

ar(x) _
=D Y ()R o w0 (@, D), Tt
i=1
Consider the spectral sequence E% on DR™ associated to the filtration
00— &y — & — .- DR",
where &, is spanned by
qu 0190° (xla cee 7xar(x))

forallm > 0,9 € XX, ; € DR and S |2;| < k. Obviously 8° : & — &;.
We will use the comparison theorem for the obvious projection

DRn-‘rl g Qn+1.

We consider the zero differential on Q"*1. It is easily seen that prd° = 0, hence pr
is dg-C-collection morphism. We equip Q! with the trivial filtration 0 < Q"1
and consider the associated spectral sequence E'%*. Again, both filtrations are
bounded below and exhaustive.

On the 0% page E% =2 DR™ | the differential 9°° has the desired form:

800(¢m 01 X0 (xlv cee Jxar(m))) -
ar(z)
¢70n+1 c01xo (xh s 7xar(m)) - Z ¢m 01 X 94 (b o (xb < 7xar(m))
=1

and 9% is zero on other elements. For this differential 0%, it is (at last!) clear
how its kernel looks (compare to 3°), namely Ker 9 = F (X @ ®) o DR". Hence

H.(E",0") = X o DR".
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This is E%' and the differential 9°! is equal to the restriction of &° onto X o DR™.
For E"* everything is trivial, £/ = Q! and §°' = 0.
Then pr! : E% — £ induced by pr is quism, because

H(E",0")~ X o H(DR",8°) =2 X o Q" = Q"

where the first isomorphism follows from the usual Kiinneth formula , the
second one follows from the induction hypothesis and the last one was already
observed in (3.19)).

This concludes the proof of the claim H,(DR",d°) = Q". Finally

F(Xod
H,(DR,8°) = H,(colim DR") 2 colim H,(DR")  colim Q" = %
proves Sublemma [3.3.7] O

Now that the sublemma is proved, we easily go through all the isomorphisms

to check (3.16]) and (3.18)). O

3.3.3 Augmented cotangent complex

Let
(.A, aA) ﬂ> (5ndA, agndA)

be an A-algebra structure on A. We begin by extracting the operadic cohomology
from DR. Let F (X & ® & X) — A be the dg-C-operad morphism which equals
pr on X and vanishes on the other generators. Hence DR = F (X @ ¢ © X)) is
a dg-C-operad over A.

For M one of the subsets X, X & ®, X & X of DR define

Dery (DR, End4) := {0 € Der (DR, End4) | Ym € M 6(m) =0}. (3.20)
We will abbreviate this by Der™. Let ¢ be the differential on Der™ defined by
560 := 00pr — (—1)"19gpq 6.
A check similar to that for (3.10|) verifies this is well defined. Obviously
Der® = Der*®* @ Der*®? .

Recall we assume the dg-k-module A is graded by the colours, that is A =
@D.cc Ac. Hence we have

DerX@X = HomC—coll.(q)a gndA) = @ HOHlk(Ac; Ac)
ceC

Importantly, Der*®® is closed under 0.

3.3.8 Lemma. .
(Der™®® §) = | (Ders(R,End ), )

as dg-k-modules.
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Proof. Recall | § = —§. Define a degree +1 map

Der¥®® 11, = Dery(R,End 4)

by the formula
(f10))(z) == 0'(z) for @ € Der™®?®.

Its inverse, fy of degree —1, is defined for 6 € Der 4(R, End.4) by the formulas
(f20)(a) = 0= (f20)(¢), (fob)(z)="0(x).
Obviously fofs = 1 and fyfs = 1 and it remains to check f,3 = —3 /.
(f1(86"))(x) = (80')(z) = 0'(Bpra) — (—1)"1Dena, (0'(2)),
(=8(£10)) () = —=(/16)(Orx) + (=111 Dgq, ((f16') ().
Now we check 8 (Apra) = —(f16) (). Let O = S Ty, - . on.).

0 (Oprz) =0/ (90w — Zwoj ¢ — s(0ra)) =

= —0/(s ZT Tity ..o Tin,)) =

__Q/ZZEW le,...,ﬁ,“'7xini)):
= — Z Z H_‘6,|CT pR 1711) el(ﬂ)a SR 7pR(xini))7
~(110')(Orw) = ——Z " Tilpr(@a). . () (@y), -, pr(@in)),

where we have denoted ¢;; := (—1)23{;11 lzal, O
3.3.9 Definition. We call

C*. (A, A) := ((Der¥)~*,3)

aug

augmented operadic cotangent complex of A and its cohomology

H:, (A A) = H*(CF, (A, A),0)

aug aug

augmented operadic cohomology of A.

An interpretation of the augmentation (Der*®X)=* 2 (Der¥®®)=* o C*(4, A)
of the usual cotangent complex C*(A, A) is via infinitesimal automorphisms of
the A-algebra structure on A. This suggests a relation between H;, (A, A) and
H*(A, A). It is best seen in an example:

3.3.10 Example. Continuing Example|3.3.6] let A be k-module with a structure
of an associative algebra, that is

Ass 2 End y.
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We have
C% (A, A) = Der*®* = Homy (A, A),

aug
Cgug(Aa A) = (DerX@q))in = Homecoll. (K, SndA)’" =
= HomC—coll. (ln, gndA) = g’ﬂdA(TL + 1) = Homk(A@mH, A)

and, for f € C7, (A, A),

Of = (=1)"™pos f+ )y (1" fopput o f. (3.21)

k=1
So the augmented cotangent complex is the Hochschild complex without the term
C~1(A, A) = Homy(k, A) = A, while the ordinary cotangent complex would be
additionally missing C°(A, A):

COA, A) D CM (A, A) D C2(A,4) S -

J/

C*(AA)

(. J
~~

Cruo(AA)

aug

To generalize the conclusion of the example, recall from [14] that T'J-grading
on a free resolution R = (F(X),9) & (A,0) is induced by a grading X =
D,~o X" on the C-collection of generators, denoted by upper indices, R, and
satisfying

1. Omaps X' to F <@j<in>’

2. Hy(R*,0) Ho—(p)> A is an isomorphism of graded C-operads.

If we have a T'J-graded resolution R, we can replace the usual grading by the T'.J-
grading and we let Der4(R,End )" be the k-module of derivations R — End 4
vanishing on all X7’s except for j =i and let 7/C*(A, A) := T(Der4(R,End 4)*,d)
and TH*(A, A) := H*(T7C*(A, A)). In case A is concentrated in degree 0, the
usual grading is T'J and we get the same result as in (3.11), i.e. C*(A,A) =
TIC*(A, A) and we can forget about the superscripts T'.J everywhere.

For a T'J-graded R, we can also equip C%, (A, A) with similar T'J-grading

aug

0, ,(A, A) as above. On this matter we just remark that ¢ is placed in T'J-
degree 0 and leave the details for the interested reader. Finally, the following is

obvious:

3.3.11 Theorem. 1. 7/C" (A, A) =0 forn < —1,

aug

2. 7700 (A, A) = Der®% = Homy (A, A),

aug

3. "7H! (A, A) & k-module of formal infinitesimal deformations of the A-

aug
algebra structure on A modulo infinitesimal automorphisms,

4. T7H (A A) 2 TTH™ (A A) for n > 2.

aug
Notice that the unaugmented operadic cohomology T7/H'(A, A) is the k-
module of formal infinitesimal deformations of the A-algebra structure on A,
but the infinitesimal automorphisms are not considered.
Hence the distinction between H*(A, A) and H};, (A, A) is inessential and we
will usually not distinguish these two.
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3.3.4 Intermediate resolution of DA
Now we construct an intermediate step in the resolution of Theorem |3.3.5¢

~

DR DA
PDR

ju c
f &
DR

Intuitively, ¢ should "unresolve” the part of DR corresponding to the A-algebra
operations and do nothing in the part corresponding to the derivation ¢. Let

DR = (A+F (2 ® X), 0p)
We first define ¢ to be the composite
DPR=F(X@®d®X)2F(X)+F(daX) 25 A«F (d @ X) = DR
then Opz is the derivation defined by

Opr(a) :== Opala) = dala),
Opr(de) =0, (3.22)
Opr(x) = 1(Opr).

Now we check tOpr = Oppt and this will immediately imply 812)77% =0:

LOpr(z) = 10r(x) = prOR(T) = Dapr (%),
Oprt(x) = Oprpr(z) = Opapr(z) = dapr()

and similar claim for x is an immediate consequence of definitions.
Finally, let ppz be the C-operad morphism defined by

ppr(a) = a,
Ppr(Pe) = e, (3.23)
por(z) == 0.

3.3.12 Lemma. pp5 is dg-C-operad morphism.
Proof. We only have to check ppr0pz(z) = 0:
Pﬁaﬁ(l) = PDRY (cbc o1 — z’"‘:x 0 ey — S(aRx)) =
i=0
= ¢ 01 pr(T) — iPR(x) 0; Pe;-
=0
The third term in the bracket vanishes since tsog(x) is a sum of compositions

each of which contains a generator from X and ppp vanishes on X. The above
expression vanishes because if pr (x) # 0, then it is precisely the relator (3.12)). O
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3.3.13 Lemma. ¢ is a quism.

Proof. We notice that DR is close to be the 1% term of a spectral sequence
computing homology of DR. Now we make this idea precise.
Consider a new grading gr on DR:

gr(z) == 0=:gr(9), er(z):= |zl

and its associated filtration

P
Sp::@{ZEDR|gr(z):i},
=0
0—=%Fo—=F1—=-, OprSp C3Bp

and its associated spectral sequence (E*,0*). There is an analogous spectral
sequence (E™*,0™) on DR given by the grading

gr'(a) :==0=:gr'(¢), gr'(z):= |zl

Since both filtrations are bounded below and exhaustive, we can use the compar-
ison theorem.

We have E° ~ F (X & ® @ X). Recalling the formulas (3.14)), we immediately
see that 9° on E° is the derivation differential given by

Pr = ogx, 0% =0=0".

Hence E' = H,(E° 0°) = H(F (X)) * H (F (?® X)) & AxF (® @ X) by the
Kiinneth formula for a free product of dg-C-operads, see Lemma [3.2.4] Similarly
E" > AxF (¢ @ X).

Understanding the differentials 9* and 9! on the 1%t pages as well as the in-
duced dg-C-collection morphism ¢! is easy (though notationally difficult - observe
O'x is not 1(Oprx) in general!) and we immediately see that ¢! is an isomorphism
of dg-C-collections. O]

3.3.14 Corollary. ppz is a resolution of DA.
3.3.15 Example. Let’s continue Example and make DR explicit:

DR = (AssxF (¢ & X), 0pr),

Opr(a) =0 =: Opz(9),
Opr(a®) == ¢opu—poi¢— oy,
Opr

n—1

(zn) — _(_1>nlu 0y znfl _ Z(_1>n7k£nfl Op [l — JL O anl
k=1

for n > 3. The last formula is reminiscent to the one for the Hochschild differen-
tial. We will make this point precise in Section |3.3.5|
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3.3.5 From operads to operadic modules

Associated to the operad DA = (A F (®))/D is the dg-(.A, d4)-module

A ()

MDA = <m

) aMD.A) ’

where © N A (®) is the sub-A-module of A (®) generated by the relators (3.12))
and drp4 is a dg-A-module morphism given by Oypa¢ = 0.
Associated to DR = (AxF (® ® X), d57) is the dg-A-module

MDR := (A2 D X),0p7)

where 0,57 is a A-module morphism given by the same formulas as Opg.
We emphasize that this makes sense because A(® & X) C AxF (& & X), the
dg-A-module structure is induced by the operadic composition and Opz maps
A(® @ X) into itself!

