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Koszul calculus

Roland Berger, Thierry Lambre and Andrea Solotar *

Abstract

We present a calculus which is well-adapted to homogeneous quadratic algebras.
We define this calculus on Koszul cohomology —resp. homology— by cup products —
resp. cap products. The Koszul homology and cohomology are interpreted in terms
of derived categories. If the algebra is not Koszul, then Koszul (co)homology provides
different information than Hochschild (co)homology. As an application of our calculus,
the Koszul duality for Koszul cohomology algebras is proved for any quadratic algebra,
and this duality is extended in some sense to Koszul homology. So, the true nature of
the Koszul duality theorem is independent of any assumption on the quadratic algebra.
We compute explicitly this calculus on a non-Koszul example.
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1 Introduction

In this paper, a quadratic algebra is an associative algebra defined by homogeneous quadratic
relations. Since their definition by Priddy [16], Koszul algebras form a widely studied class
of quadratic algebras [I5]. In his monograph [I4], Manin brings out a general approach of
quadratic algebras — not necessarily Koszul — including the fundamental observation that
quadratic algebras form a category which should be a relevant framework for a noncom-
mutative analogue of projective algebraic geometry. According to this general approach,
non-Koszul quadratic algebras deserve more attention.

The goal of this paper is to introduce new homological tools for studying quadratic alge-
bras and to give an application to the Koszul duality. These tools consist in a (co)homology
theory, called Koszul (co)homology, together with products, called Koszul cup and cap prod-
ucts. They are organized in a calculus, called Koszul calculus. If two quadratic algebras are
isomorphic in Manin’s category [14], their Koszul calculi are isomorphic. If the quadratic
algebra is Koszul, then the Koszul calculus is isomorphic to the Hochschild (co)homology



endowed with the usual cup and cap products — called Hochschild calculus. In this intro-
duction, we would like to describe the main features of the Koszul calculus and how they
are involved in the course of the paper.

In Section 2, we define the Koszul homology HKe(A, M) of a quadratic algebra A with
coefficients in a bimodule M by applying the functor M ® 4. — to the Koszul complex of
A, analogously for the Koszul cohomology HK*(A, M). If A is Koszul, the Koszul complex
is a projective resolution of A, so that HKl(A, M) (resp. HK*(A, M)) is isomorphic to
Hochschild homology H He(A, M) (resp. Hochschild cohomology HH®(A, M)). Restricting
the Koszul calculus to M = A, we present in Section 9 a non-Koszul quadratic algebra A
which is such that HK.(A) 2 HHe(A) and HK*(A) 2 HH*(A), showing that HK,.(A)
and HK*(A) provide new invariants associated to the category of quadratic algebras, be-
sides those provided by the Hochschild (co)homology. We prove that the Koszul homology
(cohomology) is isomorphic to a Hochschild hyperhomology (hypercohomology), showing
that this new homology (cohomology) becomes natural in terms of derived categories.

In Section 3 and Section 4, we introduce the Koszul cup and cap products by restricting
the definition of the usual cup and cap products on Koszul cochains and chains respectively,
providing differential graded algebras and differential graded bimodules. These products
pass to (co)homology.

For any unital associative algebra A, the Hochschild cohomology of A with coefficients
in A itself, endowed with the cup product and the Gerstenhaber bracket [—, —], is a Ger-
stenhaber algebra [5]. We organize the Gerstenhaber algebra structure and the Hochschild
homology of A, endowed with cap products, in a Tamarkin-Tsygan calculus of the kind de-
veloped in [I8, [I1]. In the Tamarkin-Tsygan calculus, the Hochschild differential b is defined
in terms of the multiplication p of A and the Gerstenhaber bracket by

b(f) = [u f] (1.1)

for any Hochschild cochain f.

It seems difficult to see the Koszul calculus as a Tamarkin-Tsygan calculus because the
Gerstenhaber bracket does not make sense on Koszul cochains. However, this obstruction
can be bypassed by the following formula

bic(f) = —lear f].. (12)

where by is the Koszul differential, e 4 is the Koszul 1-cocycle defined as the restriction of
the FEuler derivation D4 of A, and f is any Koszul cochain.
In Formula (L2), the symbol [—, —]_ stands for the graded bracket associated to the
K

Koszul cup product > 80 that the Koszul differential may be defined from the Koszul cup

product. The Koszul calculus is more flexible than the usual calculus since the formula (2]
is valid for any bimodule M, while the definition of the Gerstenhaber bracket is meaningless
when considering other bimodules of coefficients [6]; it is also more symmetric since there is
an analogue of (L2) in homology, where the Koszul cup product is replaced by the Koszul
cap product.

In the Tamarkin-Tsygan calculus, the homology of the Hochschild homology HH,(A)
endowed with the Connes differential plays the role of a (generalized) de Rham cohomology
of A. Since the quadratic algebra A is N-graded and connected, A is acyclic in characteristic



zero for this de Rham cohomology (Theorem [6.3]). We give the following Koszul analogue:
if A is Koszul, A is acyclic for the higher Koszul homology, where we define the higher
Koszul homology as the homology of the Koszul homology endowed with the left Koszul cap
product by the Koszul class of e4 (Theorem [6.4]). However, if A is the algebra in the non-
Koszul example of Section 9, we prove that A is not acyclic for the higher Koszul homology
(Proposition [@.3). Thus the higher Koszul homology is a new invariant of the non-Koszul
algebra A. We conjecture that the Koszul algebras are exactly the acyclic objects of the
higher Koszul homology.

In [I1], the second author defined the Tamarkin-Tsygan calculi with duality. Specializing
this general definition to the Hochschild situation, the Tamarkin-Tsygan calculus of an
associative algebra A is said to be with duality if there is a class ¢ in a space HH,(A),
called the fundamental Hochschild class, such that the k-linear map

— ~c:HHP(A) — HH,_,(4)

is an isomorphism for any p. If the algebra A is n-Calabi-Yau [7], such a calculus exists, and
for any bimodule M,
— ~c:HH?(A,M) — HH,_,(A,M)

is an isomorphism coinciding with the Van den Bergh duality |20, [11]. Consequently, if
A is an n-Calabi-Yau Koszul quadratic algebra in characteristic zero, the higher Koszul
cohomology of A vanishes in any homological degree p, except for p = n for which it is
one-dimensional (Corollary [7-2)). This last fact does not hold for a certain Koszul algebra A
of finite global dimension and not Calabi-Yau (Proposition [T7]).

In Remark 5.4.10 of [7], Ginzburg mentioned that the Hochschild cohomology algebras
of A and its Koszul dual A' are isomorphic if the quadratic algebra A is Koszul. This
isomorphism of graded algebras was already announced by Buchweitz in the Conference on
Representation Theory held in Canberra in 2003, and it has been generalized by Keller in
[I0]. As an application of the Koszul calculus, we obtain such a Koszul duality theorem
linking the Koszul cohomology algebras of A and A' for any quadratic algebra A, either
Koszul or not (Theorem [B3)), revealing that the true nature of the Koszul duality theorem
is independent of any assumption on quadratic algebras. Our proof of Theorem B.3] uses
some standard facts on duality of finite dimensional vector spaces, allowing us to define the
Koszul dual of a Koszul cochain (Definition [B1).

Our proof shows two phenomena that already hold for the Koszul algebras. Firstly, the
homological weight p is changed by the duality into the coefficient weight m. Secondly, the
exchange p <+ m implies that we have to replace one of both cohomologies by a modified
version of the Koszul cohomology and of the Koszul cup product, denoted by tilde accents.
The statement of Theorem B3] is the following.

Theorem 1.1 LetV be a finite dimensional k-vector space and A = T'(V')/(R) be a quadratic
algebra. Let A' = T(V*)/(R*) be the Koszul dual of A. There is an isomorphism of N x N-

graded unital associative algebras

(HK*(A),—) = (HK"(A"),2). (1.3)

In particular, for any p > 0 and m > 0, there is a k-linear isomorphism

HKP(A),, 2 HK"(A),. (1.4)

Z
K



We illustrate this theorem by an example, with direct computations. Both phenom-
ena are shown to be essential in this example. Theorem [B3] is completed by a bimodule
isomorphism in which HK*®(A) acts on HK4(A) by cap products (Theorem [B).

In Section 9, we compute the Koszul calculus on an example of non-Koszul quadratic al-
gebra A. Moreover, we prove that the Koszul homology (cohomology) of A is not isomorphic
to the Hochschild homology (cohomology) of A. For computing the Hochschild homology
and cohomology of A in degrees 2 and 3, we use a projective bimodule resolution of A due
to the third author and Chouhy [3].

2 Koszul homology and cohomology

Throughout the paper, we denote by k the base field and we fix a k-vector space V. The
symbol ® will mean ®j. The tensor algebra T(V) = @,,~, VE™ of V is graded by the
weight m. For any subspace R of V®2 the associative k-algebra A = T'(V)/(R) is called a
quadratic algebra, and it inherits the grading by the weight. We denote the homogeneous
component of weight m of A by A,,.

2.1 Recalling the bimodule complex K(A)

Let A = T(V)/(R) be a quadratic algebra. For the definition of the bimodule complex K (A),
we follow Van den Bergh, precisely Section 3 of [19]. Notice that our K(A) is denoted by
K'(A) in [19]. For any p > 2, we define the subspace W), of VP by

W, = ﬂ VO @ R V®, wherei,j >0,
i+24j=p

while Wy = k and W7 = V. It is convenient to use the following notation: an arbitrary
element of W), will be denoted by a product zi...z,, where z;,...,z, are in V. This
notation should be thought of as a sum of such products. Moreover, regarding W, as
a subspace of V®1 @ W, @ V® where ¢ + r + s = p, the element z...z, viewed in
V& @ W, @ V® will be denoted by the same notation, meaning that x,ii...Zg 4, is
thought of as a sum belonging to W, and the other x’s are thought of as arbitrary elements
in V. We will systematically use this notation throughout the paper.

Clearly, V is the component of weight 1 of A, so that V®? is a subspace of A®?. As
defined by Van den Bergh [19], the Koszul complex K(A) of the quadratic algebra A is a
weight graded bimodule subcomplex of the bar resolution B(A) of A. Precisely, K (A), = K,
is the subspace A®@ W, @ A of A® A®P @ A. 1t is easy to see that K(A) coincides with the
complex

LK LK, S L K-S Ky — 0, (2.1)
where the differential d is defined on K, as follows
dla®@z...2p®d)=ax1 @z2...2p@ad + (—1)Pa@z1...2p_1 @ xpd, (2.2)

for a, ¢’ in A and z1...x, in W,, using the above notation. The homology of K(A) is
equal to A in degree 0, and to 0 in degree 1. The following definition takes into account the



bimodule complex K (A), instead of the left or right module versions of the Koszul complex
commonly used for defining Koszul algebras [15] [13]. The following definition is equivalent
to the usual one, according to Proposition 3.1 in [I9] and its obvious converse.

Definition 2.1 A quadratic algebra A is said to be Koszul if the homology of K(A) is 0 in
any positive degree.

The multiplication p : Ko = A® A — A defines a morphism from the complex K(A)
to the complex A concentrated in degree 0. Whereas p : B(A) — A is always a quasi-
isomorphism, A is Koszul if and only if 4 : K(A) — A is a quasi-isomorphism. So, if the
quadratic algebra A is Koszul, the bimodule free resolution K(A) may be used to compute
the Hochschild homology and cohomology of A instead of B(A). In the two subsequent
subsections, the same (co)homological functor is defined by replacing B(A) by K(A) even if
A is not Koszul. The goal of this paper is to show that the so-obtained Koszul (co)homology
is of interest for quadratic algebras, providing invariants that are not obtained with the
Hochschild (co)homology.

