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Abstract

From any algebra A defined by a single non-degenerate homogeneous quadratic
relation f, we prove that the quadratic algebra B defined by the potential w = fz is
3-Calabi-Yau. The algebra B can be viewed as a 3-Calabi-Yau completion of Keller.
The algebras A and B are both Koszul. The classification of the algebras B in three
generators, i.e., when A has two generators, leads to three types of algebras. The
second type (the most interesting one) is viewed as a deformation of a Poisson algebra
S whose Poisson bracket is non-diagonalizable quadratic. Although the potential of S
has non-isolated singularities, the homology of S is computed. Next the Hochschild
homology of B is obtained.

2010 Mathematical Subject Classification: 16537, 17B63, 17B55, 16E65, 16S80.
Key words. Koszul algebras, Calabi-Yau algebras, Poisson algebras, deformations of alge-
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1 Introduction

The deformation theory offers a way to study non-commutative algebras A by examining
associated Poisson algebras S. The idea is to get (more or less explicitly) invariants attached
to S by the use of differential calculus on the commutative algebra S, and then to deduce
from them some invariants attached to A. Invariants of interest in various domains are of
homological nature. In particular, a natural question is the following (there is the same in
cohomology).

(Q) Is the Hochschild homology HHe(A) of A isomorphic to the Poisson homology
HP.(S) of S? A positive answer was given by Kontsevich [19] in cohomology when S is
the algebra of the C* functions on R™ endowed with any Poisson bracket m extended to
the space of formal series S[[h]], and A is the space S[[h]] whose usual commutative product
is replaced by the Kontsevich star product x, (see e.g. [9] for further developments). The
question (Q) was initiated by Brylinski [8] when the algebra A is filtered such that gr(A) is
assumed to be commutative and smooth. Then gr(A) is naturally a Poisson algebra S, and
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there is the Brylinski spectral sequence
E? = HP,(S) = HH.(A). (1.1)

In this context, we can replace the question (Q) by the following one.

(Q’) Does the Brylinski spectral sequence degenerate at E2?

As shown by Kassel [16], this is the case if S is any polynomial algebra whose generators
have all degree 1, so that the Poisson bracket of S is of degree < 1 and A is a Sridharan
enveloping algebra. Actually, Kassel proved more precisely that the symmetrization defines
an isomorphism from the Poisson complex of S to the Koszul complex of A. The latter result
was generalized (in a weaker form) in [15] to the crossed products of enveloping algebras.

Van den Bergh showed that the question (Q’) has a positive answer if A is a generic
Sklyanin algebra in three generators [31]. In this case, the Poisson bracket of S (which is
quadratic) is derived from a “Poisson potential” ¢ such that

(IS) the origin is an isolated singularity of the polynomial ¢.

In the paper of Van den Bergh, the property (IS) appears as essential in the computation
of HP,(S), and it is the same for the other examples (quadratic, cubic, or more generally
quasi-homogeneous) considered further [22, 25, 24]. In this paper, we present an example
of quadratic algebra, called B in the text, for which the previous programme is performed
without the property (IS). In other words, in our example of quadratic algebra B, the Poisson
bracket of S (which is non-diagonalizable quadratic) is derived from a potential ¢ having
non-isolated singularities. Nevertheless, HP4(.S) is explicitly computed (Section 5 below).
Next we prove that any Poisson cycle can be lifted to a Koszul cycle (since B is Koszul, it is
more convenient to use Koszul complex, instead of Hochschild complex, in order to compute
HH,.(B)). Finally we get the computation of HHe(B) as stated in the following.

Theorem 1.1 Let B be the C-algebra defined by the generators x, y, z, and the following
relations

2y =yz+2xz, zx =2, Yx :xy+z2.
Let S be the polynomial C-algebra in x, y, z, endowed with the Poisson bracket derived from
the potential ¢ = —x2z. Then the Hochschild homology of B is isomorphic by a specific
canonical morphism (an edge morphism in the Brylinski spectral sequence) to the Poisson
homology of S and is given by

HHo(B) =~ xCly]®Cly,z];
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Since B is 3-Calabi-Yau, the Hochschild cohomology is then immediate: HH®(B) =
HH;_o(B). Remark that the duality HP*(S) = HP5_4(S) holds since the Poisson bracket
derives from a potential.