Associated to the dg-C-operad morphism psz : DR — DA is the dg-A-
module morphism

again defined by the formulas (3.23) as p\p%-

3.3.16 Lemma. p, 77 is a quism.

Proof. Let G, be the sub-C-collection of DR = A*F (® @ X) spanned by the
compositions containing precisely p generators from ® ® X, ie. Go = A, G =

A(P @ X) and
DR=PG,
p=>0
We have analogous grading A*F (®) = P, G, Let pr: AxF (®) — DA be
the natural projection. Since relators (3.12)) are homogeneous with respect to this
grading, G := pr G, defines a grading

DA=Pa).

p=>0

Observe Gj = A and G = MDA. By definitions, p5rG, C G}, hence prx
decomposes as a sum of ppr? 1 G, — Gj. The above direct sums are in fact
direct sums of sub-dg-C-collections, ppz is a quism by Corollary [3.3.14] hence all
the ppxr?’s are quisms, especially ppr' = p v pr- O

Now we formalize the statement : MDR contains all the information needed
to construct the operadic cohomology for A-algebras.

First observe that £nd4 is naturally a dg-.A-module. Let § be the differential
on Homgg 4 med(MDR, End 4) defined by the formula

30 = QéMﬁ - (—1)|0|agndA9
similar to (3.10)).
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3.3.17 Lemma.

(O* (A7 A), 3) = (Homdg—A—mod (Mﬁ, gndA)a 3)

aug
as dg-k-modules.

Proof. On the level of k-modules, we have

Crg(A,A) =Der® = {# € Dera(F (X @ ® X),Endy) |Vr € X O(x) =0} =
= Homgg—c—con. (P @ X, Endy)

by the defining property of derivations and
Homdg—A—mod (A <(I) @ X> ’ gndA) = Homdg—C—coll. ((I) % X? gndA)

by the freeness of A (P @& X).
The differentials are clearly preserved under the above isomorphism. O

The nice thing is that we have now all the information needed to construct
the cohomology for A-algebras encoded in terms of the abelian category of dg-.A-
modules. Hence

3.3.18 Theorem.

Hy, (A A) =2 H,(Homyg) 4 0q(MDR,Endy),0) =
In particular, since the homotopy theory in abelian categories is well known
and simple, it is immediate that Extag 4 -moda and hence H;, (A, A) doesn’t de-

pend on the choice of a projective resolution of MDA and consequently doesn’t
depend on the choice of the free resolution R — A in ([3.13)).
PR

The main advantage of the above expression is that in order to construct
cohomology for A-algebras, we don’t need to find a free (or cofibrant) resolution
R = A in the category of dg-C-operads, but it suffices to find a projective
resolution of MDA in the category of dg-A-modules, which is certainly easier.

3.3.19 Example. Let’s continue Example |3.3.15}

Ass (@)
(@op—pord—pord)

and we have the following explicit description of MDR:
MDR := (Ass <k<¢1, O, %, .. >> , O dR)s

where ¢! := ¢ and ¢" := 2", for n > 2, is of degree n — 1 and the differential is
given by

MDA =

a/\/lﬁ(gﬁl) =0,
n—1

Oppr(0") = —(=1)"pog ¢"H = (=1)"F¢" o pr— proy ¢
=1
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Lemma states that MDR 2428 MDA is a free resolution in the category
of Ass-modules.

Notice the similarity to the Hochschild complex. This suggests that if we
know a complex computing a cohomology for A-algebras (in this case Hochschild
complex) we can read off a candidate for the free resolution of MDA (in this case
we already know a resolution MDA, namely MDR, but this was constructed
from the operadic resolution R, which is not generally available). If we can prove
that this candidate is indeed a resolution, we get that the cohomology in question
is isomorphic to the augmented operadic cohomology.

We demonstrate this by constructing a cohomology for diagrams of associative
algebras and proving that the (augmented) cotangent complex coincides with that
defined by Gerstenhaber and Schack [5].

On the other hand, in the process of constructing MDR we have discarded
much information present in R. Namely R can be used to define an L., structure
on C*(A, A) governing formal deformations of A (see [13]), which is no longer
possible using MDR (or any other resolution of MD.A) only.

3.4 (Gerstenhaber-Schack diagram cohomology
is operadic cohomology

3.4.1 Operad for diagrams

Let C be a small category. For a morphism f of C, let I(f) be its source (Input)
and O(f) its target (Output). Consider the following nerve construction on C:

U :{(<f—<f—) € Hom " | O(f,) = I(fs1) forlgign—l}

for n > 1. For o = <<—fl <£>, let |o| == n, let I(0) := I(f1) and O(0) :=
O(f.). The face maps X" — X! are given by ¢ + o;, where

0; = (&M&) for1 <i<n—1,

Denote XY the set of objects of C and for o € X% let I(0) = O(c) = ¢. Finally
let -
DES
n=0

and denote X2 =3 — 30,
Let C be the operadic version of C, that is

C = k(x1).

This can be seen as a X’-operad, where each f € ¥! is an element of C ((I)((]{C))) and
the operadic composition is induced by the categorical composition.
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A (C-shaped) diagram (of associative algebras) is a functor
D : C — Ass-algebras.

Now we describe a Y°-operad A such that A-algebras are precisely C-shaped

diagrams:
(keesoAss.) xC

I Y
where Ass. is a copy of Ass concentrated in colour ¢, its generating element is
e € Ass. (CCC) and Z is the ideal generated by

A=

fotre) —towy o (f,f) forall feXl

It should be clear now that the functor D is essentially the same thing as -
operad morphism A — End 4, where A = @50 D(c).
The associated module of Section [3.3.5] is

A(Deexo 2c)
MDA = ceX
o2nA <®c€20 (I)C>

where . = k{(¢.), ¢. being an element of colour (z) and of degree 0, and the
submodule in the denominator is generated by

¢COMC_M001 QSC_/JLCOQQSC)
bopy o f — fo iy

for all ¢ € XY and all f € C (equivalently f € X'). We seek a free resolution
(MR,0) = (MDA,0) to use Theorem [3.3.18, Before constructing MR, let’s

recall the Gerstenhaber-Schack diagram cohomology. As we have seen in Example

3.3.19] this gives us a candidate for MR.

3.4.2 Gerstenhaber-Schack diagram cohomology

We adapt the notation from the original source [5]. Originally, the diagram D
was restricted to be a poset, but this is unnecessary. Also, instead of associative
algebras, one may consider any other type of algebras for which a convenient
cohomology is known (e.g. Lie algebras, [0]). In this paper we stick to associative
algebras, but we believe that other types can be handled in a similar way.

fo

For o € X% denote o :=1,. For 0 = (¢~ - -- &) € 3P, denote
a:=fp---fr: D((0)) = D(O(0))

the composition along ¢. This algebra morphisms makes D(O(0)) a D(I(0))-
bimodule. For p,q > 0 let

Ce4(D, D) := ] Cloa(D(I(0)), D(O(0))),

where Cf_ . (D(I(0)), D(0(0))) = Homg(D(I(0))®1™, D(O(0))) are the usual
Hochschild cochains. We usually abbreviate C5¢ := C&4(D, D). There are ver-
tical and horizontal differentials oy : CZd — ng+1 and oy : CGL — ngl’q.
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To write them down, let o = (@ &) € Y and for 7 € ¥P let pr,

[Liesr Clioan (DU (X)), D(O(N))) = Ciloe,(D(I(7)), D(O(7))) be the projection
onto the 7 component of C%Z. Let dgoen be the usual Hochschild differential, see

(3.21). Finally, for # € C%E, let
P H 5Hocha (324)

oe¥P
p
pra((sH‘g) = (_1>p+1(pr00 0) © (fla SR fl) + Zl(_l)p—i-l—l Pr,, 0 +
qg—times =
+ fpr1 0 (Prg,,, 0). (3.25)

It is easy to see that (Cgg, dv,0y) is a bicomplex. The Gerstenhaber-Schack
cohomology is defined to be the cohomology of the totalization of this bicomplex,

His(D. D) = H*( @) CL4D. D), by +b).

ptg=x

Notice that we have restricted ourselves to the Hochschild complex without
Cpl, as in Example . Also we consider only the cohomology of D with
coefficients in itself as this is the case of interest in the formal deformation theory.
The general coefficients can be handled using trivial (operadic) extensions.

3.4.3 Resolution of MDA
The preceding section gives us the following candidate for MR:

= <A<§2<I>U@Xg>,a>,

where ®, := k(¢p,) with ¢, of colours ((I)((g))) and of degree |¢,| := |o| and X, :=

Mel+1X is placed in output colour O(¢) and input colours I(c), X being the
collection of generators of the minimal resolution of Ass as in Example [3.3.6
The element of X, corresponding to x € X will be denoted by z,, hence |z’ | =
i — 1+ |o|. To define the differential d in an economic way, denote x! := ¢, for
o € X% and let

pre(¢,) =0, pre(Ii) = xi_l for i > 2,

and extend linearly to the generators of MR. Further, let’s accept the convention
that for o € X9, the symbol z,, stands for zero. Then

Axo) == (=1) [ (=) uo) o (o, pre(z,)) +

ar(z)—1
+ ) (=D pre(,) oitr(e) + o) © (pre(w,), o) | +

=1

o] -1
+( )|U\x00 (fla-"af1)+ Z( 1)|U| Lo +f| |ox‘7\0|
=1

(ar(z))-times
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for any o € X. Observe that the first part of the above formula corresponds to the
vertical differential (3.24]) and the second part corresponds to the the horizontal
differential (3.25) in C¢ (D, D). Then it is easily seen that

(Homdg—A—mod (MR7 gnd@cezo D(c) )7 6)

with §(—) := — 0 0 is, as a dg-k-module, isomorphic to the Gerstenhaber-Schack
complex. Once we prove that MR is a resolution of MDA, we will have, by
Theorem |3.3.18],

3.4.1 Theorem. Gerstenhaber-Schack diagram cohomology Hf¢(D, D) is iso-
morphic to the augmented operadic cohomology H?, (D, D).

aug

To prove that MR is a resolution of MDA we introduce the dg-A-module
morphism p : (MR,0) = (MDA,0) given by the formulas

o ={ o 1S
p(xy) :=0.
Indeed, it is easy to check that pd = 0. It remains to prove
3.4.2 Lemma. p is a quism.
Proof. is basically a reduction to the following two cases:
1. Cis a single object with no morphism except for the identity (Lemma|3.4.3]),

2. C is arbitrary, but each D(c), ¢ € X9, is the trivial algebra k with zero
multiplication (Lemma |3.4.4]).

We first give a general overview of the proof and postpone technicalities to sub-
sequent lemmas.
Consider a new grading on MR given by

gr(zy) = |o] =: gr(ds)

and the usual requirement that the composition is of degree 0. Then we have the
associated filtration

n

Sn :z@{xEMngr(fE)zi},

0—=Fo—=F1—=-, 05 CTi

and the spectral sequence (E*, 9*) which is convergent as the filtration is bounded
below and exhaustive.
Obviously E° = MR and 3° is the derivation differential given by

O (z,) = (-1 | (=1)" o) © (g, pre(z,)) + (3.26)

ar(z)—1

+ Z (=)= pre(z,) ostr(o) + Ho(o) © (Pre(zy),a) | |

i=1

8°(¢s) = 0.
Now H,(E°,0°) = @, 5 H.(A (P, ® X,),0") and we use
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3.4.3 Lemma.
A(®,)

H,(A(D, ® X,),0") = >

where 3, is the submodule generated by

HO(a) © (Q, (ba) + Ho(o) © ((bcr;g) - ¢U O Ur(o)- (327)

This lemma implies

‘A <®O’€E (I)U>
69062 ©U ’
lo|—1

81(¢0> = (_1)‘0%00 ofi+ Z (_1>|U|7i¢oi + f\0| © ¢”\(r|' (3'28)

1%

El

Denote @y, := P, .. P, and write the nominator in the form
.A<(I)2> = .AO/ (I,q)z OA)

Here we used the infinitesimal composition product (3.1)). Because of the relations
fourg — oo (f, f) in Aforall fe Y1, we have

A= (@D Assc)oC (3.29)

cexo

and hence
A(Dy) = A (I, P50 (P Ass) o C).

cex0

But we are interested in the quotient E' of A (®x) and the corresponding relations

(3-27) give us
E' = Ad (I,0500).