2.2 The Koszul homology HK,(A, M)

Let M be an A-bimodule. As usual, M can be considered as a left or right A°-module,
where A° = A® A°. Applying the functor M ® 4c — to K(A), we obtain the chain complex
(M ® W,, bk), where W, = @p>0 Wp. The elements of M ® W), are called the Koszul p-
chains with coefficients in M. From Equation (2.2]), we see that the differential by = M ® 4ed
is given on M ® W, by the formula

bk(M®x1...2p) =M1 @T2...2p + (—1)PxpmOx1...2p_1, (2.3)

for any m in M and z; ...z, in W, using the notation of Subsection 2.1.

Definition 2.2 Let A = T(V)/(R) be a quadratic algebra and M be an A-bimodule. The
homology of the complex (M ®@ W, bi ) is called the Koszul homology of A with coefficients
in M, and is denoted by HK4(A, M). We set HK.(A) = HK,(A, A).

The inclusion x : K(A) — B(A) induces a morphism of complexes ¥ = M ® 4 x from
(M @ W,,bk) to (M @ A®*,b), where b is the Hochschild differential. For each degree p, X,
coincides with the natural injection of M ® W), into M ® A®P. Since the complex

A9R®A L AeVeoA-L AeALS 450 (2.4)

is exact, the k-linear map H(X), : HK,(A, M) — HH,(A, M) is an isomorphism for p = 0
and p = 1. The following is clear.

Proposition 2.3 Let A = T'(V)/(R) be a Koszul quadratic algebra. For any A-bimodule
M and any p > 0, H(X)p is an isomorphism.

For the non-Koszul algebra A of Section 9, we will see that H(¥X)s is not surjective when
M = A. Quadratic k-algebras form Manin’s category [I4]. In this category, a morphism u
from A=T(V)/(R) to A’ =T(V')/(R’) is determined by a linear map u : V' — V' such that
u®?(R) C R'. For each p, u®” maps W), into W}, with obvious notation. Moreover, the maps



a®x1...xp — u(a) @u(x) ... u(zy) define a morphism of complexes from (A ® We, bk ) to
(A" @ W/,bk). So we obtain a covariant functor A — HK,(A).

Let us now show that the Koszul homology is isomorphic to a Hochschild hyperhomology,
namely

HEK (A, M) 2 HH, (A, M @4 K(A)). (2.5)
Denote by A (resp. &) the abelian category of A-bimodules (resp. k-vector spaces). For any

L
A-bimodule M, the left derived functor M ® g — is defined from the triangulated category
D~ (A) to the triangulated category D~ (), so that we have

HE, (A, M) = Hy(M & K(A)). (2.6)
The following lemma is standard, used e.g. in the proof of the Van den Bergh duality [20].
Lemma 2.4 Let M and N be A-bimodules. The k-linear map

C:M®pe N (Mg N)R@ae A

defined by ((z @ac y) = (£ ®4 Yy) ®ae 1 is an isomorphism. Moreover, for any complex of
A-bimodules C, the map ¢ : M @ gc C = (M ®4 C) ®4c A is an isomorphism of complezes.

In other words, the functor F' : C' — M ® 4 C coincides with the composite H o G
where G : C = M ®, C and H : ¢/ = C’' @4 A. So their left derived functors satisfy
LF 2 L(H) o L(G), in particular for C = K(A4),

L L L
M ®@pe K(A) 2 (M ®4 K(A)) ®ac A. (2.7)
Passing to homology and using the definition of hypertor [2I], we obtain
HE,(A, M) = Tor" (M ®4 K(A), A), (2.8)

which proves the isomorphism (Z8]). If A is Koszul, we recover usual Tor and Proposition

2.3l

2.3 The Koszul cohomology HK*(A, M)

Throughout, Homy, will be denoted by Hom. Applying the functor Homae(—, M) to the
complex K (A), we obtain the cochain complex (Hom(W,, M), bx ), where

Hom(W,, M) = €D Hom(W,, M).
p=>0

The elements of Hom(W,, M) are called the Koszul p-cochains with coefficients in M. Given
a Koszul p-cochain f : W, — M, its differential bx (f) = —(—1)Pf o d is defined by

br(f)(z1.. . 2pr1) = f(z1... 2p)@py1 — (1)Pz1.f(z2. .. Tpt1), (2.9)

for any x; ... xpy1 in Wp4, using the notation of Subsection 2.1.



Definition 2.5 Let A = T(V)/(R) be a quadratic algebra and M an A-bimodule. The
homology of the complex (Hom(We, M), by ) is called the Koszul cohomology of A with
coefficients in M, and is denoted by HK®*(A,M). We set HK*(A) = HK*(A, A).

The map x* = Hom e (x, M) defines a morphism of complexes from (Hom(A®®, M),b)
to (Hom(Ws, M), by ), where b is the Hochschild differential. For each degree p, x;, coincides
with the natural projection of Hom(A®?, M) onto Hom(W,,, M). The k-linear map H (x*), :
HHP(A,M) — HKP?(A, M) is an isomorphism for p =0 and p = 1.

Proposition 2.6 Let A = T(V)/(R) be a Koszul quadratic algebra. For any A-bimodule
M and any p > 0, H(x*)p is an isomorphism.

In the non-Koszul example of Section 9, we will see that H(x*)2 is not surjective for
M = A. Here again, the same functorial properties of Hochschild cohomology stand for
Koszul cohomology. In particular, there is a contravariant functor A — HK®(A, A*), where
the A-bimodule A* = Hom(A, k) is defined by: (a.f.a’)(x) = f(a’za) for any k-linear map
f:A—k and z, a, a’ in A.

As we prove now, the Koszul cohomology is isomorphic to the following Hochschild
hypercohomology

HK®*(A, M) 2 HH®*(A, Homa(K(A), M)). (2.10)

For any A-bimodule M, the right derived functor RHom ge(—, M) is defined from the tri-
angulated category D~ (A) to the triangulated category DT (£), so that we have

HKP(A, M)~ HP(RHom (K (A), M)). (2.11)
The proof continues as in homology by using the next lemma. We leave details to the reader.

Lemma 2.7 Let M and N be A-bimodules. The k-linear map
7 : Homae(N, M) — Homa-(A, Hom s (N, M))

defined by n(f)(a)(x) = f(xa) for any A-bimodule map f : N — M, a in A and z
in N, is an isomorphism, where Homa(N, M) denotes the space of left A-module mor-
phisms from M to N. Moreover, for any complex of A-bimodules C, 1 : Homae(C, M) —
Homye(A, Hom(C, M)) is an isomorphism of complezes.

2.4 Coefficients in k

In this subsection, the Koszul homology and cohomology are examined for the trivial bi-
module M = k. Denote by € : A — k the augmentation of A, so that the A-bimodule k is
defined by the following actions: a.l.a’ = €(aa’) for any a and o’ in A. It is immediate from
23) and (29) that the differentials b vanish in case M = k. Denoting Hom(FE, k) by E*
for any k-vector space F, we obtain the following.

Proposition 2.8 Let A = T(V)/(R) be a quadratic algebra. For any p > 0, we have
HE,(A, k) = W, and HK?(A, k) = W



Let us give a conceptual explanation of this proposition. We consider quadratic algebras
as connected algebras graded by the weight [15]. Let A = T(V)/(R) be a quadratic algebra.
In the category of graded A-bimodules, A has a minimal projective resolution P(A) whose
component of homological degree p has the form A ® £, ® A, where E, is a weight graded
space. Moreover, the minimal weight in F), is equal to p and the component of weight p in
E, coincides with W),. Denote by Hom the graded Hom w.r.t. the weight grading of A,
and by HH the corresponding graded Hochschild cohomology. The following fundamental
property of P(A) holds for any connected graded algebra A.

Lemma 2.9 The differentials of the complexes k @ 4e P(A) and Hom 4.(P(A), k) vanish.

Consequently, there are isomorphisms HH,(A, k) = E, and HHP(A, k) = Hom(E,, k)
for any p > 0. Since K(A) is a weight graded subcomplex of P(A4), H(X), coincides with
the natural injection of W, into E, and H(x*), with the natural projection of Hom(E,, k)
onto W . So we obtain the following converses of Proposition and Proposition

Proposition 2.10 Let A = T(V)/(R) be a quadratic algebra. The algebra A is Koszul if
either (i) or (ii) hold.

(i) For any p > 0, H(X)p : HK,(A, k) — HH,(A, k) is an isomorphism.

(it) For any p >0, H(x*), : HH? (A, k) - HKP(A, k) is an isomorphism.

3 The Koszul cup product

3.1 Definition and first properties

We define the Koszul cup product = of Koszul cochains by restricting the usual cup product

— of Hochschild cochains recalled e.g. in [I1]. We use the notation of Subsection 2.1.

Definition 3.1 Let A = T(V)/(R) be a quadratic algebra. Let P and Q be A-bimodules.
For any Koszul p-cochain f : W, = P and any Koszul g-cochain g : Wy — Q, define the
Koszul (p + q)-cochain f 9 Wpiq = P ®4 Q by the following equality

(f % Q@1 Tpyg) = (D f(@1.. . 2p) @4 G(Tpt1 -+ Tptg), (3.1)

for any x1 ... Tptq € Wpiq.
The Koszul cup product = is k-bilinear and associative, and we have the formula
X'(F = G) = X" (F) - X"(G) (3:2)
for any Hochschild cochains F' : A®? — P and G : A®? — . We deduce the identity

bic(f - 9) = bic(F) = g+ (=1"F = bic(g), (3.3)

from the identity known for the usual —. In particular, Hom(W,, A) is a differential graded
algebra (dga). For any A-bimodule M, Hom(W,, M) is a differential graded bimodule over
the dga Hom(W,, A). The proof of the following statement is clear.



Proposition 3.2 Let A = T(V)/(R) be a quadratic algebra. The Koszul cup product =
defines a Koszul cup product, still denoted by s on Koszul cohomology classes. A formula

similar to (32) holds for H(x*). Endowed with this product, HK®*(A) and HK®*(A,k) are
graded associative algebras. For any A-bimodule M, HK®*(A, M) is a graded HK®*(A)-
bimodule.

Since HKY(A) = Z(A) is the center of the algebra A, HK®*(A, M) is a Z(A)-bimodule.
From Proposition 2.8, HK*(A, k) coincides with the graded algebra W} = ®p20 W, en-
dowed with the graded tensor product of linear forms composed with inclusions Wy, , —
W, ® W,. Recall that the graded algebra (HH®(A,k),—) is isomorphic to the Yoneda
algebra E(A) = Ext’ (k, k) of the graded algebra A [I5].

Proposition 3.3 Let A = T(V)/(R) be a quadratic algebra. The map H(x*) defines a
graded algebra morphism from the Yoneda algebra E(A) of A onto W¢, and this is an
isomorphism if and only if A is Koszul.

3.2 The Koszul cup bracket

Definition 3.4 Let A = T(V)/(R) be a quadratic algebra. Let P and Q be A-bimodules,

at least one of them equal to A. For any Koszul p-cochain f : W, — P and any Koszul
g-cochain g : Wy — @, we define the Koszul cup bracket by
= ~— — (= pq ~—

[fo9l=F z9—(=1)"g - f. (3.4)

The Koszul cup bracket is k-bilinear, graded antisymmetric, and it passes to cohomology.

We still use the notation [«, 8]_ for the cohomology classes « and § of f and g. The Koszul

K

cup bracket is a graded biderivation of the graded associative algebras Hom(W,, A) and
HEK*(A). We will see that the Koszul cup bracket plays in some sense the role of the
Gerstenhaber bracket. For this, we will consider the Euler derivation of A as a Koszul
1-cocycle.