Our example of Koszul algebra B belongs to a large class of Koszul 3-Calabi-Yau algebras
still denoted by B. These algebras B can be viewed as 3-Calabi-Yau completions of algebras
A of global dimension 2 (consequently they are quasi-isomorphic to Ginzburg algebras [14]).
Calabi-Yau completions were defined and studied by Keller in [17] (with an appendix by
Van den Bergh). In particular we refer to Section 6.8 of [17]. The Calabi-Yau property of
our algebras B is then immediate from Theorem 4.8 in [17]. Let us explain how we define
these algebras B (see Section 2 below for details). For any non-degenerate quadratic relation
f= Zl j fijziz; in n > 2 non-commutative variables x;, the algebra A defined by the single
relation f is Koszul and AS-Gorenstein of global dimension 2 [12], and A is Calabi-Yau
if and only if f is symplectic [3]. Add an extra generator z to the x;’s and consider the
quadratic algebra B defined by the potential w = fz (see e.g. [14, 6, 5] for algebras defined
by potentials). The properties of B that we shall obtain in Section 2 work out over any field
and are stated in the following.

Theorem 1.2 Let f = Zi,j fizxix; be any non-degenerate quadratic relation over a field k
in non-commutative variables x1,...,x, (n > 2) and let z be an extra generator. Let A be
the k-algebra defined by the genmerators xi,...,x, and the single relation f. Let B be the
k-algebra defined by the generators x1,...,Tn,z and the potential w = fz. The following
hold

1) B is a skew polynomial ring over A in the generator z and defined by an automorphism
of A.

2) z is normal in B, that is Bz = zB.

3) If f is alternating, then z is central in B. The converse holds if the characteristic of k is
#£2.

4) B is Koszul and 3-Calabi-Yau. Moreover, B is a domain.

5) The Hilbert series hp(t) of the graded algebra B is

hp(t)=(1—(n+ 1)t + (n+ 12 -3~

5) The Gelfand-Kirillov dimension GK.dim(B) of B is finite if and only if n = 2, and in
this case GK.dim(B) = 3.
6) B is left (or right) noetherian if and only if n = 2.

When n = 2, the graded C-algebras B are classified in three types (Section 4 below):
the polynomial algebra in z, y and z (classical type), the algebra of Theorem 1.1 (Jordan
type), a family of quantum spaces in z, y, z (quantum type). The second type is the one
of interest for us, since it is well-known that the question (Q) has a positive answer in the
first or third type (if the quantum parameter ¢ is not a root of unity). Hochschild homology
in the quantum type can be deduced from Wambst’s result ([33], Théoréme 6.1). When



n = 2, the C-algebras B are AS-regular of global dimension 3, and it is important to notice
that their invariants j (in terminology of [1]) are infinite, unlike Sklyanin algebras. The first
type and the third type can be considered as limits of Sklyanin algebras by vanishing the
parameter ¢ used in [31], but such a process is not possible for the second type which stands
really apart. Recently, Smith has given a detailed study of a remarkable algebra having
seven generators and defined in terms of octonions [28]. To avoid confusion with our nota-
tion, let us call C' the Smith algebra. Actually, C' does not belong to the class of algebras
B defined in Theorem 1.2, since in characteristic zero C' has no normal element except the
elements of k ([28], Proposition 11.2). However C' has many properties in common with our
algebras B: C'is Koszul and 3-Calabi-Yau, C' is defined by an explicit potential, C' is a skew
polynomial ring over an algebra A in the last generator (but C' is defined by a derivation
of A, not an automorphism), and the single relation of A is symplectic in the first six gen-
erators. Sudrez-Alvarez has obtained similar properties for a class of algebras containing C
and defined from any oriented Steiner triple system [30]. It would be satisfactory to enlarge
naturally the class of algebras B in order to include the Suédrez-Alvarez algebras, and one
would expect that for any AS-regular algebra there is a skew polynomial ring in one variable
over it which is Calabi-Yau.

Acknowledgements. We would like to thank the referee for valuable suggestions and com-
ments.