Now we use (3.29)) again to obtain

E'x~ (@ Ass.) o' (C,C o Py 0C).

cex0

Notice that C o @y, 0 C = C (Py). Since §' is nontrivial only on @y, and C (Py) is
closed under 9, to understand H,(E", ') using the usual Kiinneth formula, we
only have to compute

3.4.4 Lemma.
o~ C <®CEEO q)c>

H(C (@) 0" = P20 el

where ©’ is the submodule generated by

Jo b1y — doc o f (3.30)

for all f e€C.
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Then, tracking back all the above isomorphisms, we get

~ A <@C€EO (PC>
- QN ’

where D" is the submodule generated by relators (3.27)) for o € X° and all (3.30))’s.
Hence E? =2 MDA and this is concentrated in degree 0, the spectral sequence
collapses and this concludes the proof of Lemma [3.4.2] O

of Lemma[3.4.3. We have already seen in Example [3.3.19 that for ¢ € X° the

restriction of p,

E*=~ 0, (E' 0"

(Asse (e ® X.),0°) & A“:S‘ﬁ’—@, (3.31)

is a quism, where J. is the submodule generated by (3.27) for o = ¢. We will
reduce our problem to this case. Let

Ma' = ASSO(O’) O/ <k<g> y (@o— EB Xa') o ASS](U)).

This is in fact a sub-X’-collection of A (®, & X,). An easy computation shows
that it is closed under 9°. It will play a role similar to Ass. (®. @& X,.) above:

3.4.5 Sublemma. There is an isomorphism
(M, %) =l (Assc (P, ® X,) ,80)
of dg-collections (we ignore the colours!). This induces an isomorphism
ASSO(U) o (k;(g> , (I)g @) ASS[(U))
Jo
of 3% collections (compare to the right-hand side of (3.31))), where the quotient
by J, expresses the fact that ¢, behaves like a derivation with respect to o)

and p) in M,. The relators in J, are analogous to (3.27)), namely J, is sub-
¥:%-collection of M, consisting of elements

12

H, (Mg, 0%

(@0(e) i (HO(@) ©1 GO(e))) Ot araty (Ts Po © A7)+
+(a0(e) i (H0(0) ©2 G () O (T, Po © Gp(p))+
—a0(e) O (T, Go © f1(0) © (Al (g), AT ()
for all a,a',a® € Ass and 1 < i < ar(a).
of Sublemma[3.4.5 There is a morphism 1) of collections

a0(0) 0 (0, g © (ag (g, - - - ,a?i((j;))) — ac ) (1, .0 (al, ..., a™@))

for v € X (or x = ¢) and a,a',a?, ... € Ass. 1 is obviously an isomorphism of
degree —|o|. The differential on the suspension is (—1)?10°, hence we must verify

$o = (=1)19".
This is immediate by the formula (3.26]) defining 8°. O
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Using the relations f o p) — pocp o (f, f) in A for f € X, every element
a € A(®, B X,) can be written in the form

G = Q¢op Om (amod © (Cla cee 7Car(amod)>> (332)

for some aip € A, m €N, toa € M, and ¢y, co,... € C. We want to make this
is expression as close to being unique as possible. We will require:

If a;op can be written in the form

trop = a' o (fo() © (a”, Lo()))  Or  aiep = @' 0% (Ho(o) © (10(0), a"))

for some d’,a"” € A, 1 < k < ar(ad’) satisfying m = k + ar(a”) resp.
m =k, then po(y) © (a", Gmod) T€SP. LO(s) © (Amod, a”) can’t be written
as an element of M, oC.

It is easily seen that the above requirement can be met for any a so assume
it holds in the above expression . It is easy to see that this determines a;,
and a,,,¢ uniquely up to scalar multiples. The elements ¢y, ¢, ... € C are however
not unique as the following example shows:

Let z € X and let f, g1, g2 € C be such that fg; = fgo, hence

a = zo(p) ° (fg1,05) = zo(p) © (f 92, &y)

In "the canonical” form (3.32)), @mea = To(y) © (f, ¢5), however ¢; is either g; or
go, in pictures:

So far we have shown that there are, for m > 1, X%-collections AXP (whose
description is implicit in the above discussion) such that there is a ¥%-collection
isomorphism

A<<I>U®XU)( ¢ >g (3.33)
Ciy...,CN

P A ‘ Je (M=) (0 ),
e, \ety e Cmet, dy Contny - -+, CN £ Cm -« Citn—1
dex®

where £ is the sub-X-collection of M, o C describing the non-uniqueness men-
tioned above. More precisely, it consists of elements

(b O;“L (Q, T o (bla s 7bar(1’)))) O(fh LR far(amod))

(. /
-~

Amod

for all apoq € My, f1,[f2,... € C satisfying that for some 1 < i < n—1 or
n + Z?r:(f) ar(b;) < i < ar(@meq) we have af; = 0. The condition ¢ f; = 0 means
that f; = f — g (up to a scalar multiple) for some f,g € X! and of = gg.
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At this point we suggest the reader to go through the above discussion in
the case 0| = 0 as many things simplify substantially, e.g. £ = 0 and we are
essentially done by applying the usual Kiinneth formula to and then using
Sublemma [3.4.5] which shows

(.ASSO(U) o (k<g> ,(I)U o] ASS[(U))) oC

Yo

H. (M, o0C, = (3.34)

where J/ is an analogue of J, above. For general o, we have to get rid of the
quotient:

3.4.6 Sublemma.

H, (M” °c ao) - (Assoi0) o (I, 0 Assy()) oC

2 3// )

where again J7 is the corresponding analogue of J,.

of Sublemma[3.4.0. Denote

pr MUOC
£

MyoC — =Q

the natural projection. The differential 9, on @ inherited from A (®, ® X,) is
given, for a € @), by
dpa = prd’a,

where & € M,, o C denotes any element such that pra = a.
By (3.34)), to prove the sublemma it suffices to show

1. prKerd° = Ker 92,
2. prim9° = Im@%.

For 1., let a € Q, 8%@ = 0 and we will show there is 5 € M, o C satisfying
9’8 =0and prfB =a. Let pra = a and let

s % % 7
Q= § :amodo (a’lv‘ o 7aar(ai ))

mod

i€l
for some index set I, a;,,y € M, and a} € C,i € I and 1 < j < ar(aj,,,), such
that any two ordered ar(al,,,)-tuples (ai,... ot Od)) are distinct for any two

distinet ¢’s. Let I; C I be the set of ¢’s such that 9%’ , =0 and let I := I — I.
By our assumption, prd°@ = dja = 0, hence

06 =3 (a0 (af, . aly, )EL
i€l

Thus for every i there is j such that ¢ o a} = 0 (by the definition of £). Because

0 ) 79 7 i %
d” doesn’t change aj’s, we get > ;. ay.q° (aj, ... ’aar(afmd)) € £ and we set

5 = Z afnod e} (ai, . ,a;r(aand)).
el
Then obviously 9°4 = 0 and o = pr 3, so we have obtained prKerd° D Ker dp.
The opposite inclusion is obvious. Also 2. is easy. O]

83



Now apply the sublemma to (3.33)). This concludes the proof of Lemma
B.43 O

of Lemma[3.4.4 This is just a straightforward application of Lemma to
operad A := C and its bar-cobar resolution R := QBC (e.g. [18]). To see this,
recall that QBC is a quasi-free YX°-operad generated by X%-collection k’<221>,
where the degree of o € ¥.21 is |o| — 1. The derivation differential is given by

[y

n—

AL W I U O N A o LRt BT
=1
n—1 . .
+Z(_1)n—i(<ﬁ...<ﬂ...@lz,
=1 e

(o4

The projection QBC 2% QOB!C 2 C onto the sub-X%-collection consisting of single
generators is a quism.

Then MDR of Lemma m is
MDQBC: <A<@ Cbc@ @ (I)U>78MDQBC) ?
cex0 ocex>1

where all the symbols have the same meaning as in the previous parts of this paper
and it is easily checked that the differential is given by the formula (3.28). This
resolves MDC, which is readily seen to be the right-hand side in the statement
of Lemma [3.4.4] O
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4. On resolutions of diagrams of
algebras

Abstract

We prove a restricted version of a conjecture by M. Markl made in [7] on
resolutions of an operad describing diagrams of algebras. We discuss a particular
case related to the Gerstenhaber-Schack diagram cohomology.

4.1 Introduction

As explained in [9], the operadic cohomology gives a systematic way of construct-
ing cohomology theories for algebras over an operad P. The corresponding defor-
mation complex carries an L..-structure describing deformations of P-algebras.
To make this explicit, one has to find a free resolution of P.

In particular, we can apply this to the coloured operad Ac describing a C-
shaped diagram of A-algebras. An important particular case is C consisting of a
single morphism. This is discussed in [7],[3] and also, indirectly, in the definition
of (weak) A, and L., morphisms. More complicated categories C received very
little attention. In [7], M. Markl discussed examples leading to the notions of
homotopy of A-algebra morphisms and homotopy isomorphism of A-algebras.
In the end of the paper, a conjecture partially describing resolutions of Ac for
any A and C appears. In particular, it settles the question of the existence of the
minimal resolution of Ac. We discuss this conjecture and prove it in the restricted
case of A being a Koszul operad with generating operations concentrated in a
single arity and degree, see the main Theorem

The idea is to glue together a minimal resolution of A and any cofibrant
free resolution of C. The generators of the resulting resolution D, are described
explicitly as well as the principal part of the differential 0. To state the theorem
precisely requires some preliminary work.

First, we discuss operadic resolutions C., of categories. The operads in ques-
tion are concentrated in arity 1, hence this is just a “coloured” version of clas-
sical homological algebra. We deal with maps [—], : Cx — CZ" with certain
prescribed properties. These are needed to construct the principal part of 9. We
show that these maps are induced by certain coproducts on C.,, thus relating
them to (coloured) dg bialgebra structures on Cu.

The proof of the main theorem follows the ideas of M. Markl from [7]. It is
necessarily more complicated technically and we discuss it in detail in a separate
section. We find it convenient to recall some technical results of coloured operad
theory, namely a version of the Kiinneth formula for the composition product o,
which is very useful for homological computations. Hence we spend some time
in the initial part of the paper explaining basics, though we expect the reader is
already familiar with coloured operads.