3.3 The fundamental 1-cocycle

Lemma 3.5 Let A =T(V)/(R) be a quadratic algebra. Let f :V — V be a k-linear map
considered as a Koszul 1-cochain with coefficients in A. If f is a coboundary, then f = 0.
If f is a cocycle, then its cohomology class contains a unique 1-cocycle with image in 'V and
this cocycle is equal to f.

Proof. If f = bk (a) for some a in A, then f(x) = az — xa for any z in V. Since f(z) € V,
this implies that f(z) = apz — xap with ag € k, thus f = 0. &

Definition 3.6 Let A=T(V)/(R) be a quadratic algebra. The Fuler derivation —also called
weight map— D4 : A — A of the graded algebra A is defined by D 4(a) = ma for any m >0
and any homogeneous element a of weight m in A.

We denote by ea the restriction of Da to V. The map e4q : V — A is a Koszul 1-
cocycle called the fundamental 1-cocycle of A. 1t is defined by es(x) = z for any x in

10



V. Tt corresponds to the canonical element £4 of Manin [14]. By the previous lemma, e
is not a coboundary if V # 0. The Koszul class of e4 is denoted by €4 and it is called
the fundamental 1-class of A. The following statement is easily proved, but it is of crucial
importance for the Koszul calculus.

Theorem 3.7 Let A = T(V)/(R) be a quadratic algebra. For any Koszul cochain f with
coefficients in any A-bimodule M, the following formula holds

[GA,f]? = —br(f). (3.5)

Proof. For any 1 ...%p41 in Wpi1, one has (ea = 1. xpy1) = (—DPz1.f(z2. .. Tps1)
and (f = ea)(x1...xpy1) = (=1)Pf(x1...2p).Tpt1, so that Formula BH) is immediate

from (2.9). m

The fundamental formula (B3 shows that the Koszul differential bx may be defined
from the Koszul cup product, and doing so, we may deduce the identity (B3) from the

biderivation [—, —]_. The simple formula (B3] is replaced in the Hochschild calculus by the
K
“more sophisticated” and well-known formula
b(F) = [p, F, (3.6)
where [—, —] is the Gerstenhaber bracket, multiplication p = b(Id,) is a 2-coboundary and

F' is any Hochschild cochain.

Let us show that it is possible to deduce the fundamental formula (3] from the Gersten-
haber calculus, that is, from the Hochschild calculus including the Gerstenhaber product o.
We recall from [5] the Gerstenhaber identity

b(FoG)=bF)oG—(-1)PFob(G) — (—1)P[F,G]_ (3.7)
for any Hochschild cochains F : A®? — A and G : A% — A, where
[F,Gl =F — G- (-1)"G — F.
The Gerstenhaber product F o G is the (p 4+ ¢ — 1)-cochain defined by
Fo G (1117 ey aerq,l) = Z (_1)(i71)(q71)F(a17 e Qi—1, G(ah N a¢+q,1)7 Qitqy .-y ap+q,1)7
1<i<p
(3.8)

for any a1, ..., aptq—1 in A.
For G = D4, identity (87)) becomes

b(FoDA) —b(F)oDy=—(—1)°[F, D] _.

Restricting this identity to Wp41, the right-hand side coincides with [e4, f]_ where f is the
K

restriction of F' to W,. Since F o Dy = pf on W, the restriction of b(F o D4) is equal
to pbi(f). The restriction of b(F) o D4 is equal to (p + 1)bx(f). Thus we recover the
fundamental formula [e4, f]_ = —bx (f).

K
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3.4 Koszul derivations

Definition 3.8 Let A =T(V)/(R) be a quadratic algebra and let M be an A-bimodule. Any
Koszul 1-cocycle f :' V. — M with coefficients in M will be called a Koszul derivation of A
with coefficients in M. When M = A, we will simply speak about a Koszul derivation of A.

According to equation (29), a k-linear map f : V — M is a Koszul derivation if and
only if
flx1)zs + 21 f(x2) =0, (3.9)

for any 2125 in R (using the notation of Subsection 2.1). If this equality holds, the unique
derivation f : T(V) — M extending f defines a unique derivation Dy : A — M from the
algebra A to the bimodule M. The k-linear map f +— Dj is an isomorphism from the space
of Koszul derivations of A with coefficients in M to the space of derivations from A to M.
As for [B.3), it is possible to deduce the following from the Gerstenhaber calculus.

Proposition 3.9 Let A = T(V)/(R) be a quadratic algebra and let M be an A-bimodule.
For any Koszul derivation f:V — M and any Koszul g-cocycle g : Wy — A, one has

[f.9]l— = bk (Dsog). (3.10)

®
Proof. Applying D to equation g(x1 ...xzq).2g+1 = (—1)%x1.9(z2 ... Tg41), We get
Dy(g(z1...2q))-xg41 + g(@1 ... 2g)-f(qr1) = (=1)*(f(x1)-g(x2 .. 2g41) + 21.Ds(g(22 . .. Tg11))),

and equality (310) follows from (Z9). m

Corollary 3.10 Let A = T(V)/(R) be a quadratic algebra and let M be an A-bimodule.
For any o« € HKP(A, M) with p=0 orp=1 and § € HK9(A), one has the identity

[, 8] = 0. (3.11)

Proof. The case p = 1 follows from the proposition. The case p = 0 is clear since HK"(A, M)
is the space of the elements of M commuting to any element of A. B

If A is Koszul, then [«, 8]_
K
isomorphisms H(x*). We do not know whether [«, 5]

= 0 for any p and ¢, using the Gerstenhaber calculus and the

- = 0 holds for any p and ¢ when A is
not Koszul. It holds for M = A by direct verifications in the non-Koszul example of Section
9. Observe that, in this example, H(x*)2 is not surjective for M = A, so that there exists a
Koszul 2-cocycle which does not extend to a Hochschild 2-cocycle. Consequently, it seems
hard to prove the identity BI1]) for p = ¢ = 2 in general from the Gerstenhaber calculus.
Notice also that the equality ([B.8) defining the Gerstenhaber product does not make sense

for fog:Wpiq-1 = Awhen f: W, - Aand g: W, = A.

3.5 Higher Koszul cohomology

Let A = T(V)/(R) be a quadratic algebra. Let f : V — A be a Koszul derivation of A.
Denote by [f] the cohomology class of f. Assuming char(k) # 2, identity (I shows that

12



[f] = [f] = 0, so that the k-linear map [f] o is a cochain differential on HK*(A, M) for

any A-bimodule M. We obtain therefore a new cohomology, called higher Koszul cohomology
associated to f. The Gerstenhaber identity (8.7) implies that 2Dy — Dy = b(Dy o Dy),
therefore [Df] — — is a cochain differential on HH*(A, M), defining a higher Hochschild
cohomology associated to f. Moreover H(x*) induces a morphism from the higher Hochschild
cohomology to the higher Koszul cohomology, which is an isomorphism if A is Koszul.

Let us limit ourselves to the case f = e4, the fundamental 1-cocycle. In this case,
without any assumption on the characteristic of k, the formula e 4 cea= 0 shows that the
k-linear map ez == is a cochain differential on Hom(W,, M), and &4 = is a cochain

differential on HK*(A, M).

Definition 3.11 Let A = T(V)/(R) be a quadratic algebra and let M be an A-bimodule.
The differential €4 o of HK*(A, M) is denoted by O_. The homology of HK®*(A, M)

endowed with O_ 1is called the higher Koszul cohomology of A with coefficients in M and is
denoted by HK} . (A, M). We set HK;,(A) = HK (A, A).
If we want to evaluate d_ on classes, it suffices to go back to the formula

(ea = 1. xpy1) = fx1. .. 2p).Tpa

for any cocycle f : W, — M, and any x1...2p+1 in Wyy1. Since HK(A, M) equals the
space Z (M) of the elements of M commuting to any element of A, we obtain the following.

Proposition 3.12 Let A=T(V)/(R) be a quadratic algebra and let M be an A-bimodule.
HK}.(A, M) is the space of the elements u of Z(M) such that there exists v € M satisfying
wxr = v.x —xw for any x in V. In particular, if the bimodule M is symmetric, then
HEK},(A, M) is the space of elements of M annihilated by V. If A is a commutative domain
and V # 0, then HK}.(A) = 0.

The differential e4 Y vanishes for M = k, hence Proposition 2.8 implies that
HEK} (A k) =W for any p > 0.

3.6 Higher Koszul cohomology with coefficients in A
Lemma 3.13 Let A = T(V)/(R) be a quadratic algebra. Given « in HKP(A) and B in
HK1(A),

O(a — B) =0_(a) B =(-1)Pa — 0_(B).

K 3
Proof. The first equality comes from €4 I (a = B) = (ea = a) = B. The second one is

clear from the relation [€4,a]_ = 0. ®
K

Consequently, the Koszul cup product is defined on HK} (A), still denoted by o and
HK?.(A),—) is a graded associative algebra. Remark that, if V' £ 0, then 0_(1) =€4 # 0
hi K

and so 1 and €4 do not survive in higher Koszul cohomology. To go further in the structure
of HK}(A), we require a finiteness assumption.
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Throughout the remainder of this subsection, assume that V is finite dimensional. A
Koszul p-cochain f : W, — A,, is said to be homogeneous of weight m. The space of
Koszul cochains Hom(W,, A) is N x N-graded by the biweight (p, m), where p is called the
homological weight and m is called the coefficient weight. If f : W, — Ay, and g : Wy — A,
are homogeneous of biweights (p, m) and (g, n) respectively, then f 9 Wpiq = Amin is

homogeneous of biweight (p 4+ ¢, m + n) (see Definition B1]). Moreover, bx is homogeneous
of biweight (1,1). Thus the unital associative k-algebras Hom(W,, A) and HK*(A) are
N x N-graded by the biweight. The homogeneous component of biweight (p, m) of HK*(A)
is denoted HKP(A),,. Since

O_ : HKP(A), — HKPTH(A) i1,

the algebra HK},(A) is N x N-graded by the biweight, and its (p, m)-component is denoted
by HK},(A)p. From Proposition 312, we deduce the following.

Proposition 3.14 Let A = T(V)/(R) be a quadratic algebra. Assume that V is finite
dimensional. IfV # 0, then HK,?i(A)O = 0. If A is finite dimensional, HK,?i(A)max = Apnax
where max is the highest nonnegative integer m such that A, # 0. If the algebra A is
commutative, then for anym > 0, HK?,(A)m equals the space of elements of A, annihilated
by V.

3.7 Higher Koszul cohomology of symmetric algebras

Throughout this subsection, A = S(V) is the symmetric algebra of the k-vector space V.
We need no assumption on dim (V') or char(k). The following is standard.

Lemma 3.15 Let V' be a k-vector space and A = S(V') be the symmetric algebra of V. For
any p > 0, the space W, is equal to the image of the k-linear map Ant : VEP — VP defined

by
Ant(vy,...,vp) = Z sgN(0) Vo(1) - - - Vo(p)s

o€EY,

for any vi,...,vp in V, where ¥, is the symmetric group and sgn is the signature.

Proposition 3.16 Let V be a k-vector space and A = S(V) be the symmetric algebra of
V. Let M be a symmetric A-bimodule. The differentials bx of the complezes M ® Wo and
Hom(W,, M) vanish. Therefore, HKo(A, M) =M @W, and HK*(A, M) = Hom(W,, M).

Proof. Equation (23] can be written as
bk(m@x1...2p) =m(v1Q22...2p + (—1)Pxp @1 ... Tp_1),
and the right hand side vanishes according to the previous lemma and the relation
Ant(vp,v1, ..., vp-1) = (=1)P L Ant (v, ..., vp).