The case C, being the bar-cobar resolution is particularly interesting. Here,
Cs has a topological flavour, it is completely explicit and we even make [—]
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explicit. The resulting resolution D, conjecturally gives rise to the Gerstenhaber-
Schack complex for diagram cohomology [4].
Finally, let me thank Martin Markl for many useful discussions.
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In Section [4.2] we briefly recall basic notions of coloured operad theory. We
focus on the interplay between the colours and ¥ action. We prove a version of the
Kiinneth formula in Section [£.2.2] It computes the homology of the composition
product.

In Section [4.3], we prepare necessary notions to formulate the main theorem.
In Section |4.3.1, we discuss operadic resolutions of categories and give several
examples. In Section[4.3.2] we introduce [—J,, maps, certain combinatorial struc-
tures on the resolution of the category. We prove that these maps always exist
and recall some examples from the literature. We show that [—],’s are induced
by [—]2, which is a certain coproduct on the resolution. In Section [4.3.3] we ex-
plain how diagrams of algebras are described by coloured operads and show that
this construction is functorial and quism-preserving. Section contains the
statement of the main theorem and compares it to the conjecture by M. Markl.

In Section [4.4] the main theorem is proved. In Section[4.4.2] we try to explain
the structure of the proof and to point out the places where an improvement might
be possible.

In Section we recall the bar-cobar resolution of the category, then we
make [—],,’s explicit by endowing the resolution with a (coloured) bialgebra struc-
ture. Finally, we discuss the conjectural relation to Gerstenhaber-Schack diagram
cohomology.
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4.2 Basics

4.2.1 Conventions and reminder

We will use the following notations and conventions:
e Nj is the set of natural numbers including 0.
e [ is a fixed field of characteristics 0.
e k(S) is the k-linear span of the set S.
e ® always means tensor product over k.
e ), is the permutation group on n elements.
e I/ denotes a set (of ColoursED.
e ar(x) is arity of the object x, whatever x is.

e Vector spaces over k are called k-modules, chain complexes of vector spaces
over k with differential of degree —1 are called dg-k-modules and morphisms
of chain complexes are called just maps. Chain complexes are assumed
non-negatively graded unless stated otherwise. The degree n summand
of dg k-mod C'is denoted C,. We let C<,, := ,.,., C; and similarly for
other inequality symbols. Similar notation is used e.g. for V-YX-modules of
Definition [£.2.2

e TC denotes the suspension of the graded object C, that is (TC), = C,_.
Similarly, the desuspension is defined by (LC),, = Cy41.

e |z| is the degree of an element z of a dg-k-module.
e H.(C) is homology of the object C', whatever C' is.

e Quism is a map f of dg-k-modules such that the induced map H.(f) on
homology is an isomorphism.

We extend the notation introduced in section Basics of [1] for nonsymmetric
coloured V-operads to symmetric coloured V-operads.

4.2.1 Definition. A permutation o : {1,...,n} — {1,...,n} will also be denot-
ed by [o(1)o(2)---o(n)].

Let S be any set. Let §= (s1,...,s,) € S™. If a context is clear, we may use
this vector notation without explanation. S™ carries a right X, action

§-0:= (Sg(l), N So(n)).
If f:A®" — Ais a linear map, the right X,, action on f is defined by

(f-o)(@) = flo- @)= f(@ o7") = flas=1), -, Ao=1(n))

'V actually stands for Vertices, which will become apparent later.

90



for @ € A™. This is useful for intuitive understanding of the right X, action on
elements of an operad. While drawing pictures, we use the convention that into
a leaf labelled i, the i*® input element is inserted. Hence element a - ¢ is drawn
with labels 07(1),071(2),...,07(n) from left to right, e.g.

%\ - [312] = %\

123 231
For v € V™, let
Si:={0€X,|0=0-0}={0 €%, | v; =0, foreach 1 <i <n}
be the stabilizer of ¢ under the action of ¥,,.

4.2.2 Definition. A dg V-¥-module X is a set
{X(n) | n € No}

of dg right k(X,)-modules such that each of them decomposes

xw- @ x(, ")

veV,
V1, UR €V

as a dg k-module and o € ¥, acts by a dg k-module morphism

-J:X( v >—>X( v )
U1y,...,Up Ug(l),...,va(n)

It follows that X (%) is a dg k(Xz)-module. In particular, the differential
commutes with the k(3) action.

A symmetric dg V-operad is a dg V-Y-module with the usual operadic
compositions o;. The axioms these compositions satisfy are the same as those
for nonsymmetric dg V-operad (see [I], Definition 2.1) and we moreover require
0;’s to be equivariant in the usual sense (see [10], Definition 1.16 for noncoloured
case).

We usually omit the prefix “symmetric”. If a,b are elements of an operad A
and ar(a) = 1, we usually abbreviate ab := aob := a oy b. If ar(a) = n, we also
abbreviate a(by ®---®b,,) := (- -+ ((ao1by) ogbg) - -+ )0, b,. If V is a single element
set, we omit the prefix “V-", otherwise we strictly keep the prefix.

Now we discuss the composition product o on the category of V-¥-modules.
We need some preliminary notions first.

4.2.3 Definition. Let [y,...,[,, be nonnegative integers. For n :=1{; +--- +,,,
there is the inclusion
Mgy X X Xy, = 2y,

given by
(A x X A+ o+l +7) =0+ + L+ X)),
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where 1 <i<mand 1 <j <. If[; =0, we set 3, = X := {1}.
Let 7 € ¥,,. Denote

F:: [l1++ZT(1)*1+17711+.+ZT(1)’
ll+..._}_lT(z)_l—{—1,...,l1+"'+l7(2)7

ey

ll+"'+l7'(m)—1+]‘7""l1+”'+l7-(m):|.

If I; = 0, the block Iy + -+ -1 +1,...,l1 + -+ + [ is empty and therefore
is omitted in the expression above. Equivalently, the above formula states

T(eay+le+ ey +ti)=bh+lb+ - +l@pa+J

forany 1 <i<mand 1< j <. 7is called (l,...,[,)-block permutation
corresponding to 7.

4.2.4 Example. o [21] x 1 x [312] = [213645]

e (2,1, 3)-block permutation corresponding to 7 = [231] is [231] = [345612]:

1 2[[3][4 5 6

e

4.2.5 Definition. Fix v € V and ¥ = (vq,...,v,) € V™. Let A = (A, ),
B = (B,05) be dg V-¥X-modules, let [y, ...,l, be nonnegative integers such that
L+ + 1y, =n. Foreach 1 <i < m,let W = (w1,...,w;y;,) € V. Denote
W = (W, ..., W) = (W11, .., Wy, ) € V"™ Let

E(W,a);:{aezn|vv-a:a} — (4.1)
= {0 € Xy | Wi j = Vo=1(1y bl +5) forevery 1 <i<m, 1<j5< l,-} .
For fixed ly,...,l, and @ = (w1, ..., wy)
@B(“ﬁ) R ® B(“ﬂm) ® k<E(W,U)>
W w1 W,

is a dgf| right k(3 x - -+ x ¥, )-module via
(1@ @b @) (A X X Am) 1= (b1 M) @+ @ (b - An) @ (A1 X -+ - X A) "L

Denote the space of coinvariants of this k(3;, x --- x ¥; )-module by the lower
index Ell X X Zlm'
Now assume only m is fixed and consider

@mA(ZJB) ® @B(gi) ®-~-®B(g:> ®k<z(m7,ﬁ)>

El X"'lem

1

-,

2k<Z(W, 17)> is concentrated in degree 0.
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This is dg right k(X,,)-module via
(a®b1®®bm®0')7': (a7)®b‘r(l)®®b7(m)®;07
where the bar denotes the corresponding (I1, ..., l,)-block permutation of Defi-

nition 4.2.3] It is easy to verify that this action is well defined.

Finally, by taking the X, coinvariants and summing over m in the above
formula, we get the desired composition product of V->-modules:

(Ao B) (;j) = (4.2)
any e A(fa) ® @B(gi) ®- - -®B<g:) ® k<2(vf/, U)>

where

e m runs through nonnegative integers,

e [y,...,l, run through nonnegative integers so that i, +--- +1[,, = n,
e W = (wy,...,wy,) runs through V™,
o« W = (W, ..., W,) runs through m-tuples of w;’s, where w; € Vi

o X(W,7) is given by (4.1)).
To finish the definition of A o B, we let 7 € ¥,, act by
(@b ® - Rb,R0) T:=a®b ®- b, oT.

We usually omit the coinvariants from the notation while dealing with ele-
ments of A o B.

The purpose of E(W,QT) is to label the leaves so that for each i, the leaf
labelled by 7 is of colour v;. The purpose of the coinvariants is the usual one:

4.2.6 Example. By looking at the pictures, we find that we certainly want the
equality

a®b ® by ®by®[251436] " = a ® b [21] ® by ® b3[312] ® [521643]

a

by 2111 by b - [312]

2 51436 ) 21643

But since [521643] = [251436]([21] x 1 x [312]), the above equality is forced by
taking the >, x .-+ x Y coinvariants.
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We also want
a®b; ® by ®by® [251436] 1 = a[231] ® by ® by ® by ® [143625] "
a-[231]

ba| bs| Dy

2 51436 14362 5

But [143625] = [251436][231], hence this equality is forced by the ¥,, coinvariants.

4.2.7 Definition. Let X be a V-Y-module. The free V-operad generated by X
carries the weight grading
- @r)

i>0
where F/(X) is spanned by free compositions of exactly i generators. If X is
moreover dg V-Y-module, the dg structure is inherited to F(X) in the obvious
way and we obtain a free dg V-operad. However, F(X) can be equipped with
a differential which doesn’t come from X and in this case, (F(X),d) is called
quasi-free.

Recall a quasi-free dg V-operad (F(X), d) is called minimal iff Im § C F=?(X).
As usual, free resolution means a quism (F(X),d) = (A, 9) with a quasi-free
source. A minimal resolution is a resolution with a minimal source.

4.2.2 A Kunneth formula

Our next task is to prove a version of the Kiinneth formula:

4.2.8 Lemma. Let (A,04), (B,05) be dg V-X-modules. Then there is a graded
V-3-module isomorphism

H.(AoB),d) = H.(A,84) 0 H.(B, ).

Proof. Let G be a finite group, let (M,0) be a dg k(G)-module. Obviously, 0
descends to coinvariants, hence (Mg, 0) is a dg k(G)-module too. We claim

H. (M, d) = (H,(M,9))q. (4.3)
By Maschke’s theorem,
=@
1€l

where M%s are irreducible k{G)-modules. 0 is G-equivariant, hence for each i
either M = 0 or 8 : M' = MY is an isomorphism for some j # i. Denote

Ip:={i€l|dOM"=0 and there is no j such that oM’ = M"} .

Also, for each 4, either OME = 0 (iff OM* = 0) or 9 : M}, 5 MY, is isomorphism
for some j # i (iff & : M* = M7). Then

H,(Mg,0) = H.((D M), 0) = H(EP M, 0) = 5 M, =

el el i€lp

= (P M) = (H(EDPM',0) H.(M,0))e.

i€lp el

94



(4.3) is proved.

Let’s set some shorthand notation. In (4.2)), denote B(B) := @y B(gi) ®
- ® B(g:) ® /{:<E(W,U)> Denote A(A) := A(}) and ¥ = 5, x -+ x 5.

Notice that we are suppressing the dependency on [y, ...,[, and w. Omit v and
U too. Hence (4.2]) becomes

Let’s compute:

H.(AoB,0)=PH.(| P AA) BB, )

I

~P[ P H.(AA) @ BB))], =
mo el
~P[ P H.(AN)® (H(BB)], =

The last isomorphism is provided by the usual Kiinneth formula and (4.3)). Now
trivially H.(A(A)) = A(H.(A,04)) and another application of the Kiinneth for-
mula gives H.(B(B)) = B(H.(B,Js)) and we finish:

= @ [ @ A<H*(-A, aA)) X B(H*(Ba aB))E]Em = H*(A> aA) © H*(Baab’)

4.3 Statement of main theorem

4.3.1 Operadic resolution of category

Let C be a small category and denote
V:=0bC

the set of its objects. For a morphism f € Mor C, let I(f) be its source (Input)
and O(f) its target (Output). Let C be the operadic version of C, that is

C := k(Mor C) (4.4)

is seen as a coloured V-operad concentrated in arity 1, where each f € Mor C is
an element of C (?((J]:))) and the operadic composition is induced by the categorical
composition. Obviously, C can be presented as

F(k(Mor C — {identities}))

(relations)

C:

Y
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where each relator is generated by those of the form r; — ro with 7, 75 being op-
eradic compositions of elements of Mor C. Recall that the elements corresponding
to the identities become a part of the free operad construction.

Every such V-operad C has a free resolution of the form

Co = (F(F),0) = (C,0),
where the graded V—Z—moduleﬁ F =D, Fi satisfies
Assumptions 4.3.1.

1. Fy = k(M) for some M C Mor C — {identities},

2. Fy = k(R), where for each r € R, Or = r; — ry for some free operadic
compositions rq, 7y of elements of M U {identities}.

The existence of such a resolution is quite obvious and we will give several
examples below. A general example is given by the bar-cobar resolution, which
will be discussed later in Section 4.5 in detail. Before giving the examples, we
note that

(4.5)

4.3.2 Example. Let C be the category generated by 2 distinct morphisms be-
tween 3 distinct objects as in the picture:

/ g

Vi Va V3

Then ObC =V = {V}, V5, V3}, MorC = {1y,, 1y, Lvs, f, 9, h := gf}. The com-
position is obvious. The V-operad C has colour decomposition C(“;f) = k(f),

C(“z) = k{g), C(%) = k(h). C has the following 2 obvious resolutions:
1. Directly from the obvious presentation of C, we get
(F(k(f,g,h, H)),d) = (C,0),

where f, g, h are copies of the corresponding generators of C and I(H) = V/,
O(H) = V3. The degrees are as follows : |f| = |g| = |h| = 0 and |H| = 1.
The differential 9 vanishes on f,g,h and O0H = gf — h.

2. A “smaller” resolution of C is

(F(k(f,9)),0) = (C,0).

It has less generators because the existence of h is already forced by the
existence of f,g. This is an example of a minimal resolution of Definition

427

30f course, the action of 3 carries no information and can be omitted.
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4.3.3 Example. The category

Vi / Va

has, apart from the obvious one, a free resolution
Coo := (F(k(f, g, H)),0) = (C,0),
where I(g) = I(H) =V1, O(g) = O(H) =V, |g| =0, |H| =1and 0H = f — g.

It was observed in [7] that every algebra over C,, corresponds to a pair of dg
k-modules, a pair of morphisms f, g between these and a homotopy H between
f and g. Hence even resolutions of boring categories, such as C in this example,
may lead to interesting concepts.

4.3.4 Example. Probably the simplest example of C which can’t be resolved in
degrees 0 and 1 only is given by the commutative cube:

/ f
s 1
|
/ ’ /
11— 2
Objects (i.e. vertices) are denoted 1,--- 8, edges (and the corresponding gener-

ators of the resolution below) are denoted (ab) with 8 > a > b > 1. The faces
are denoted (abcd) with 8 > a > b>c¢>d > 1. Then

is generated by all edges and faces and H so that the edges are of degree 0 and
I((ab)) = b, O((ab)) = a; faces are of degree 1 and I((abed)) = d, O((abed)) = a;
finally |H| =2 and I(H) =1, O(H) = 8. The differential is given by
d(ab) =0,
d(abed) = (ac)(ed) — (ab)(bd),
OH = (84)(4321) + (8743)(31) — (8642)(21) +
+ (87)(7531) — (8765)(51) — (86)(6521).
The resolving morphism maps edges to edges and all other generators to 0. It is
easy to verify that this is a minimal resolution.
We let the reader convince himself that C can’t indeed be resolved just in
degrees 0 and 1. Rigorously, this would follow from the uniqueness of the minimal
resolution together with a theorem asserting that any free resolution decomposes

into a free product of a minimal resolution and an acyclic dg V—operadﬂ These
theorems however go beyond the scope of this paper.

6

8
]
4

4.3.5 Example. An explicit resolution of the category generated by

Vi Va

with relations
fg_1V27 gf_1V1
was found in [§]. It contains a generator of each nonnegative degree.

4An analogue exists in rational homotopy theory - see [2], Theorem 14.9.
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4.3.2 [—], maps

Since Co, is concentrated in arity 1, we won’t distinguish between C., and Co(1).
Also observe, that V-operad concentrated in arity 1 is just a colouredﬂ dg asso-
ciative algebra.

Consider the usual dg structure on CZ". There is also a right action of %,
generated by transpositions as follows. Let 7 € 3, exchange ¢ and j. Then

(7”1®"'®Ti®"'®7"j®"'®7"n>'7'3:
— (_1)‘Ti||Tj|+(|7’i|+|Tj|)Zi<k<g‘ |7’k|7~1 R ® r; QR Q- R,

for any r1,...,7, € Cx such that I(r;) = O(s;) for all 1 <i < n. Further, there
is the factorwise composition on C2":

(7’1 ® e ® rn> le) (81 ® o ® Sn) = (-1)Zn2i>j21 |T2‘HSJ‘|(7’181) ® e ® (Tnsn)‘
(4.6)

It is easily seen that 0 is a degree —1 derivation with respect to o:
d(RoS)=(0R)oS+ (-1)FRocS
for any R, S € C2". Also, o is ¥, equivariant:
(RoS)-7=(R-1)o(S-71).

The following lemma is a straightforward generalization of Definition 23 of

[7:

4.3.6 Lemma. For every integer n > 1, there is a linear map
[0 : Coo = C"

satisfying for every r, 17’ € Cy

(C1) [r], is X,-stable,

(C2) [l € Co (9N,

Proof. Fix n. We proceed by induction on degree d. (C4) defines [—],, for M, we
extend linearly to Fy and then extend by (C5) to all of F(Fp). Obviously, (C1)—
(C6) hold for r,r" € F(Fp). Assume we have already defined [—], on F(F.4) so
that (C2)—(C6) hold.

5The operations are defined only partially, respecting the colours.
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1. Let d = 1. By the assumptions [4.3.1] F; = k(R) and f € R. We have
Of =r; —ryasin hence [0f], = 7" — r$™. Define

n—1
IS = ) rite ferg (4.7)
i=0
An easy computation shows [f]N° is a degree 1 element of CZ" (?((}c))) satis-

fying O[f]° = [0]x-

2. Let d > 2. Since |0f| < d, [0f] is already constructed and we are solving
the equation

OfTn = [0f]n

for an unknown [f], in the standard way. By the induction assumption,
I[0f]n = [0*f]. = 0. By the usual Kiinneth formula, C2" is acyclic in

positive degrees. Since |[0f],] = d —1 > 0, we obtain a degree d element
[F13S € Coo (§F) ™" such that ALY = [0f]..

Making [f]N° to satisfy (C1) in characteristics 0 is easy:

(= SIS o (1)

UEETL

We now have [ f], satisfying (C1)—(C4) and (C6) for every f € F,. Extend this
to F(F<4) by (C5). By %, equivariance of o, (C1) holds on F(F<,). Verifying
(C2) and (C3) is trivial, hence it remains to check (C6). Let fi,..., fm € F<q:

fr- fauln =0 ([illno---o[fmln) =
(=D[filno---0d]filno--ofmln=

NE

1

<.
Il

NE

(=D %[fllno---o[0filno---olfmln =

7

=D _(=Dfi-0fi - fulla =[O0+ fi)]ns

=1

where €; := | f1| + -+ + |fi—1|. Hence (C6) is valid for all elements of F(F<,;) and
the induction is finished. O

4.3.7 Example. If C,, is concentrated in degrees < 1, then we have explicit

formulas (4.7)) and (4.8)) for [—] given in the proof.
4.3.8 Example. For the resolution of Example |4.3.5] the construction of [—],’s

using Lemma is not explicit. In this case, [—] was found explicitly in [7],
Remark 25.

The following lemma shows that [—]» induces [—],, for all n > 3. [—]2 can
be thought of as a coproduct on Cs. If [—]2 is moreover coassociative, then

(C2),(C5) and (C6) means that (Cwo, 0, [[—]2) is a coloured dg bialgebra.
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4.3.9 Lemma. Let [-]° : Coo — Co ® Co be a linear map satisfying the
conditions (C2)—(C6) of Lemma Set

=127 = (I-13° @ ¥ )([-13° @ 15" 7) - ([-]° @ DI-I5°. (4.9)

Then for each n > 3, [—]X® satisfies (C2)—(C6) and [—]),, defined by satisfies
(ED(CG)- If [—]5 is coassociative, i.e. ([-]5° @ 1)[-]5° = (1 & [-]3®)[-]5",
then

(1% @ [-]a° @ 1% [-1"° = [-latss

for every a,b>2,0<i<b—1.

Proof. Conditions (C2)—(C4) for [—]X are easily seen to be satisfied.
We sketch a proof of (C5) by the standard flow diagrams. Let [—]}® be

—~
represented by ', then [—]%5 is represented by V{/ . Let 0: Coou ®Coo — Coo

of (4.6) be represented by ) , then o : CZ" ® CJ" — C" is represented, e.g.
for n = 3, by ///J\J\\ . Observe that the signs are handled by the Koszul sign

convention. The property (C5) for [—]3° states
Y = {(\)? . (4.10)
For n = 3, we have to prove [[a o ]} = [a]}® o [b]3%, i.e.

Y@?

Applying (4.10) to the bold subgraph, we obtain

$0

and another application of on the bold subgraph gives the left hand side
of the desired equality. The general case is analogous.

We prove (C6) by induction on n. n = 2 is the hypothesis. Let (C6) be true
for n — 1 and let’s compute:

O-I5° = o([-]2° ©1°"72) - ([-2° @ D[-]3° =
= OI-15° ® 12" ) [0, + Z ®1%® 9@ 1% [, =
= (-2 @1 ) (0 @ 17"~ 2)[[—]]551 +
¥ 5[{—1155 ®1°")(1% " @ 9 0 17 S [-]E, =
= ([[l—:ﬁéfs ® 19" )0[-150, = ([-15° @ 19" [-]5210 = [ ]3>0

The proof of the coassociativity statement is easy and we leave it to the
reader. O]
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Later, in Theorem {4.5.1] we will construct [—] on the bar-cobar resolution
QBC of C using this lemma out of a coassociative coproduct on QBC.

4.3.10 Example. Our assumptions are important. Consider the category
generated by a single morphism between two distinct objects as in Example [4.3.3]
Then C has yet another resolution: Take the same generators as in [4.3.3]

Co = (F(k(f. g, H)),0) = (C,0),

but let
0H = f+g.

Then an elementary linear algebra shows that f®2 + ¢®? is a cycle but not a
boundary in C€2. Hence our proof of Lemma would fail.

4.3.3 Operad describing diagrams

Let a small category C (together with its operadic version (4.4])) and a dg operad
A be given. A (C-shaped) diagram of (A-algebras) is a functor

D : C — A—algebras.