Similarly, b (f) = 0 for any Koszul cochain f. B
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Let us recall some facts about quadratic algebras [15]. Applying the functor — ® 4 k
to the bimodule complex K(A) = (A ® W, ® A,d), one obtains the left Koszul complex
Ki(A) = (A® W,,dy) of left A-modules. The algebra A is Koszul if and only if K,(A) is a
resolution of k. Note that u ®4 k coincides with the augmentation e. From (2.2]) and using
obvious notation, we have

di(a®@z1...2p) = aT1 Q@ T2...Tp. (3.12)

Theorem 3.17 Let V be a k-vector space and A = S(V) be the symmetric algebra of V.
Assume that dim(V') = n is finite. We have

HK}.(A) = 0if p#n.

Proof. Proposition shows that the differential O_ on HK®(A) coincides with the dif-
ferential e 4 — —on Hom(W,, A). Given f: W, — A, denote by F': A® W, — A the left

A-linear extension of f to A® W,. From equation (B.I2) applied to 1®x1 ...2p+1, and from
(GA \K/ f)(xl s :Eerl) = (—l)prLf(.IQ . Ierl),

we deduce that
€A \I; f= (—l)pFodg,

where dg : AQWp11 — A®Q W), is restricted to Wpy1. Thus the differential e T coincides
with the opposite of the differential Hom 4 (dg, A). Since A is Koszul, we have obtained that
HEK;,(A) = Exty(k, A).

Using that A is AS-Gorenstein of global dimension n [15], the theorem is proved. B

4 The Koszul cap products

4.1 Definition and first properties
As for the cup product, we define 2 by restricting the usual —~ and using the notation of
Subsection 2.1.

Definition 4.1 Let A =T(V)/(R) be a quadratic algebra. Let M and P be A-bimodules.
For any Koszul p-cochain f : W, = P and any Koszul g-chain z = m®x1 ... x4 in M QW,,
we define the Koszul (¢ — p)-chains f o and z 2 f with coefficients in P ®4 M and

M ®4 P respectively, by the following equalities
f o= (=) PP ( (g pir...Tq) @am) @T1 ... Tqp, (4.1)

z?f: (=1)P (m R4 f(x1...2p)) @ XTps1 ... Tq. (4.2)
The element f 2 is called the left Koszul cap product of f and z, while z = f is called
their right Koszul cap product.
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If ¢ < p, then one has f DE=z22 f = 0. By definition, we have

RO (F) = 2) = F ~ X(2), (43)
Xz = X" (F) = %) ~ F, (44)

for any Hochschild cochain F' : AP — P and any Koszul chain z € M ® W,. Considering
both Koszul cap products = respectively as left or right action, M ® W, becomes a graded

bimodule over the graded algebra (Hom(W,, A), \I;), since these properties hold for the

usual cup and cap products.
Similarly, we deduce the identities

br (f 2 z) =br(f) <At (=D)Pf - b (2), (4.5)

bre(z ~ f) = bre(2) = f + (~1)% ~ be(f), (46)
from the identities known for the usual —~. So M ® W, is a differential graded bimodule

over the dga Hom(W,, A). The proof of the following is clear.

Proposition 4.2 Let A = T(V)/(R) be a quadratic algebra. Both Koszul cap products
= at the chain-cochain level define Koszul cap products, still denoted by = on Koszul

(co)homology classes. Formulas (4.3) and ({4) pass to classes. Considering Koszul cap
products as actions, for any A-bimodule M, HK4(A, M) is a graded bimodule on the graded
algebra HK*(A). In particular, HK¢(A, M) is a Z(A)-bimodule. Moreover, HK4(A, k) =
W, is a graded bimodule on the graded algebra HK®(A, k) = W¢.

4.2 The Koszul cap bracket

Definition 4.3 Let A = T(V)/(R) be a quadratic algebra. Let M and P be A-bimodules
such that M or P is equal to A. For any Koszul p-cochain f : W, = P and any Koszul
g-chain z € M ® Wy, we define the Koszul cap bracket [f, z]~ by

K

(£, 2]

For z=m ® z1 ... x4, the explicit expression of the bracket is

=f =z (=1)Piz ~ f. (4.7

% K

[f, z]? = (D) PPf(ry pir )My Ty —mf(T1 ... Tp) D Tprr ... T (4.8)

If p =0, then [f, 2]~ = [f(1),m]c ® #1...24, where [, —]. denotes the commutator. The
K

Koszul cap bracket passes to (co)homology classes. We still use the notation [«,~]~ for
K

classes a and ~ corresponding to f and z. When M = A, the maps [f, -]~ and [o, -]~

K K

are graded derivations of the graded Hom(W,, A)-bimodule A ® W,, and of the graded
HEK*(A)-bimodule HK,(A), respectively.

Similarly to what happens in cohomology, the Koszul differential b in homology may

be defined from the Koszul cap product, and defining by by (£9) below, we may deduce the

identities (@A) and (£6) from the derivation [f, —] ~. The subsequent theorem is analogous

K
to Theorem 37l The proof is left to the reader.
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Theorem 4.4 Let A = T(V)/(R) be a quadratic algebra. For any Koszul cochain z with
coefficients in any A-bimodule M , we have the formula

[eA,z]? = —bg(2). (4.9)

4.3 Actions of Koszul derivations

Using Subsection B4 we associate to a bimodule M and a Koszul derivation f : V — M
the derivation Dy : A — M. The linear map Dy ® Idw, from A ® W, to M @ W, will still
be denoted by Dy. The proof of the following proposition is easy.

Proposition 4.5 Let A = T(V)/(R) be a quadratic algebra and let M be an A-bimodule.
For any Koszul derivation f:V — M and any Koszul q-cycle z € A® W,

[f:7]

Corollary 4.6 Let A=T(V)/(R) be a quadratic algebra and let M be an A-bimodule. For
any p € {0,1,q}, o € HKP(A, M) and v € HK,(A),

= b (Dy(2)). (4.10)

—~
K

[a,”y],}; = 0. (4.11)

Proof. The case p = 1 follows from the proposition. The case p = 0 is clear. Assume that
p = ¢, c is the class of f and « is the class of z =a ® x1 ...xp. The equality (L)) gives
[f, 2]

~ =flz1...2p)a—a.f(x1...2p)

which is an element of [M, A].. Since [, ]~ belongs to HKy(A, M), we conclude from the

"
isomorphism

H()Z)O : HKO(AaM) — HHO(AaM) = M/[MuA]c n
_ =0ifa € HKP(A) and v € HE,(A, M).
K

= 0 in the previous corollary holds for any p

Note that the same proof shows that [a, 7]
We do not know whether the identity [a,y]~
K

and ¢ — even if A is Koszul! It holds for M = A in the non-Koszul example of Section 9.

5 Higher Koszul homology

5.1 Higher Koszul homology associated to a Koszul derivation

A similar procedure to the one developed in Subsection leads to the definition of a
higher homology theory in the following situation. Let A = T(V)/(R) be a quadratic
algebra, f : V — A a Koszul derivation of A and M an A-bimodule. Assuming char(k) # 2,
the identity [f] = [f] = 0 shows that the linear map [f] == is a chain differential on

HK.(A, M). We obtain therefore a new homology, called higher Koszul homology associated
to f. Analogously, [Ds] ~ — is a chain differential on H Ho (A, M), hence a higher Hochschild
homology associated to f. The map H(x) induces a morphism from the higher Koszul
homology to the higher Hochschild homology, which is an isomorphism whenever A is Koszul.
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For z=m®a ...a, in M @ A®P, we deduce from the Hochschild analogue of equality (1)
that
Df ~ Z = (—l)pil(Df(CLp)m) XKay... ap—1-

Thus Dy —~ — coincides with the Rinehart-Goodwillie operator associated to the derivation

Dy of A [I7,8].

5.2 Higher Koszul homology associated to ey4

Let us fix f = e for the rest of the paper. Without any assumption on the characteristic of
k, the k-linear map e 4 o is a chain differential on M ® W,, and next €4 e is a chain
differential on HK,(A, M).

Definition 5.1 Let A =T(V)/(R) be a quadratic algebra and let M be an A-bimodule. The
differential €4 = of HK¢(A, M) will be denoted by O~. The homology of HKe(A, M)

endowed with 0~ is called the higher Koszul homology of A with coefficients in M and is
denoted by HKM (A, M). We set HK!(A) = HKM(A, A).

If we want to evaluate 0. on classes, it suffices to go back to the formula

€A 2Z=mIr1 QT2...Tp
K

for any cycle z =m®x1...2p in M @ W,. If M =k, the differential e4 o vanishes, so
HK}(A, k) = W, for any p > 0.

5.3 Higher Koszul homology with coefficients in A

Lemma 5.2 Let A = T(V)/(R) be a quadratic algebra. Given o in HKP(A) and v in
HEK,(A), the following equalities hold

O~(a 27)=0-(a) 27 =(-1)fa—d-~(),

O-(7 = a) =0-(1) =~ a = (~1)1y ~ O_(a).

The proof is left to the reader. Consequently, the Koszul cap products are defined in
HEK};(A) acting on HK}(A) and are still denoted by - This makes HK[(A) a graded

bimodule over the graded algebra HKp,(A). More generally, HK!M(A, M) is a graded
bimodule over the graded algebra HK},(A) for any A-bimodule M.

As we have already done in cohomology, but without any assumption on V', we show that
the space HK}M(A) is bigraded. A Koszul g-chain z in A,, ® Wy, is said to be homogeneous of
weight n. The space of Koszul chains A ® W, is N x N-graded by the biweight (g, n), where
q is called the homological weight and n is called the coefficient weight. Moreover, by is
homogeneous of biweight (—1,1). Thus the space HK,(A) is N x N-graded by the biweight.
The homogeneous component of biweight (¢,n) of HK4(A) is denoted by HK,(A),. Since

O~ : HKq(A)n — Hqul(A)nJrl’
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the space HK!(A) is N x N-graded by the biweight, and its (¢, n)-component is denoted
by HEM(A),.

Assume now that V is finite dimensional. If f: W, — A,, and z € A4, ® W, are homo-
geneous of biweights (p,m) and (g, n) respectively, then f o and z - f are homogeneous

of biweight (¢ — p, m + n) where
f Sz= (~D) @ PPf(r, oy x)a@ T Ty, (5.1)

Z/I;f:(—1)pqaf(171...$p)®$p+1...ZCq, (5.2)

and z =a®x ... 24. The Hom(W,, A)-bimodule A @ W,, the HK*(A)-bimodule HK,(A)
and the HK},(A)-bimodule H K} (A) are thus N x N-graded by the biweight. The proof of
the following is left to the reader.

Proposition 5.3 For any quadratic algebra A =T(V)/(R),
HEKy(A)y = HK}(A)o = k.

Moreover HKo(A)1 = HK1(A)o =V and 0~ : HK1(A)y — HKo(A)1 is the identity map
of V. As a consequence, _ _
HK}(A), = HKM(A)o = 0.
5.4 Higher Koszul homology of symmetric algebras
Theorem 5.4 Given a k-vector space V' and the symmetric algebra A = S(V'), we have

IR

HEG'(A) =k,
hZ ~Y ]
HEK,'(A) = 0if p>0.
Proof. Proposition B.16 shows that the differential 0. on HK4(A) coincides with the differ-
ential e4 = —on A ® W,. From equation [B.I2]), we see that the complex (HKq(A),0~)

coincides with the left Koszul complex Ky(A) = (A® W,,d;). Since A is Koszul, we deduce
HKM(A) as stated. m

Our aim is now to generalize this theorem to any Koszul algebra, in characteristic zero.
This generalization is presented in the next section. The proof given below uses some
standard facts on Hochschild homology of graded algebras including the Rinehart-Goodwillie
operator.