Now we describe a dg V-operad D such that D-algebras are precisely C-shaped
diagrams. We denote by * the free product of dg V-operads, i.e. the coproduct
in the category of dg V-operads.

4.3.11 Definition. For any (noncoloured) dg operad (A, d4), define

(*UEVAU) *C a)
(faryy — aop f®@ |a e A, feMorC) )’

(A, 04)c = ( (4.11)

where A, is a copy of A concentrated in colour v and symbols for its elements
are decorated with lower index v. Let the differential 0 be defined by formulas
6% = (8 Aa)v,
of =0

for any a € A, v € V and f € C. For a dg operad morphism (A, d4) 5 (B, 0p),
a dg V-operad morphism

(A, da)c < (B, d)c
is defined by

clay) = (§(a))w, (4.12)
§c(f) = .

It is easy to verify that the defining ideal of Ac is sent to the defining ideal of Bc
and also that £c0 = 0&c, thus &c is well defined. It is also easily seen that

§ce = (£0)c

for any two dg operad morphisms &, (, hence
—c : dg operads — dg V—operads

is a functor.
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Set
D:= (A, 04)c.
It is immediately seen that the functor D above is essentially the same thing as
D-algebra, i.e. dg V-operad morphism D — Endy, where W = @, ., D(v) and

each D(v) is a dg k-module of colour v.
The following lemma generalizes Proposition 5 of [7].

veV

4.3.12 Lemma. —c preserves quisms.

Proof. Let A = (A, 0) be adg V-operad and let v,vy,...,v, € V. We claim that
there is an isomorphism

Ac (vh'f’w) = A, (n) ®s, @c(wﬁ’l)@..@C(wil)@k@(w’m _

-

= (4, 0C) (m,,?}. ,vn>

of dg k(3z)-modules, where W = (Wi, wyy) € VM

Assume x is an equivalence class of a composition of the generators from
(*kpevAy) *C. Now use the defining relations to “move” the generators from
*yev Ay to the left, sothat r = a® f1®- - ® f,®0 forsome a € A, fi,...,f, €C
and o € ¥,,. Then a® f1 ®---® f, ®o is called the canonical form of x. By free-
ness, it is uniquely determined by x. It is immediate that we get an isomorphism
of dg k(X5)-modules above and also Ac(n) = (A, o C)(n) as dg k(3,)-modules.

Let (A, 04) £, (B, 0p) be a quism. It is easy to see that the following diagram

commutes
v &c v
VUi1y...,Up Viy.ooyUp

g\ \g

(AvOC)< v >€®1®---®1®1(Bvoc)( v )
Viy...,Upn

Viy...,Un

The diagram descends to homology, the lower horizontal arrow becomes an iso-
morphism by Lemma thus the upper horizontal arrow becomes an isomor-
phism as well. O

4.3.4 Main theorem

Suppose we are given a resolution

Coo = (F(F),0) — (€, 0)

of C satistying the assumptions and a minimal resolution

Ase = (F(X),0) =+ (A,9)

102



of A. We will use the same symbol 0 for all the involved differentials. The correct
meaning will always be clear from the context. Denote

Xrp=1X®F

These areV-¥-modules by ¥ action on the X factor. An element z®@v € X ®k(V)
is denoted by x,. Analogously, Tz ® f € TX ® F' is denoted x;. Hence

|wol = Jaf, gl =l + [f] + 1.

Obviously Xy = P, ., X ® k(v) and for any v € V we denote

veV
X, =X ®k(v).
Finally, let
DOO = F(XV EB F EB XF)
We also extend the notation x, for x € X and v € k(V') to an operad morphism
— F(X) = F(X,) = Du

T Ty

We will be interested in differentials of a special form on D.. To state it
precisely, we introduce the following maps:

4.3.13 Definition. For any x € X (n), the linear map
P(x,—) : Coo = Doo(n)
is uniquely given by requiring

P(LL’, f) = J,’f,
P(x,rire) = P(x,r1)[refn + (—1)|T1|(‘w|+1)7“173(x, o)

for every f € F and ry,ry € Cy.

Thus P(x,—) behaves much like a derivation of degree |z| + 1. Checking it
is well defined boils down to verify P(x,ri(rar3)) = P(z, (r1r2)rs), which is easy.
Note that P(x,1) = 0 for any unit in the V-operad C.

4.3.14 Definition. Let A be a graded operad. Recall that a presentation

F(E) .

(R) A (4.13)
is called quadratic iff R C F?(F), i.e. elements of R are sums of operadic com-
positions of exactly 2 generators from E. The elements of the ¥-module E are
called generating operations.

Recall A is called Koszul iff there is a quadratic presentation such that
the cobar construction on the Koszul dual AP of A is a resolution of A, i.e.

QA) =+ (4,0).

See [5] for the notation and more details.
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We are now finally able to state our main result:

4.3.15 Theorem. Let A be a Koszul operad with generating operations concen-
trated in a single arity > 2 and a single degree > 0. Let C be a small category

and let (Cx, Oc) e, (C,0) be its resolution (in the sense explained in Section
4.3.1)) satisfying the assumptions [4.3.1] Then the graded V-operad D = (A, 0)c
of (4.11)), describing C-shaped diagrams of A-algebras, has a free resolution

(Dssd) 5 (D,0)
of the form
with the differential 9 given by
Oz, = (0x),,
of = 0ct. (4.14)
Oy = (=) P(a, 0f) + (1) WV fa15) + wocp [l + w(e, f),

where x € X (n),v € V, f € F and w(x, f) lies in the arity n part of the

ideal Z=" generated by F>1 & Xp(< n) (4.15)
in

The differential 0 on D, is minimal iff 0 on Cy, is. The dg V-operad morphism
® is given by

®(20) = (Qa(2))o,
O(f) = de(f),

4.3.16 Remark. This is a weaker form of Conjecture 31 of [7]. First, we are
restricted to Koszul operad A with generating operations in a single arity and a
single degree, while the conjecture lets A be any dg operad. Second, the ideal
Z<" is larger, generated by F>; @& Xp(< n), while the conjectured

ideal Z50 is generated just by Xp(< n). (4.17)

orig

In particular, we recover, at least for A as above, Theorem 7 of [7] dealing with the
case of C being a single morphism between two distinct objects and C, its trivial
resolution. Observe that in this case, Z<" is in fact generated just by Xp(< n)
since F>; = 0 (of course, similar statement holds for any C., concentrated in
degree 0, which corresponds to a free category C). We also recover Theorems 18
and 24 of [7], again with the above mentioned restrictions.

However, there seems to be a completely unclear statement at the very end of
the proof of Theorem 7, page 11 of [7]. As the proofs of Theorems 18 and 24 of
[7] are only sketched, there is probably the same problem. To remedy it, we had
to introduce our assumptions. We will discuss these assumptions in detail after
proving our main theorem. However, we don’t know any counterexample to the
original theorems of [7].
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4.4 Proof of main theorem

4.4.1 Lemmas

4.4.1 Lemma. Let C be a small category, let (Co, Oc) e, (C,0) be its resolution
satisfying the assumptions For any minimal dg V-operad of the form
(F(X),0) with X(0) = X(1) =0, let

and assume there is a differential 0 on D, satisfying

0z, = (01),,
Of =0cf,
Ory = (=1)" P2, 0f) + (=1)" W far ) + zop [fTn + wiz, f),
where z € X(n),veV, f € F and
w(z, f) e DY =F(Xy(<n)® F & Xp(<n))(n).

Assume ¢ is a dg V-operad morphism
(Doc, 9) % (F(X), O)c
satisfying

¢($U) = Ty, (418)

for f € Fj and vanishing on all the other generators. Then ¢ is a quism.

We use the symbol z, either for x, € Xy C Dy or z, € F(X), C (F(X),0)c.
Similarly for f € Fj. The correct meaning will always be clear from the context.

Proof. Let §; be the sub V-YX-module of D, spanned by free compositions con-
taining at least —i generators from Xy @& Xp. §;’s form a filtration

- C52C 51 CSo=Dx.

P(x,0f) € F_1 is obvious and ar(w(z, f)) = ar(x) > 2 implies w(z, f) € F_1.
Hence 0F; C §;. Since X contains no elements of arity 0 and 1, for a fized arity
n the arity n part §;(n) of this filtration is bounded below. Consider the corre-
sponding spectral sequence (E*(n),0*(n)). For each n, (E*(n),0*(n)) converges
by the classical convergence theorem. We collect these spectral sequences into
(E*,0*). Recall that each (E?, 9) is a dg V-operad. In the sequel, such arity-wise
constructions will be understood without mentioning the arity explicitly. For the
0" term, we have
E°~D,

as graded V-operad. Now we make d° explicit. Let x € X (n), n > 2. By the
minimality, each summand of Jx, contains at least 2 generators from Xy, hence
0z, € §_» and 0%z, = 0. Next, observe that for n = 2, w(x, f) = 0 by arity
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reasons. Let n > 3. Each summand of w(x, f) # 0 contains only generators of
arity < n, hence at least 2 of these are of arities > 2. But generators of arity
> 2 come from Xy & Xp, i.e. w(x, f) € F_o. Hence the differential 3° is the
derivation determined by formulas

Pz, =0
Of=0f
xy = (=1)"P(z, 0f) + (=)W fa 1) + 2o [ f]n

forz € X(n) and f € F.

There is a similar construction on (F(X),d)c. Denote 0 its differential. Let
&% be the sub V-X-module of (F(X), 0)c spanned by free compositions containing
at least —¢ generators from Xy,. Then these form a filtration

- CF L C T, CFy = (F(X),0)c.

Obviously 0'F; C §.. By the same argument as above, this filtration is bounded
below and hence the corresponding spectral sequence (E™,0"™) converges. For
the 0*" page, we have
(E",07) = (F(X),0)c
as dg V-operad, i.e.
9° =0.

The dg V-operad morphism ¢ satisfies 0F; C §%, hence it induces a morphism
¢* o (E*,0%) — (E'™,0™) of spectral sequences. By [12], Theorems 5.2.12 and
5.5.1, to prove that ¢ is quism, it suffices to show that ¢° is a quism. We will
prove

F(Xy & Fp)
<{_fII(f) +x0(f)[[f]]ar(x) | relX, fe FO} U8F1)7

compare with (4.5) and Definition 4.3.11} This implies H,(¢°) is the identity and
we are done.
The dg V-operad (E°,3°) carries a filtration

0=8",CFHCF C-,

H,(E°, 0% = (4.19)

where §7 is sub V-3-module of E° spanned by compositions with
(degree + number of generators from Xy ) < i.

Obviously 0°F7 C §7. This filtration is bounded below and exhaustive, hence the
corresponding spectral sequence (E%*, 3%*) converges by [12], Theorem 5.2.12. We
have

E® =D

as graded V-operad and

0™z, =0,
o"f =0,
0%xy = (=1)" Wty + 2o [f]n
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for x € X(n) and f € F. We will show

F(Xy & F)
(( 1)1+|x|\f|fx1 ) T To(s )[[ ]]ar(x) | reX, fe F)

H,(E™ 0") = (4.20)

Assume this is already done and let’s prove (4.19). We proceed to the 1% page
E% of E%:
EOl oY H*(EOO 800)

and under this isomorphism, 0°! is given by

oz, =0,
o f =0f.

By the same argument as in the proof of Lemma [4.3.12]
(E™,0") = (F(Xy),0) o (F(F),0).
By Lemma and (4.5)),

H,(E™, 0" 2 F(Xy)oC = F(Xy)o F(Fy)

(OF1)

and by the argument of Lemma [4.3.12] again,

F(Xy @ Fp)
({ fﬂf[ +x0 )[[ ]]ar(:v) | WS X, f € FO} U@Fl)

H,(E", o) = (4.21)

This is the 2" page E°2 and we claim that all the higher differentials vanish:
0% =0 for k > 2. To see this, let’s assign inner degree, denoted by || — ||, to
generators of E°:

ol =0, (Al =S lzfll = [T+ 1.

This extends to E° by requiring the operadic composition to be of inner degree 0.
Now notice that 9° is of inner degree —1 and so are all the differentials 9°¢. But
is concentrated in inner degree 0, hence the spectral sequence (E%*, %)
collapses as claimed. We conclude that £% = E%° =~ H_(E° d°), thus proving
(4.19).

It remains to prove . Let 37 be the sub V-Y-module of F% = D
spanned by compositions with at least —i generators from F' @& Xg. Then

C 8{/// C S/// C 3«/// EOO

is a filtration with 0%F? C F”. Denote (E°* 3°%*) the corresponding spectral
sequence. The convergence of this spectral sequence will be discussed later. We
have

EOOO ~ D
)
6000]0 =0

aOOOxf _ (_1)1+|fo|f:L,I(f)
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Now we prove

F(Xy & F)
H.(E™, ") = : 4.22
O S Oy e X ey
First observe that F(F) o (Xy @ X) is closed under 9°° and
H,(F(F)o (Xy @ Xp),0") = Xy. (4.23)

In the sequel, we may drop the differentials from the notation “H,(—,d)” if no
confusion can arise. Let

Py = k(1)
Py =F(F) & F(F)o(Xy @& Xg)o P,

for n > 0. We immediately see that P,’s are closed under 0°° and
n—1
P, = EB(IE‘(F) o(Xy @ Xp)®oF(F) @ (F(F)o (Xy @ Xp))™,  (4.24)
i=0

where we used the (iterated) composition product (4.2)). By Lemma and
@23),

n—1

H.(P,) = @ (Xv)" o F(F) & (Xy)™

=0

(4.24)) provides a chain of inclusions

Pg‘—>P1<—>-~~—>CO£>mPn§EOOO

n

with direct limit E%°, as easily seen. Since direct limits commute with homology,

n—1
H,(E"™, §) = cogm H.(P,) = cogm (@(Xv)oi oF(F) & (XV)OH) ~
F(Xy & F)
((—1)1+\w||f\fasl(f) ’ reX, fe F)

2 @

~ F(Xy) o F(F) =

The 1% page E%! is therefore described by (4.22). An argument with inner
degree analogous to the one above shows that 9% = 0 for & > 1: In (E%, 0%),
set

ol = [I£1] =0, lzgll = 1.

Hence E%! = E%°° ig the stable term.

Although we don’t know how to prove the convergence of the spectral sequence
(E%*,9%%) directly (the filtration is bounded above but not below, we only have
the Hausdorff property N;§ = 0), there is a weaker statement which follows
from Lemma 5.5.7 of [12]: The i*® graded part §"H,(E,0%) /T H.(E®,d%)
of the filtration on homology{¥| is isomorphic to a subspace e; of EX®[] We have

6Recall the usual notation §}’H,.(E,0%) := Im(H.(F}’,0°) — H.(E", 5%)).
"The lower index denotes the grading associated to the filtration F/".
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(simplifying the notation)

F(XV D F) EOO @ g///H EOO N
(CDEM 21y + 2o [fla) i H(E™)
XV D F)
= e; C
“ @@= S

where the first inclusion is the obvious part of and the second inclusion has
just been discussed. It is not difficult to map the left-hand side through all the
isomorphisms and to see that it is mapped onto the right-hand side. Hence the
first inclusion is in fact equality and we are done proving and consequently
the whole Lemma [£.4.1] O

4.4.2 Lemma. Let w(z, f) of Lemma moreover satisfies w(z, f) € Z<"
(recall (4.15)). Then ¢, uniquely determined by (4.18]) as a graded V-operad
morphism, is automatically a dg V-operad morphism (i.e. ¢ commutes with the

differentials).

Proof. We have to verify ¢0 = 0¢ for generators from Xy & F & Xp. The only
nontrivial case concerns Xp: we have to verify ¢pdx; = 0. We have

90z = (1) Flg(P(x,0f)) +
+ (=)W (g(ars)) + dlaon)o(If]) + dlw(z, ).
If 0f = 0, then the first term vanishes trivially. If 0f # 0, then each summand
of P(x,0f) contains a generator from X and hence the first term vanishes too.

By the definition of Z<", we have ¢(w(zx, f)) = 0.
Hence it remains to prove

(=)W (f)d(@ns) + dlwoi)#([£]) = 0.

If | f| > 0, we have ¢ f = 0 by definition. Also |[f]]| > 0 and hence each summand
of [f] contains a generator from F-; and consequently ¢([f]) = 0. For | f| = 0, we
may assume f € M and we want to prove —fx;s) + zo(p) f<" = 0 in (F(X), 0)c.
But this is exactly one of the defining relations of (F(X),0)c. O

4.4.3 Lemma. Let an operad A be Koszul with generating operations concen-
trated in a single arity N > 2 and a single degree D > 0. Then for every generator
2 of the minimal resolution of A there is k > 1 such that

ar(z) =a, =14+ (N —1)k, |z|=dp:=—-14+(D+1)k.

Moreover, there is K (possibly K = +00) such that a generator of arity a; and
degree dj, exists iff £ < K.

Proof. By Koszulity, we have the minimal resolution
QA" = (A,0)

given by the cobar construction Q(Al) = (F(lAi),d). Assume A has the quadratic
presentation (4.13]). Recall that the Koszul dual A' is the quadratic cooperad co-
generated by TE with corelations T2F, see [5], 7.1.4. Thus A is a sub X-module of
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F(TE), hence it is concentrated in arities 14 (N —1)k and degrees (D+1)k. Hence
L Ai'is concentrated in arities a; = 14 (N — 1)k and degrees dj, = —1+ (D + 1)k.

We give only a brief proof of the last claim of this lemma, since we won'’t
need it in the sequel. Suppose that for every k& < K a generator of arity ay
and degree d;. exists. Further let there be no generator in arity ax. By the
inductive construction of the minimal resolution, as described in the proof of
Theorem 3.125 of [10], the generators in the next possible arity ax1 have degree
<dg 1+2D +1=dg,1 — 1. But the existence of any such generator would
contradict the previous part of this lemma. In the next arity, ax .o, the generators
would have to have degree < dgx_1 4+ 3D + 1 < dio. And so on, hence there are
no generators in arity a for £ > K. We encourage the reader to go through the
cases D =0 and D = 1. O

4.4.4 Lemma. Let an operad A be Koszul with generating operations concen-
trated in a single arity > 2 and a single degree > 0. Then for every x € X and
f € F, there is w(x, f) € Z<*®) as stated in Theorem , i.e. the derivation
0 defined by is indeed a differential on D,.

To prove this lemma, it is convenient to extend w(z, f)’s to a linear map as
follows. Fix € X(n). The linear map

w(z,—) : Coo = Duo(n)
is uniquely determined by

(arbitrary) values w(z, f) on f € F' and

w(x, 7)) = wlx, ) [ra]ln + (=)l w(z, )

for any 71,75 € Co.

Thus w(x, —) behaves much like a derivation of degree |z|. Checking it is well
defined is similar to [4.3.13

4.4.5 Lemma. For any r € C, the formula (4.14) with r in place of f still
holds:

OP(x,r) = (—1)1+‘$|P(x, ar) + (—1)1+‘T“””‘7’x1(r) + zom [r]n + w(z, 7).

The proof explains the + signs in the definition (4.14)) of 0 on D..

Proof. 1t suffices to prove the lemma for r of the form r = fify--- fi, where
fi € F. We proceed by induction on k. The case k = 1 is exactly formula .
Let £ > 2 and suppose the lemma holds for every sum of compositions of at most
k — 1 elements and let r = ry79, where r1,ry are compositions of at most £ — 1
generators from F'. Now we want to prove

OP(z,1119) =
= (=D)"FP(@,0(rira)) + (= 1)U il o) + 2o [rira]ln + w(@, rire).
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It is a straightforward computation, we will compare Left-Hand Side and Right-
Hand Side:

LHS =0 (P(:I:, r)[r2]n + (—1)‘T1‘(|m|+1)r177(x, r2)) —
=((- DFElp (2, or) + (—1)1+‘T1‘|m|7“1x1(r1) + oy [r1]n + w(z, r1)) [r2]n+
+ (=)l () [0 ] + (=D (Or) P2, o) +
+ (—1)ral(zl+ D+l (( DYEP, ary) + (—1)1+|r2”“”‘r2x1(r2) +
+ 2o@rg)[r2]n + w(z, r2)>
RHS = (~1)#1P(z, (9ry)ra) + (~1)" P, ) +
+ (—1)”(‘”H'T?')‘””'rlmx[(m) + 2oy [r1]nlraln +
+ w(z, ) [ro]n + (=)l w2, ) =
= ()P O ol + (~DM DD (0, (e, 1)
+ (—1)1+|x‘+|“|73($,7‘1)[[87‘2]]n + (—1)1+|x‘+|”|+(|I‘+1)|r1|7‘173(x, ars) +
+ (=)D ) + 200y [ ]alrele +
+ w(z, ) [ro]n + (=1) Il (2, ry)

The proof is finished by a careful sign inspection. O]

of Lemma[f.4.4) Let © € X(n) and f € F,;. First, we make a preliminary com-
putation using the formula of Lemma [4.4.5}

Oy = (~1)OP (2, 0f) + (—1) D f )y gy 4+ (—1) I oy +

+ (0z0(5)) [fTn + (=)o) [0f]n + Ow(z, f) =
= (-1)""lw(z,0f) + (-1 >1+'x”f'+‘f'fa:c1 + (0z0(p)) [ fn + Ow(z, f)

The condition 9z = 0 is equivalent to

Ow(z, f) = (=1)"w(z,0f) + (=L)UY fo2 1) — (dz0(p))[f]n =2 (2, f).

To construct w(z, f) so that 9%z, = 0, we will inductively solve the equation

Ow(x, f) = w(z, f) (4.25)

for unknown w(z, f). We proceed by induction on arity n of = and simultaneously
by induction on degree d of f.

For n = N (the arity of the generating operations of A) and d = 0, we have
df =0 = Oz, hence becomes dw(z, f) = 0, which has the trivial solution.

Fix n and d. Assume we have already constructed w(z, f) € Z<*@ for every
r € X(< n) and f of any degree and also for z € X(n) and f € F4 Let
v € X(n) and f € F,;. Observe that ¢(z, f) € D" (recall (4.16)) by the
induction assumption and minimality. When we restrict ¢ : Do, — (F(X),d)c to
D5, we get the graded V-operad morphism

D % (F(X(< n)),d)c
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denoted by the same symbol. By the induction assumption, 9* = 0 on D<". By
Lemma [.4.2] ¢ is dg V-operad morphism. By Lemma [£.4.] ¢ is a quism. In a
moment, we will show

op(x, f) =0, (4.26)
pp(z, ) = 0. (4.27)

This will imply the existence of w(z, f) € DY such that dw(z, f) = ¢(z, f). In
fact, w(zx, f) € Z=™. To see this, assume a summand S of w(z, f) is a composition
of generators none of which comes from Xp. Hence S is an operadic composition
of 1, -+ x4 € Xy(< n)and fi,---, fp € F. By a degree count, we now show
that at least one of f;’s lies in ;. By Lemmald.4.3] let @; have arity 1+ (N +1)k;
and degree —1 4 (D + 1)k;. We have

2| + | f] = lw(z, £)] = 18] = Z\xz|+2|f]\—2 —1+(D+1)k +Z|f]

hence
SoU5 = lal + 1Sl +a= (D+ DYk (1.25)
Now
ar(z) = ar(S) = 1 + Z(arm) —1)=1+(N-1) Z ki
hence

ol = =14+ (D +1)) ki

Substituting this into (4.28]), we get

DIl =Ifl+a—1.