6 Higher Koszul homology and de Rham cohomology

6.1 Standard facts on Hochschild homology of graded algebras

For Hochschild homology of graded algebras, we refer to Goodwillie [8], Section 4.1 of Loday’s
book [12], or Section 9.9 of Weibel’s book [2I]. In this subsection, A is a unital associative
k-algebra which is N-graded by a weight. The homogeneous component of weight p of A
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is denoted by A, and we set |a| = p for any a in A,. We assume that A is connected, i.e.
Ap = k, so that A is augmented. Recall that the weight map D = D4 : A — A of the graded
algebra A is defined by D(a) = pa for any p > 0 and a in A,,. As recalled in Subsection [5.1]
the Rinehart-Goodwillie operator ep = D —~ — of A ® A®*® is defined by

epla®ay...ap) = (1P (laplaya) ®ay ...ap-1,

for any a, a1, ...,ap in A with a, homogeneous. If p = 0, note that ep(A) = 0.

Denote by [D] the Hochschild cohomology class of D. Assuming char(k) # 2, Gersten-
haber’s identity 2D — D = b(D o D) shows that the map H(ep) = [D] —~ — is a chain
differential on HHe(A), and [D] — — is a cochain differential on HH*(A). We denote by
HH(A) (resp. HH};(A)) the so-obtained higher Hochschild homology (resp. cohomology)
of A with coefficients in A, already defined if A is a quadratic algebra in Subsections 3.5
and 5.1.

Let B be the normalized Connes differential of A® A®® where A = A/k [12,21]. Denoting
the augmentation of A by e, we identify A to the subspace ker(e) = @@ A, of A. Recall
that

m>0
Bla®ay...ap) = Y (~1)P"1® (ap_it1...apaa1...ap i), (6.1)
0<i<p

forany a € A, and a1, . .., a, in A, where @ denotes the class of a in A. Note that B(a) = 1®a
for any a in A. The operator B passes to Hochschild homology and defines the cochain
differential H(B) on HH.(A). We follow Van den Bergh [19] for the subsequent definition.

Definition 6.1 The complexr (HH4(A), H(B)) is called the de Rham complex of A. The
homology of this complez is called the de Rham cohomology of A and is denoted by Hj,(A).

If char(k) = 0, it turns out that one of both differentials H(B) and H(ep) of HHe(A)
18 — up to a normalization — a contracting homotopy of the other one. This duality linking
H(B) and H(ep) is a consequence of the Rinehart-Goodwillie identity (G.2]) below. Let us
introduce the weight map Lp of A ® A®® by

Lp(z) = |2lz,

for any homogeneous z = a®ay ... ap, where |z| = |a| + |a1|+ - - - +]ap|. Clearly, Lp defines
an operator H(Lp) on HH,(A). Note that A @ A®* HH,(A) and HH}(A) are graded
by the total weight (called simply the weight), and that the operators H(ep), H(B) and
H(Lp) are weight homogeneous. Let us state the Rinehart-Goodwillie identity; for a proof,
see for example Corollary 4.1.9 in [12].

Proposition 6.2 Let A be a connected N-graded k-algebra. The identity
[H(ep), H(B)lge = H(LD), (6.2)
holds, where [—, —|4c denotes the graded commutator with respect to the homological degree.
The following consequence is a noncommutative analogue of Poincaré Lemma.
Theorem 6.3 Let A be a connected N-graded k-algebra. Assume char(k) =0. We have
Hip(A) = HHJ'(A) = &,
HYp(A) = HH)'(A) = 0if p>0.

2
¢
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Proof. Let @ # 0 be a weight homogeneous element in H H,,(A). Assume that H(ep)(a) = 0.
The identity (62 provides
H(ep)o H(B)(a) = |ala. (6.3)

If p > 0, then || # 0, so that « is a H(ep)-boundary, showing that HH;”(A) =0.Ifp=0,
any a in HHy(A) is a cycle for H(ep) and if || # 0, it is a boundary by ([@3). If p = |o| = 0,
« cannot be a boundary since H(ep) adds 1 to the coefficient weight. Thus HH}(A) = k.
The proof for the de Rham case is similar. Note that the assumption char(k) = 0 is essential
in this proof, except for proving that HJ5(A) = k and that HH} (A)o 2 k. m

6.2 Consequences for quadratic algebras

If A is quadratic, then H(X) : HK,(A) — HHp(A) is always an isomorphism for p = 0 and
p = 1; moreover, if A is Koszul it is an isomorphism for any p. As a consequence, H ()
induces an isomorphism from HK;)“'(A) to HHZ’)”(A) for p = 0, and for any p if A is Koszul.
So, generalizing Theorem [5.4] in characteristic zero, we obtain the following consequence of
the previous theorem.

Theorem 6.4 Let A = T(V)/(R) be a quadratic algebra. Assume that char(k) = 0. We
have HK}(A) = k. If A is Koszul, then for any p > 0,

hi ~
HEK"(A) 0.

It would be more satisfactory to find a proof within the Koszul calculus, possibly without
any assumption on char(k). We would also like to know if the converse of this theorem holds,
namely, if the following conjecture is true.

Conjecture 6.5 Let A=T(V)/(R) be a quadratic algebra. The algebra A is Koszul if and

only if there are isomorphisms

IR

HEg'(A) k,
hl ~Y ]
HK)'(A) = 0ifp>0.

Let us comment on this conjecture. In the non-Koszul example of Section 9, we will
find that HK}(A) # 0 — agreeing the conjecture. Within the graded Hochschild calculus,
this conjecture is meaningless, since any graded algebra has a trivial higher Hochschild
homology as stated in Theorem Consequently, the higher Koszul homology provides
more information on quadratic algebras than the higher Hochschild homology. Moreover, if
Conjecture is true, then the Koszul algebras would be exactly the acyclic objects for the
higher Koszul homology.

In Subsection B7 the left Koszul complex K,(A) = K(A) ®4 k associated to any
quadratic algebra A was recalled. Since A is Koszul if and only if K,(A) is a resolution
of k, Conjecture is an immediate consequence of the following.

Conjecture 6.6 Let A=T(V)/(R) be a quadratic algebra. For anyp >0

HKM(A) 2 Hy(K(A)). (6.4)
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A stronger conjecture asserts that there exists a quasi-isomorphism from the complex
(HKo(A),0~) to the complex Ky(A). The proof of Theorem [5.4] shows that the stronger
conjecture holds for symmetric algebras. For any quadratic algebra A, it is well-known that
Ho(Ky(A)) = k and Hy(K(A)) =0, therefore Conjecture [6.6] would imply that HK}(A) =
k and HKJ(A) = 0. What we know about HK!(A) is that HK}(A)g = 0 (Proposition
B.3), and HK!(A); =0 (next subsection). Note that the non-Koszul example of Section 9
will satisfy Conjecture

6.3 The Connes differential on Koszul classes

From the equality (6. defining the Connes differential B of A® A®*, observe that B(A®W,,)
is not included in A ® W1, so that it seems hard to find an analogue to B at the Koszul
chain level. We prefer to search an analogue to H(B) at the Koszul homology level. In this
subsection, the notation H(B) is simplified and replaced by B. We are interested in the
following question. Let A = T(V)/(R) be a quadratic algebra.

Does there exist a k-linear cochain differential Bx on HK4(A) such that the diagram

HIG,(A) 25 HEK,1(A)

»L H(f()p i H(f()p-i—l (6'5)

HHy(A) £> HHp 11 (4)

commutes for any p > 07
Since B and H () preserve the total weight, B should preserve the total weight too.
Therefore, using our notation for coefficient weight, we impose that

BK : HKP(A)m — HKerl(A)m,l.

The answer to the question is affirmative if A is Koszul since the vertical arrows are
isomorphisms, and in this case the corresponding Rinehart-Goodwillie identity linking the
differentials Bx and 0~ of HK,(A) holds. If the answer is affirmative for a non-Koszul
algebra A, Conjecture would imply that this Koszul Rinehart-Goodwillie identity does
not hold in characteristic zero, and it would be interesting to measure the defect to be an
identity, e.g. in the explicit example of Section 9.

Let us begin by examining the diagram (G.5]) for p = 0. In this case, such a By exists
since the vertical arrows are isomorphisms. It suffices to pre and post compose the map

B: HHy(A) — HHy(A), [a] — [1®a),

with the isomorphism and its inverse in order to obtain By, however an explicit expression
of By is not clear. It is easy to obtain it for small coefficient weights. Clearly,

BK : HKo(A)l =V - HKl(A)O =V

is the identity of V. Next, assume char(k) # 2 and consider the projections ant and sym
of V ® V defined by

1 1
ant($®y):§(x®y—y®x), sym(x®y):§(x®y+y®x),

for any x and y in V. The proof of the following lemma is straightforward.
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Lemma 6.7 Let A=T(V)/(R) be a quadratic algebra. If char(k) # 2, we have

ant~*(R) VeV

———= HKyA) & —————n——.
sym(R) ’ o(4)2 ant(V®V)+R

The map By : HKy(A)s — HK1(A); is thus defined by B ([a]) = [sym(a)] for any [a]

%. Let us continue a bit further by defining the map

HKQ(A)Q =RnN (mt(V & V), HKl(A)l =

in
BK : HKl(A)l — HKQ(A)O

ant™1(R)
sym(R) *

by Bk ([a]) = 2ant(a) for any [a] in The proof of the following lemma is direct.

Lemma 6.8 The map Bi : HK1(A)1 — HK3(A)o is surjective and together with Bk :
HEKy(A)y = HK;(A)y it satisfies the Koszul Rinehart-Goodwillie identity

(0 0 Bic + Bic 00-)([al) = 2la],
for any [a] in HK1(A)1. Moreover, H(X)2 : HK2(A)g — HH(A)s is an isomorphism.

Note that HH,(A); denotes the homogeneous component of total weight t. Using the
previous By, the diagram (6.5)) corresponding to p = 1 and total weight 2 commutes. From
Lemma [6.8] we obtain immediately the following proposition.

Proposition 6.9 Let A=T(V)/(R) be a quadratic algebra. If char(k) # 2, we have
HEKM(A)y = HKM(A), 0.
Generalizing Bg : HK1(A); — HK5(A)p as below, we obtain the following.

Proposition 6.10 Let A = T(V)/(R) be a quadratic algebra. If p > 2 is not divisible by
char(k), then HK!(A)o = 0.

Proof. Denote by, : W), = V@ Wp_1 and b p—1 : V @ W1 — Ay ® Wj,_5 the differential
bi on p-chains of weight 0 and on (p — 1)-chains of weight 1. We have

ker (b -
HE,(A) = ker(bg,) CW, CV@W, 1, HK, 1(A) = ker(bicp-1)
im(bg p)

and eq —~ z = z for any z in ker(bg ). The map
O~ : HKP(A)O — HKpfl(A)l

is defined by 0~ (z) = [2] for any z in ker(bg ;). In order to show that this map is injective
under the hypothesis on the characteristic, it suffices to define

BK : HKpfl(A)l — HKP(A)O

such that Bx o 0~ = pldyk,(a),- For this, restrict the operators ¢ and N of cyclic homol-
ogy [12] to V®P. We get the operators 7 and v of VP given for any vy,...,v, in V and z
in V®P by
T ®...00)=(-1)Fly,eu ®...0v,_1,
V(&) =z+7(2) + o+ 777 (2),
Clearly 77 = Idyepr and (1 = 7)oy =70 (1 —7) = 0.
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Lemma 6.11 Ifz € VQW,_1 is such that bi p—1(z) = 0, then v(z) € W, and bg ,(y(2)) =
0.