We have the trivial estimate |f| > 0. Since ar(f;) = 1 for any j and ar(z;) < n =
ar(.S) for any i, we have a > 2. Hence

Yozt
J
and therefore one of f;’s lies in F>;.
It remains to verify the conditions . For , we have
Op(, f) = (=1)"0w(z,0f) + (-1 )‘f' '”“"'“ (3]")(91r ( D)0z o()[0/Tn-
Lemma and the induction hypothesis imply
dw(z,0f) = (=1)AVIDHIND F)dr () — (Oo(s) [0f]n

and after substituting this into the previous equation, we get dp(zx, f) = 0.
For (4.27), let d = 0 first. Then ¢(z, f) = foxis) — (Oxos))[f]n, hence we
have to verify

foxr(p) — (Do) f¥" =0 in (F(X(<n)).d)c.

This follows by the same argument as Lemma Now let d > 0. By induction
assumption, w(z,df) € Z=" and therefore ¢w(x,df) = 0. Finally ¢f = 0 =
o[ f]» by definition of ¢ since |f| = |[f].| =d > 0. O
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Now we can finally prove the main theorem:

of Theorem[4.5.15. Decompose ® into
(D 9) & (F(X), 0)c 45 (A,0)c = (D, 0)

The dg V-operad morphism (¢ 4)c (recall Definition is a quism by Lemma
M.3.12] ¢ is the graded V-operad morphism of Lemma [£.4.1] By Lemma [4.4.4]
there are w(z, f)’s in Z<®@ guch that d on Dy is indeed a differential. By
Lemma [4.4.2] ¢ is a dg V-operad morphism and finally, by Lemma [1.4.1], ¢ is a
quism. ]

4.4.2 Discussion

It is a remarkable observation that in many cases, only a “principal” part of
the differential determines what the homology is. This was exploited in [7] and
also e.g. in [0] to partially resolve the PROP for bialgebras. Lemma is an
application of this principle. Here the minimality of A, and the mild assumption
w(z, f) € DY (which in fact only formalizes what we mean by the principal part)
are crucial for the spectral sequence argument to separate the principal part of
0. Apart from the minimality, arbitrary A with X(0) = X (1) = 0 is allowed
(unfortunately, this excludes e.g. unital algebras). Notice, however, that we
assume that ¢ commutes with differentials.

To guarantee this, we need a stronger constraint on w(z, f). An easy sufficient
way to ensure this is described in Lemma . It leads to the definition (4.15)
of Z<".

Next, we have to construct a differential 9 on D, such that the assumptions
of Lemmal[4.4.2] are satisfied. This is achieved in Lemmal[4.4.4] To begin with, one
obtains w(z, f) € DY* by an inductive argument on the arity of the generators
from X using Lemma [4.4.1, Then we have to improve this result. This is where
the proof of Theorem 7 of [7] is unclear. We were not able to get the originally
desired result w(z, f) € I3 (recall (4.17)). But if one is able to control the
interplay between arity and degree of the generators from X in a suitable way,
one obtains at least w(x, f) € Z<" by a simple degree count. A sufficient control is
achieved for the Koszul resolution of a Koszul operad with generating operations
bound in a single arity and degree. This is explained in Lemma [4.4.3] We note
that Lemma[4.4.4] can be proved under a weaker control over X, but the resulting
conditions dont’t seem to be of any practical interest.

Still, it might be possible to improve the proof of Lemmal4.4.4to get w(z, f) €
I;i”g even without the restrictions imposed on A, thus proving the original Con-
jecture 31 of [7]. However, to our best knowledge, explicit examples of resolutions
of diagrams D = Ac are known only for free categories C and for operads satis-
fying the assumptions of Theorem Moreover, in these cases Z<" = Ié?g.
Hence these do not decide whether the conjecture is still plausible.

Notice a slightly stronger statement about what generators are needed to
compose w(z, f) can be made. For example, if |f| = 0, then w(x, f) lies in the
ideal generated by X;(< n) in F(Xo(< n) @ Xy (< n) ® k(f)). This can
be deduced from the proof of Lemma [£.4.4. However this doesn’t seem to be
important.
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Finally notice that Lemma[4.4.1]is already quite a big achievement - it reduces
the problem of resolving D to finding w(z, f)’s from D™ so that 82 = 0 and
the differential commutes with ¢. Alternatively, by Lemma the problem is
reduced to finding w(z, f)’s from Z<¥@ so that 9% = 0.

4.5 Bar-cobar resolution of C

Now we make the content of Theorem {4.3.15| more explicit in the case Co, = 2BC.
We apply Lemma on the bar-cobar resolution C,, = QBC. Denote

= {8 € (More) [ O(f) = I(fis) for 1< i <m— 1}

the set of chains of composable morphisms in C of length n, e.g. X! = Mor C.
Denote ¥ := J,», X"

Recall that the bar-cobar resolution QBC (e.g. [I1], where the noncoloured
case is treated - but the coloured case is completely analogous) is a quasi-free
V-operad generated by V-3-module k(X), where the degree of 0 € ¥" is n — 1.
The derivation differential is given by

The projection ¢¢ : QBC — QOB!C = C onto the sub V-Y-module of weight 1
elements is a quism.

4.5.1 Theorem. Let [-]}® : OBC — QBC ® QBC be a linear map satisfying

[a o b = [a]} o [b]3° for all a,b € QBC and determined by its values on
generators:
fn f
[(e= - D)0 =
(e Ly (B
+ Z (_1)5(ﬁ (M)((fj_l <£)®(\fn~.-fjm+l \fjl“'fl )7

1<m<n—1
1< < <jm<n—1

where € := mn + ;m(m — 1) + Zle ji- Then [—]5® induces, via (4.9) and (4.5)),
the maps [—]5 and [—],, of Lemma [4.3.6, Moreover,

(1% @ [-]a° @ 1% [-1" = [-lats-1-

Proof. We apply Lemma [£.3.9. The only nontrivial properties to verify are
o[-15° = [0-]3% and ([-]2° ® D[-]5° = (1 ® [-]5°)[-]5°. This can be
done directly, but it is annoying and doesn’t explain the origin of [—]¥°. Thus
we go another way. There is the following description of Q2BC. Let

C.(1) := k{(0), (1), (01))
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be the simplicial chain complex of the interval, i.e. [(0)] =|(1)| =0, |(01)] =1

and 9(0) = 9(1) =0, 9(01) = (1) — (0). Then

P20 C°Y @ CL(1)E"
M Y

OBC = (4.29)

where the subspace M is spanned by

n® @ fi1®fi® @ fi®c1® R ®0)®c1®---®cp +
~fa® R fin1fi® @O ® R ®e @@
for any f,,...,f1 € C of right colours and any ¢,_1,...,¢; € C.(I). Let the
grading and the differential 0 on QBC be induced by C,(I) (C is concentrated in
degree 0) in the standard way. The operadic composition is defined by
(fn®~~'®f1®Cn71®~"®C1)O(gm®'--®g1®dmf1®m®d1) —
([r®  @fi®gn® ®uOG1Q QeI Qdy1 @ ®dy).

A dg V-operad isomorphism with the previous description is easily seen to be

n im fj
fn®...®f1®cn71®...®clH(J_...M)...@_l...ﬁ), (4,3())

where ¢, =¢;, , = ... =c¢;, = (1) and all other ¢;’s equal (01) (remember we
can get rid of (0) using the defining relations). The point is that C.([) carries
the obvious coassociative coproduct

A(0) =(0)®(0), A1) =(1)®(1), A(01)=(0)®(01)+(01)® (1)
and there is also the trivial coproduct on C given by A(c) = ¢ ® ¢. These induce

coproduct on Q2BC by
Alf®  @fiQc1®--®c) =

— (A®"'®A)(fn®"‘®f1®Cn—1®“'®01) T,
2n—1 times
where 7 € 34, o rearranges the factors in the expected way, which will be obvious
from the following computation. Denote ¢? := (0) ® (01), ¢! := (01) ® (1) and
for the rest of the proof, let’s order the factor of the tensor products from right
to left, i.e. (01) is in position 2 in ¢! and (1) is in position 1. Then

Alfu® @ fi®(01) @@ (01)) =

S

-~

n—1 times
0 1 1 0
= Z @@ -@0hoc® Qe 8 Qe 0 --0c |-,
0<m<n—1 position j, position ji

1<ii<<m<n—1

where ¢! appears only at positions ji, ..., jm. Applying 7 and multiplying yields

Z ()| fo® - @/®(0)®---®(01)®---®(01)® --®(0) | ®
0<m<n-—1 v \\/
1<j1 < <jm<n—1 Jm J1

® fn®"'®f1®(01)®"‘® (1) R -® (1) ®...®<01) ,
~~ ~~

Jm Ji
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where € = mn + %m(m — 1)+ >, ji comes from the Koszul convention. This is
exactly the claimed formula under the isomorphisms (4.30)).

It is easily seen that A(a ob) = A(a) o A(b). A is the coproduct induced on
the quotient by the tensor product of coassociative dg coalgebras C,(I)
and C. It is a standard fact that the tensor product is also a coassociative dg
coalgebra, hence A = A9, (A ® 1)A = (1® A)A. Then [—]535 := A has the
properties (C2)—(C6).

Originally, we found the coproduct of this lemma by hand. We are indebted
to Benoit Fresse for suggesting its origin in C\(I). O

A completely explicit cofibrant resolution D, of D = Ac gives rise to a coho-
mology theory for Ac-algebras (i.e. C-shaped diagrams of A-algebras) describing
their deformations. This is explained in [9]. Unfortunately, the description of 0
on D, given in Theorem |4.3.15|is not even explicit enough to write down the cod-
ifferential § on the corresponding deformation complex Der*(Dq, Endyy ), not to
mention the rest of the L..-structure. For the basic example A = Ass, we already
proved in [I] that (Der* (Do, Endyw ), §) is isomorphic to the Gerstenhaber-Schack
complex (see [4]) (Cég(D, D), das) (of a diagram D) for some resolution D,. The
method, however, doesn’t allow to find D, explicitly. We conjecture that this
D, has the form given by Theorem [4.3.15}

4.5.2 Conjecture. In Theorem [4.3.15] let A := Ass, let A, := Asss be the
minimal resolution of Ass and let Co, = 2BC. Then there are w(z, f)’s such that

(Der*(Dus, Endyy ), 8) = (Ciis(D, D), ds).-

Another very interesting problem is to find an operadic interpretation of Co-
homology Comparison Theorem: Recall that CCT, proved in [4], is a theorem
relating deformations of the diagram of associative algebras to deformations of a
single associative algebra. The point is that the deformations of the single algebra
are described by Hochschild complex equipped with a dg Lie algebra structure
given by Hochschild differential and Gerstenhaber bracket. On the other hand,
in known examples (see [3]), the L..-structure on operadic deformation complex
of the diagram has nontrivial higher brackets (see [3]). This suggest that this
L..-algebra can be rectified to the one given by CCT.
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