Proof. Write z = x ® 21 ... 2,1 with usual notation. For 1 <7 < p —1, define
iiv1 =Idyei1 @ p@Idyesi : VO = VOl g Ay @ VP71
so that p; i1 (V1 ®...Q V) =11 ® ... V1 ® (Vivit1) Q... @ vp. Clearly,
Mit1,i42 O T = —T O [4j ;11 (6.6)

where 7 on the right-hand side acts on A®P~! by the same formula, hence with sign (—1)P~2.
The formula

bK_’pfl(Z) = (xxl) X xa... Tp—1 + (—1)p_1(Ip,1$) XRxy... Tp—2

shows that bx ,—1 coincides with the restriction of 120 (14 7) to V@ Wp_1. Since (%) is
equal to

TR ... xp_l—l—(—l)p*lxp_l@x@xl e Tp—2FTp_2®@Tp_1 ... Tp_3+-- H (=) @2y ..

we see that
,2(7(2)) = p12(2 + 7(2)) = b p-1(2) =0
by assumption. Therefore, using equation (G.0)), we get

p2a(v(2)) = p2,3(7(2) +72(2)) = —T 0 pua(z + 7(2)) = 0,
and we proceed inductively, up to
tp—1,p(7(2)) = Np*l,p(7p72(z) + Tpil(z)) =-To /L;D*2-,p71(7'p73(z) + Tpiz(z)) =0.

Thus, we have proved successively that v(z) belongs to R@ V=2 V@ R® V=3 up to
V®~2 @ R, which means that v(z) € W,,. Next, the equality bk ,(7(z)) = 0 is clear since
bx p coincides with the restriction of 1 — 7 to W,,.

So we set Bi ([z]) = () for any [z] in HK,_1(A)1 where z € ker(bg p—1). It is imme-
diate that (Bgod~)(z) = v(z) = pz for any z in ker(bg ;). Proposition[6.I0lis thus proved. m

Note that the corresponding diagram (65) w.r.t. p — 1 and total weight p commutes.
Remark as well that H,(K,(A))o = 0, thus Conjecture is satisfied in characteristic zero
for coefficient weight zero.

7 Higher Koszul cohomology and Calabi-Yau algebras
For the definition of Calabi-Yau algebras, we refer to Ginzburg [7]. The following is a higher

Hochschild cohomology version of Poincaré duality, and it is based on the material recalled
in Subsection
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Theorem 7.1 Let A be a connected N-graded k-algebra. Assume that char(k) =0. If A is
n-Calabi- Yau, then

IR

HH}.(A) = 0if p#n.
Proof. Let ¢ € HH,(A) be the fundamental class of the Calabi-Yau algebra A. As proved by

the second author in [I1] (Théoreme 4.2), the Van den Bergh duality [20] can be expressed
by saying that the k-linear map

— ~c:HHP(A, M) — HH,_,(A, M)

is an isomorphism for any p and any A-bimodule M. As in Subsection [6.Il D denotes the
weight map of A, the map [D] ~ — is a chain differential on HH,(A), and [D] — — is a
cochain differential on HH*®(A). Clearly the diagram

HEP(A) 5T gEera)
l——c l——c (7.1)
HH, ,(4) "5 mmH, , .4

commutes for any p > 0. Since the vertical arrows are isomorphisms, they induce isomor-
phisms HH} ,(A) = Hﬁlp(A). The result thus follows from Theorem [ |

Corollary 7.2 Let A =T(V)/(R) be a quadratic algebra. Assume that char(k) = 0. If A
1s Koszul and n-Calabi- Yau, then

HK}.(A) = 0if p#n.

Proof. Since A is Koszul, H(x*) induces an isomorphism from HH}, (A) to HK},(A). &

Analogously to Conjecture [6.5] we formulate the following.

Conjecture 7.3 Let A = T(V)/(R) be a Koszul quadratic algebra. The algebra A is n-
Calabi-Yau if and only if there are isomorphisms

HK?.(A) = 0if p#n.

We will illustrate this conjecture by the example A = T(V) when dim(V) > 2. The
complex K,(A) is in this case

0— AV 5 4—0,

so that A is Koszul of global dimension 1, and A is not AS-Gorenstein since dim(V') > 2,
thus A is not Calabi-Yau. The following proposition shows that Conjecture [(.3]is valid for
these algebras.
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Proposition 7.4 Let V be a finite-dimensional k-vector space such that dim(V') > 2, and
A =T(V) the tensor algebra of V. We have

HKY.(A) = 0

KL (), = v

HEL(A) = Hom(V,V)/kldy (7.2)
HK}.(A)y = Hom(V,V®™)/ <vrav—va;a € VO™ > if m >2

HEP(4) = 0if p>2.

Proof. The homology of the complex 0 — A Lre, Hom(V,A) — 0, where bg(a)(v) =
).

av —va for any a in A and v in V, is HK*(A). Thus
HEK°(A) = Z(A) = k
HKYA) = Hom(V,A)/ <v~ av—va;a€ A> (7.3)
HKP(A) = 0if p>2.

Next, d_ is defined from HK°(A)g = k to HK'(A); = Hom(V,V) by 0_()\) = AIdy for
any A in k, hence it is injective. Equations (7Z.2) follow immediately. B

8 Application of Koszul calculus to Koszul duality

Throughout this section, V denotes a finite dimensional k-vector space and A = T'(V)/(R) is
a quadratic algebra. Let V* = Hom(V, k) be the dual vector space of V. For any p > 0, the
natural isomorphism from (V®P)* to V*®P is always understood without sign. The reason
is that in this paper, we are only interested in the ungraded situation, meaning that there is
no additional Z-grading on V. Let R* be the subspace of V*® V* defined as the orthogonal
of the subspace R of V®V, w.r.t. the natural duality between the space V ® V and its dual
VeV 2V eV~

Definition 8.1 The quadratic algebra A' = T(V*)/(R*) is called the Koszul dual of the
quadratic algebra A.

Recall that A is Koszul if and only if A' is Koszul [15]. The homogeneous component of
weight m of A' is denoted by A',. The subspace of V*®P corresponding to the subspace W,
of V¥ is denoted by W,. By definition,

A, =Vveem) N Vg RE @ VeI, (8.1)
i+2+4j=m
wy= () V®eR eV (8.2)
i+24j=p

8.1 Koszul duality in cohomology

Recall that HK*(A) is N x N-graded by the biweight (p,m), where p is the homological
weight and m is the coefficient weight. The homogeneous component of biweight (p, m) of
HK*(A) is denoted by HKP(A),,. It will be crucial for the Koszul duality to exchange
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the weights p and m in the definition of the Koszul cohomology of A, leading to a modified
version of the Koszul cohomology algebra denoted by tilde accents. More precisely, for
Koszul cochains f : W, — A,, and g : W, — A,,, define b (f) and f\;;g by

b ()@ pi1) = f(@1 . 2p)Tpir — (=) "1 f (22 Tpia), (8.3)

(f\;{/g)(xl e Tptg) = (1) f (@1 2p)g(Tpa - Tpig)- (8.4)

Let us also define the corresponding cup bracket by

[figle = f9- (—1)m"g§f-

ey
K

Lemma 8.2 The product \;; is associative and the following formula holds

bK(f) = —[GA,f]

e
for any Koszul cochain f with coefficients in A.

The proof is immediate. Associativity implies that [—, —]= is a graded biderivation for
K

the product \I?(/ Consequently, one has b (bx (f)) = 0 and

bi(f29) = bic(f) g+ (=)™ [ b ().

Therefore, (Hom(W,, A), \;;, bx) is a dga w.r.t. the coefficient weight. The following con-

vention is essential for stating the Koszul duality in the next theorem.
Convention: (Hom(W,, A), f{/) is considered as N x N-graded by the inverse biweight (m, p).

The homology of the complex (Hom(W,, A),bx) is denoted by HK " (A), it is a unital
associative algebra, N x N-graded by the inverse biweight (m,p). The homogeneous com-
ponent of biweight (m,p) is denoted by HK" (A),,. Note that HK*(A) and HK® (A) are
different in general. For example, HK°(A) = Z(A), while HE" (A) = Z(A) is the graded
center of A, considering A graded by the weight.

Theorem 8.3 Let V' be a finite dimensional k-vector space, A = T(V)/(R) a quadratic
algebra and A' = T(V*)/(RY) the Koszul dual of A. There is an isomorphism of N x N-

graded unital associative algebras

(HE®(4),-) = (HK®(AY, 2). (8.5)

K
In particular, for any p > 0 and m > 0, there is a k-linear isomorphism

HEKP(A),, =~ HK " (A"),. (8.6)
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Proof. Let us first explain the strategy: it suffices to exhibit a morphism of N x N-graded
unital associative algebras

0A: (Hom(W.,A),}/) — (Hom(W,’,A!)7 ), (8.7)

K
which is a morphism of complexes w.r.t. bx and b, such that waopa =idand pgopy =id
— using the natural isomorphisms W' = W, and A" = A. In fact, the isomorphism (85)
will be then given by

Higa) : (HE*(4), =) = (HE"(4), ).
We begin by the definition of ¢4. Using (82) and the natural isomorphism V*®P =

(V®P)*, the space W, is identified to the orthogonal space of Ve @ R®V® in
(V®P)*. The following lemma is standard.

i+2+j=p

Lemma 8.4 For any subspace F of a finite dimensional vector space E, denote by F*
the subspace of E* whose elements are the linear forms vanishing on F. The canonical map
(E/F)* — E*, transpose of can : E — E/F, defines an isomorphism (E/F)* = F+, and the
canonical map E* — F*, transpose of can : F — E, defines an isomorphism E*/F+ — F*.

Applying the lemma, we define the k-linear isomorphism 1, : W;, — Ay, where A} denotes
the dual vector space of

A, =V " V@RV,
i+24j=p

The transpose ¢y, : Ay — W;)* is an isomorphism. Replacing A by A' and using that
W;)! = Wp, the map 1/11!,* : A; — W, is an isomorphism as well. According to the lemma, 1/)1!7*
is induced by the map sending any linear form on V®? to its restriction to W,.

Definition 8.5 For any p > 0, m > 0 and for any Koszul cochain f : Wy — A,,, we define
the Koszul cochain @A (f) : W} — A; by the commutative diagram

+ ¥m Ly (8.8)
A Loowe

The so-defined k-linear map ¢4 is homogeneous for the biweight (p, m) of Hom(W,, A)
and the biweight (m,p) of Hom (W, A"). Diagram (88) applied to A' and to p4(f) provides
the commutative diagram

pat(palf)) A,

Wy —
Ly Lo, (8.9)
Ay e g



Comparing this diagram to the transpose of Diagram (B8], we obtain ¢ 410 pa(f) = f. The
proof of ¢4 0 p4i(h) = h for any h: W} — A; is similar. So

A : Hom(W,, A) — Hom(W}, A"

is a k-linear isomorphism whose inverse isomorphism is ¢ 4:. We continue the proof of
Theorem by the following.

Claim 8.6 The map w4 s an algebra morphism.
Proof. Let f: W, — A, and g : W, — A,,. For the proof, it is necessary to introduce the
cup product without sign f{/ defined on Hom(W,, A) by

(ff;g)(xl o Tpiq) = (@1 2p)g(Tpt1 - - Tpig)-

Conformally to the ungraded situation stated in the introduction of this section, the ten-
sor products of linear maps are understood without sign in the sequel. In particular, the
following diagram, whose transpose is used below, commutes.

w,oW, 24 4,4,
1 can Ly
<9
Wp+q — Am+n-

Tensoring Diagram (B8] by its analogue for g, we write down the commutative diagram
I ! pa(f)®@palg) ! !
W oW =5 Al ® Al
L Pm ® v Ly @y (8.10)
A% @ A 20 wrew;
Combining this diagram with the following four commutative diagrams

can

Wiin =% W, oW, Awa o4
L thmin y Y Ym @ and | b @l n Lok,
A — A7 ® A Wy @ Wy — Wy,
palf)zeal) A* @ AF 229w oW
W}in — AL, m®*n p @Wy
\L can T /’L! and T M (F )* \I/ can
| 1 palf)®ealg) | | . ®7 "
W), @ W), = Al ® Al Al S W,
we obtain the commutativity of
\ palf)zealy) \
anJrn — A?frq
b Yman Liyig (8.11)
. (Fz9)” .
Aern — Wp+q'



Finally, it is sufficient to compare this diagram to Diagram (8.8)) applied to f f{/g instead of
f, for showing that 4 (f?;/g) =pa (f)fgcpA (9). Multiplying the latter equality by (—1)P9,
we conclude that @4 (f % g) = @A(f)\;gpA(g). [ |

Consequently, one has pa([f,g]-) = [pa(f),pa(g)]
[eAz,cpA(f)]i, and therefore @A (bi(f)) = b (pa(f)) by using the fundamental formulas.
Theorem B3] is thus proved. ®

. In particular, <pA([eA,f]};) =

=
K

We illustrate Theorem by the example A = k[z], that is V = k.z and R = 0. The
Koszul dual of A is A' = k@ k.a* with 2*2 = 0. It is straightforward to verify the following
isomorphisms for any m > 0

HEK (A)pm 2 k(1 2™) 2 k(2" — 1) 2 HK (Ao

HEYA)p 2 k(z— 2™) 2 k(2" — 2") 2 HK ' (A'),
HEKP(A),, 0= HK"(A"), for any p > 2,

and it is also direct to check that the products work well. Remark that HK°(A),, is not

isomorphic to HK O(A!)m for any m > 2, so the exchange p <+ m is essential in Theorem
B3l Passing to the modified version HKm(A!)p is also essential, since HK™(A") is not
isomorphic to HK%(A),, when m is odd. Moreover, it is clear that HK°(A') 2 HK°(A).

8.2 Koszul duality in higher cohomology

As in Subsection 3.5 we define the tilde version of the Koszul higher cohomology. Clearly,
eA\;;eA = 0, so that eACK/— is a cochain differential on Hom(W,, A). Next, EA\;;— is a

cochain differential on HK ' (A) denoted by d_. The homology of HK ' (A) endowed with
d_ is denoted by HK . (A). The associative algebra (HK 1, (A), f{/) is N x N-graded by the
inverse biweight. Since

H(pa)(@a ) =eaH(pa)(a),

for any o in HK*(A), Theorem implies that the isomorphism H(p4) : HK®*(A) —
HK .(A!) is also an isomorphism of complexes w.r.t. the differentials _ and d_. We have
thus proved the following higher Koszul duality theorem.

Theorem 8.7 Let V be a finite dimensional k-vector space and A = T(V)/(R) a quadratic
algebra. Let A' = T(V*)/(R*) be the Koszul dual of A. There is an isomorphism of N x N-

graded associative algebras

(HE}(4), =) = (HE (A, ). (8.12)

K
In particular, for any p > 0 and m > 0, there is a k-linear isomorphism

HE},(A)m = H~K;Z‘(A!)p- (8.13)
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8.3 Koszul duality in homology

We proceed as we have done for cohomology in Subsection Rl We define a modified
version of Koszul homology by exchanging homological and coefficient weights. Precisely,
for f: W, > Apand z=a® 1 ...24 in A, ® Wy, we define bx (z), ff;z and Z/;f by

br(z) =ar1 @x2...2¢ + (—1)"zga @ x1 ... Tq-1, (8.14)
f/;z = (=)™ (g ) a R T . Ty, (8.15)
z?f =(=1)"™"af(x1...2p) @ Tps1 ... 24 (8.16)

The corresponding cap bracket is

(£, 2]

A= f/;z — (—1)”"2?}“.

It is just routine to verify the following associativity relations:

Folgnz) = (fz9) 22
z2g)=f = 229 f),
f=2g) = (f22) 29,
and the fundamental formula ~
bK(Z) = —[eA,z];\.
K
The associativity relations imply that [—, =]~ is a graded biderivation for the product
K

\I?(/ in the first argument and the actions /; in the second argument. From that, it is

straightforward to deduce b (bx(2)) = 0 and

i)K(f/;\Z) = BK(f) /I?Z + (—1)mf}:<\ bK(Z),

bic(22f) = bic() 2f + (~1)"2 2 bic().

Therefore, (A @ W, /I:{\, ISK) is a differential graded bimodule w.r.t. the coefficient weight
over the dga (Hom(W,, A), f{/, bx).

The homology of the complex (A ® W,,br) is denoted by HK.(A). Tt is a HNK.(A)—
bimodule, N x N-graded by the inverse biweight. The homogeneous component of biweight
(n,q) is denoted by HK ,(A),. Note that HKo(A)o = k, while HK((A)g 2 0 if char(k) # 2.

In order to state the Koszul duality in homology, we need to slightly generalize the
formalism described up to now in this section, by replacing the graded space of coefficients,
namely A, by an arbitrary Z-graded A-bimodule M, whose degree is still called the weight.
The formalism described up to now for M = A extends immediately to such a graded M by
using the same by, e I;K, \I?g, /; We obtain the following general formalism.
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1. Hom(W,e, M) is a (Hom(W,, A), }/)—bimodule for o N X Z-graded by the biweight,
and HK®*(A, M) is a N x Z-graded (HK*(A), }/)-bimodule.

2. Hom(We, M) is a (Hom(W.,A),\;;)—bimodule for \;;, Z x N-graded by the inverse
biweight, and HK' (A, M) is a Z x N-graded (HK " (A), <)-bimodule.

3. M @W, is a (Hom(W,,A), \K/)—bimodule for o N x Z-graded by the biweight, and
HKJ (A, M) is a N x Z-graded (HK*(A), \Ig)—bimodule.

4. M@W,is a (Hom(W,, A), \I?(/)-bimodule for /;, Z x N-graded by the inverse biweight,
and HK (A, M) is a Z x N-graded (HK " (A), <)-bimodule.

Apart from the case M = A, we will need to consider the graded dual M = A* =

®D,.>0 45, It would be more natural to grade A* by the weight —m, but in order to avoid

notational complications, we prefer to use the nonnegative weight m. So all the biweights
used below will belong to N x N. We recall the actions of the graded A-bimodule A*. For

any u in A}, and a in A,,, they are defined by a.v and w.a in A},_,,, where
(a.u)(a") = (=1)"u(d'a), (8.17)
(u.a)(a’") = u(aad), (8.18)

for any o’ in A,,_,,. We are now ready to state the following Koszul duality theorem in
homology, completing Theorem [R.3]

Theorem 8.8 Let V be a finite dimensional k-vector space and A =T(V)/(R) a quadratic
algebra. Let A' = T(V*)/(R*Y) be the Koszul dual of A. There is an isomorphism

HE,(A) =~ HK"(A', A"™), (8.19)
from the (HK'(A),\I;)—bimodule HKJ(A) with actions o N x N-graded by the biweight,

to the (HK " (A"), f{/)—bimodule HEK" (A", A% with actions f{/, N X N-graded by the inverse

biweight. In particular, for any p > 0 and m > 0, there is a k-linear isomorphism
HE,(A), = HK" (A", A%),. (8.20)
Proof. 1t is sufficient to exhibit an isomorphism
04: AR W, — Hom(W,, A™), (8.21)

from the (Hom(W,, A), };)—bimodule A ® W, with actions - to the (Hom (W, A"), \K/)—
bimodule Hom (W}, A*) with actions \;;, such that 6 4 is homogeneous for the biweights as

in the statement and 64 is a morphism of complexes w.r.t. bx and bi. After doing so, the
isomorphism (819) will be given by

H(04) : HKJ(A) = HK (A", A™).
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For defining the linear map 4 : A, ®@W,, — Hom(W},, A]!D*), we use the linear isomorphisms
or o Ay — W oand 7,/)}) Wy — A;‘ defined in the proof of Theorem B3l For any
z=aQ®x...2p in Ay, @ Wp, set

04(2)(w) =) (a)(w) 1/);!0(3:1 C D), (8.22)

for any w in W, . The so-defined linear map 64 is homogeneous for the biweight of A ® W,
and the inverse biweight of Hom(W}, A™).
Defining
0y : Hom(W,,, AY) = A @ W, (8.23)

by 0(f) = > crei ® (1#1!7_1 o foyt(er)) for any linear f : W} — A;*, where (€;)icr
is a basis of the space A,, and (e]);cs is its dual basis, it is easy to verify that 64 is an
isomorphism whose inverse is 6,.

Claim 8.9 Using pa, consider the Hom (W}, A")-bimodule Hom(W}, A*) as a Hom(W,, A)-
bimodule. The map 04 : AW, — Hom (W}, A™) is a morphism of Hom(W,, A)-bimodules.

Proof. This amounts to prove that
04(f = 2) = palf) 20a(2), (5.24)

04z — 1) = Ba()Zpalf). (5.25)
forany z=a®x1...2p in A,, @ W, and f: Wy = A, with p > q.

Analogously to f{/, define the cap products without sign /; Firstly we prove

0a(f22) = palf)0a(2), (8.26)
leaving to the reader the proof of
04(=21) = 0a(2) S pa(h) (827)

For any w = y1 ... Ymin € W), we deduce from equality (822) that

m—+n?

0a(f22) (W) = Y (F(@p—gi1 - 2p)a) (W) g (21 - - Tp—g)-
Write w = wiws where wy =y1...y, € W,‘l and wo = Yp41 .. Ymin € Wﬁn, so that

04 (2)(w2) = ¥y, (a)(w2) Yy (w1 ... ).

Denoting by ~ the left action of an element of A; on an element A]!D* giving an element of
Ai)*—q as in BI7) but without sign, we have

(palf)0a(2))(w) = palf)(wi)-0a(z)(ws2)
= P o Mo (wi) T (Y (a) (wa) Yy (@1 - wp))

= Y5 (a)(ws) (B o f* o thn(wi) TPl (21 ... 1))
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Next, for any a’ € A,_,, one has

(Wl o f 0 n(wn) 0 - ap)) (@) = her )@ (W o f 0 ()

The right-hand side is equal to ¢, (21 ... 2p—q)(a') ¥y (Tp—qi1 - .- 2p) (Y5 0 f* 0ty (w1)),
by using the commutative diagram

can

Wp Wp_q ® Wq
Lo T
% “!* Ix Ix
Ar B Ak oAl

Therefore, we obtain
(pa(f)04(2))(w) = ¥y, (a)(w2) Yy(@p—qir - xp) (@ o f* ot (wn)) vy g (@1 Tpy).

By duality, 1/131(3:p,q+1 . .a:p)(d)l!]*’lof*own(wl)) is equal to ¥ (f(zp—g+1 - - - p))(w1). More-
over, the commutative diagram

A, @ A L
Ly e, L ¥nin
[ [ can Ik
Wr W — Wi,

shows that

Vo (f(@p—gt1 - xp))(w1) Yy, (a)(w2) = Py (f(Xp—g1 - - - Tp)a) (wrw2).
Thus equality ([828]) is proved. We draw the following

04(F = 2) = (~1P(=1)%04(f)= 0a(2).

Recall that @a(f) : W, — AEI and 4(z) : W), — A;D*, so that (—1)?? is equal to the sign

defining = from =, without forgetting the sign (—1)? defining the left action of AEZ on Aé,*
K K
as in (8TI7). Therefore 64(f = z) = goA(f)f(/HA(z).
Similarly, 0a(z — f) = (=1)04(2) = pa(f) = 0a(z) = wa(f). m

Consequently, one gets a([f. 21_) = [pa().0a(2))=. and Oa(bi (2)) = b (6a(2)) by
using the fundamental formulas. Theorem [8.8 is proved. B

Remark 8.10

Denote by C the Manin category of quadratic k-algebras over finite dimensional vector
spaces, and by £ the category of the N x N-graded k-vector spaces whose components are
finite dimensional. We know that A — HK,(A) is a covariant functor F' from C to &.
Moreover, A — HK®(A, A*) is a contravariant functor G from C to £ where A* is the
graded dual, hence the same holds for G : A — HK " (A, A*). The proof of Theorem [R8
shows that the duality functor D : A — A' defines a natural isomorphism 6 from F to GoD.
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8.4 Koszul duality in higher homology

Generalizing the modified version of higher Koszul cohomology to any Z-graded bimodule
M, we obtain the following higher Koszul duality theorem in homology, completing Theorem

B7

Theorem 8.11 Let V be a finite dimensional k-vector space and A = T(V)/(R) a quadratic
algebra. Let A' = T(V*)/(R*Y) be the Koszul dual of A. There is an isomorphism of N x N-
graded HK},(A)-bimodules

HEKVM(A) =~ HK, (A", A™). (8.28)

In particular, for any p > 0 and m > 0, there is a k-linear isomorphism

HEM(A),, =2 HE (A, AY),,. (8.29)

9 A non-Koszul example

9.1 Koszul algebras with two generators

The Koszul algebras with two generators were explicitly determined by the first author
in [IJ. The result is recalled below without proof. The paper [I] was devoted to study
changes of generators in quadratic algebras and their consequences on confluence. The
result was obtained by using Priddy’s theorem, which asserts that any weakly confluent
quadratic algebra is Koszul, and some lattice techniques for the converse “Koszulity implies
strong confluence” in case of two generators and two relations.

Assume that V = k.x @ k.y, R is a subspace of V@V and A=T(V)/(R). If R=0 or
R =V ®V, then A is Koszul. If dim(R) = 1, then A is Koszul according to Gerasimov’s
theorem [4, 2]. If dim(R) = 3, A is Koszul since dim(R*) = 1 and A' is Koszul. For two
relations, the Koszul algebras are given by the following proposition.

Proposition 9.1 Under the previous assumptions and identifying A to its quadratic rela-
tions, the Koszul algebras with two generators and two relations are the following.

zy = 0 yr = axy
{ 2 = 0 and { 2 — 0 are Koszul. (9.1)
yr = ax? .
vy = pB22 Koszul & a=p. (9.2)
2 _
{ Zg B gzivy—i—ﬁy:v is Koszul & o= (. (9.3)
2 _ 2
{ zy B ,0;52 + Py is Koszul & a=0 and 8 =1. (9.4)
2 2
y° = az’+fry pl=46) = ~(1+9)
{ yr = a4+ oxy is Koszul < { a(l-62) = —Bvys (9.5)
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Throughout the remainder of this section, A denotes the non-Koszul quadratic algebra

A= k<:17,y>/<x2,y2 - $y>

It is immediate that the cubic relations y® = xy? = yzy = 0 and y?z = zyx hold in A.
Moreover, As is 1-dimensional generated by zyx and A,, = 0 for any m > 4. Therefore,
dim(A) =6 and 1, z, y, zy, yz, vy form a linear basis of A. This basis will be continually
used during the rather long but routine calculations of the various homology and cohomology
spaces. We will just state the results, assuming that the characteristic of k is zero. It is easy
to show that W, = k.2 for any p > 3.

9.2 The Koszul homology of A

The complex of Koszul chains of A with coefficients in A is given by

S ARt M A S AR YS AoV S A — 0, (9.6)
where the maps by are successively given by
bi(a® ) =ar —xa and br(a' @ y) = a'y — yd/,
br(a® %) = (ax + ra) @ r and by (a' @ (y* —2y)) = —yd' @z + (d'y +yd' —d'z) @y,
br(a® 2P) = (az + (—1)Pza) @ 2P,
for any a, a’ in A, and p > 3.
Proposition 9.2 The Koszul homology of A is given by
1. HKy(A) is 4-dimensional, generated by the classes of 1, x, y and xy,
2. HK;(A) is 3-dimensional, generated by the classes of l® x, 1 ®y and y ® y,

3. HK5(A) is 3-dimensional, generated by the classes of v ® 12, yr ® 2° + (vy + yr) ®
(y* — zy) and zyzr @ (y° — zy),

4. for any p > 3 odd (resp. even), HK,(A) is 1-dimensional, generated by the class of
1®zP (resp. © @ xP).
Proposition 9.3 The higher Koszul homology of A is given by
1. HK}(A) =k,
2. HKM(A) =0
(A

3. HK}(A) is 2-dimensional, generated by the classes of [yz @ 22+ (zy +yz) @ (y? — zy)]
and [zyz ® (y* — zy)],

4. HK;)”(A) >~ (0 for any p > 3.

The next proposition shows that A satisfies Conjecture
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Proposition 9.4 The homology of the complex Ky(A) is given by
1. Ho(Kg(A)) =k,
2. Hi(K,(A)) =0,

3. Hy(K(A)) is 2-dimensional, generated by the classes of yr @ (y* — xy) and zyx @
(y? — zy),

4. Hy(Ke(A) 20 for any p > 3.

9.3 The Koszul cohomology of A

Recall that for any finite dimensional vector space E, the linear map can : A ® E* —
Hom(E, A) defined by can(a ® u)(x) = u(x)a for any a in A, v in E* and z in F, is an
isomorphism. Using this, define the isomorphism of complexes

can : AQ W = Hom(W,, A).

The differential of A ®@ W/ is obtained by carrying the differential bx of Hom(W,, A), and
is still denoted by bg.

The dual basis of V* corresponding to the basis (z,y) of V is (z*,y*). Denote by z*2
the restriction to R of the linear form z* ® z* on V ® V, and analogously for z*y*, y*z*
and y*2. Clearly 2*2 and y*? form a basis of R*, and we have the following relations in R*:

.I*y* — _y>i=27 y*x* — 0

For any p > 3, denote by z* the restriction to W), of the linear form z*®? on V&P so that
W, is generated by z*7. Then it is routine to write down the complex (A ® W¢', bk ), and
to get the following.

Proposition 9.5 The Koszul cohomology of A is given by
1. HK°(A) is 2-dimensional, generated by 1 and xyx,
2. HK'(A) is 2-dimensional, generated by the classes of t@x* +yQy* = eq and vy y*,

3. HK?(A) is 4-dimensional, generated by the classes of 1 @ z*2, 1 ® y*?, y ® y*? and
zyr @ y*?,

4. for any p > 3 odd (resp. even), HKP(A) is 1-dimensional, generated by the class of
x@x*P (resp. 1@ x*P).

Proposition 9.6 The higher Koszul cohomology of A is given by
1. HKY,(A) is 1-dimensional, generated by the class of xyx,
2. HK},(A) is 1-dimensional, generated by the class of [xy ® y*],
3. HK?,(A) is 3-dimensional, generated by the classes of [12y*?], [y2y*?] and [zyz®y*?],
4. HK?.(A) 20 for any p > 3.
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We do not know whether the following proposition holds or not for any quadratic algebra.
Proposition 9.7 The algebra (HK*(A), \I;) is graded commutative. The (HK*(A), \I;)—
bimodule HK4(A) is graded symmetric for the actions =

We leave the verifications of this proposition to the reader by calculating the cup and
cap products of the explicit classes given in Proposition 0.21 and Proposition In higher
Koszul cohomology, the products of two biweight homogeneous classes vanish, except

leya] — [M@y?) = 1@y - leya] = [y @ y*])

Examining the possible biweights, we see also that the higher Koszul cohomology of A
acts on the higher Koszul homology of A by zero.

9.4 The Hochschild (co)homology of A

Apart from standard examples including Koszul algebras, it is difficult to compute the
Hochschild (co)homology of an associative algebra given by generators and relations. The
bar resolution is too large and, if the algebra is graded, a construction of the minimal
projective resolution is too hard to perform in general. Fortunately, in case of monomial
relations, Bardzell’s resolution provides a minimal projective resolution whose calculation
is tractable. The differential and the contracting homotopy of Bardzell’s resolution are
simultaneously defined in homological degree p from (p — 1)-ambiguities. The ambiguities
are monomials simply defined from the well-chosen reduction system R defining the algebra.

The third author and Chouhy have extended Bardzell’s resolution to any algebra, not
necessarily graded, defined by relations on a finite quiver [3]. Guiraud, Hoffbeck and Mal-
bos [9] have constructed a resolution which may be related to the construction of [3]. The
first step consists in well-choosing a reduction system R of the algebra A. The resolution
S(A) of [3] is in some sense a deformation of Bardzell’s one. The bimodules of the res-
olution S(A) are free, and the free bimodule in homological degree p is generated by the
(p — 1)-ambiguities of the associated monomial algebra. The differential and the contracting
homotopy are simultaneously defined by induction on p. We apply this construction to our
favorite non-Koszul algebra A, without giving the details.

The construction of S(A) starts with < y, the corresponding deglex order on the
monomials in z and y, and the reduction system

R = {2, y* - zy, yay}.

We obtain that S(A) = @, 5o A®k.S,® A, where k.5, denotes the k-vector space generated
by the set S,. Explicitely, So = {1}, S1 = {z, y} and Sy = {22, y?, yxy} — denoted by S
in [3]. For each p > 3, S, is the set of the (p — 1)-ambiguities defined by S;. The p-
ambiguities are the monomials obtained as minimal proper superpositions of p elements of
Ss. For example, S3 = {23, 2, yry?, y?xy, yryry} and

Sy ={a', y', yay?, yPuy, v ay®, yayPey, yieyry, yeyey®, yryeyey}.
The differential d is defined in So by d(1®2°® 1) =r®r® 1+ 1® 1 ® x, and

d1®y?’21)=yye1l+10yy -2yl -1021yY,
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dleyry®1)=yzRyel4+yRzy+ 10y xy.

For any p > 3, 2P belongs to S, and d(1® 2P ® 1) =z @ 2P ' @1+ (—1)P1 @ 277! @ .
Therefore, the morphism of graded A-bimodules x : K(A) — S(A) defined by the identity
map on the generators of all the spaces W, except y* —zy which is sent to y2, is a morphism
of complexes, allowing us to view K (A) as a subcomplex of the resolution S(A). The proof
of the following is omitted; it lies on rather long computations.

Proposition 9.8 Let A = k(z,y)/(x?,y* — zy) be the algebra considered in this section.
o H(X)2: HK3(A) — HHy(A) is an isomorphism.

e HH;3(A) is 3-dimensional, generated by the classes of 1 @ 2®, y @ y> + 1 ® yry? and
2y @ Y3 +y @ yaxy?. Moreover, H(X)s : HK3(A) — HH3(A) sends [1 @ x®] to itself.
In particular, H(X)s is injective and not surjective.

e HH?(A) is 2-dimensional, generated by the classes of 1 ® *? +y @ y*z*y* and x ®
2*? — y ® y*2. Moreover, H(x*)2 : HH?*(A) — HK?(A) sends the first one to the
class of 1 ® x*2, and the second one to the class of —%y ®y*2. In particular, H(x*)2
is injective and not surjective.

* k) k2 *2 % ) %

o HH?3(A) is 1-dimensional, generated by the class of ryr ® y*z*y*? + zyr @ y*2a*y*.
Moreover, H(x*)s = 0.
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