2 A family of 3-Calabi-Yau algebras

A down-to-earth approach of non-commutative projective algebraic geometry consists in
studying graded algebras defined by generators (assumed to be of degree 1) satisfying some
homogeneous non-commutative polynomial relations. Following this naive approach, the
first class to study is certainly the class of non-commutative quadrics, i.e., the class of non-
commutative graded algebras defined by a single quadratic relation. It is a bit surprising that
this class can be used as a toy model (see [3]) in order to introduce to several duality theories
(Koszul duality, AS-Gorenstein duality and Calabi-Yau duality) playing a basic role in more
sophisticated approaches. Throughout the paper, the algebras of this class will be denoted
by A, sometimes A(f) or A(M) if we want to specify the nalve non-commutative quadric
which is just a quadratic relation f of matrix M in the non-commutative generators. Our
first goal will be to show that such an algebra A is the quotient of a quadratic graded algebra
B defined by a potential depending on f. The study of the algebras B = B(f) = B(M) is
the main purpose of this paper. Let us fix the notation. For n > 1, k(z1,...,z,) denotes
the graded free associative algebra over a field k, generated by z1,...,z, assumed to be of
degree 1. Let us give a non-zero element f = 219, j<n fijTiz; homogeneous of degree 2
in this algebra, or equivalently a non-zero n x n matrix M = (fi;)1<i j<n With entries in
k. Then A = A(f) = A(M) denotes the quadratic graded algebra defined as the quotient
of k(x1,...,2,) by the two-sided ideal generated by f. Let us recall the properties of A
(see [3, 36] for the proofs and for the definitions of Koszul, AS-Gorenstein or Calabi-Yau
algebras).

Proposition 2.1 Let A= A(f) = A(M) be as above.

1) The quadratic algebra A is Koszul.

2) The global dimension of A is equal to 2, except if f is symmetric of rank 1 (in this case,
the global dimension is infinite).

3) A is AS-Gorenstein if and only if f is non-degenerate (i.e., M is invertible).

4) A is 2-Calabi-Yau if and only if [ is non-degenerate and skew-symmetric.



5) If the global dimension of A is equal to 2, the Hilbert series of the graded algebra A is
given by
ha(t) = (1 —nt +t2)7L,

Otherwise, one has

ha(t)= (1 —nt+t* —t3 4+ —..)7L
6) The Gelfand-Kirillov dimension GK.dim(A) of A is equal to 0 if n =1, to oo if n > 2,
and if n = 2, it is equal to the global dimension.
7) If f is non-degenerate, A is left (or right) noetherian if and only if n =1 or n = 2.
8) If f is non-degenerate, A is a domain if and only if n > 2.

Set F' = k{(x1,...,2n,z) where z is an extra generator of degree 1. We refer to [14, 6, 5]
for more details on the definitions and basic properties concerning on algebras defined by a
potential. The elements of F,. = F/[F, F| are called potentials. The k-vector space Fy,, is
sometimes identified to the space of the cyclic sums ¢(a) when a runs over F. Let us define
our potential as being the class w in F¢y. of w € F where

w= fz= Z fijziz;z,

1<ij<n

or as being the cyclic sum

c(w) = Z fij(xizjz + zziz; + xjz2a;).
1<ij<n
Let us denote by B = B(f) = B(M) the algebra defined by this potential. This is the
quotient of the free algebra F by the cyclic partial derivatives 9, (w),..., 0, (w),d,(w),
where
Op(w) = Y (fiymjz+ frizmy), 1<i<n, (2.1)

1<j<n
0-(w) = f. (2.2)
So B is a quadratic graded algebra. The obvious morphism of graded algebras from A
to the quotient of B by z is clearly an isomorphism. In all the following, we abbreviate this

isomorphism by A = B/(z). The following lemma allows us to consider A as a quadratic
subalgebra of B.

Lemma 2.2 The morphism of graded algebras A — B induced by the composite
kg, ...,z,) 5 F 25 B
18 1njective.
Proof. 1t suffices to observe that the ideal which defines the algebra B is homogeneous with
respect to the grading by deg,. ®

Denote by V4 and R4 (respectively Vg and Rp) the space of generators and the space
of relations of A (resp. B). One has Vy = kx1 @ ... ® kx,, Ra = kf, Vg = Va ® kz and
Rp = (Zlgign kO, (w)) @ Ra.

Lemma 2.3 1) We have dim(Rp) > rk(M) + 1.

2) In particular, if f is non-degenerate, then dim Rgp = n 4+ 1 and 0, (w), ..., 0., (w) are
k-linearly independent in F'.

3) If f is non-degenerate, then Az = zA and the element z is normal in the algebra B, that
is, Bz = zB.



Proof. Write down the relations 9,,(w) = 0, 1 < i < n, as the linear system (in the space
B)

1% 211
M : =—'M : (2.3)

TnZ 2T,
with unknowns x1z,..., 2,2 viewed in B. Reducing this system to a triangular form pro-

vides p = rk(M) equalities in B beginning by p distincts pivots z;z, so that these equalities
viewed as elements of Rp are linearly independent. From this the inequality in 1) follows.
This shows as well that if M is invertible, the elements x1z, ..., z,z belong to zA, proving
that Az C zA and Bz C zB. The opposite inclusions are obtained similarly by reading the
linear system (2.3) from the right to the left. W

It is also easy to deduce the inequality in 1) from the following relation

which is immediate from the following

Oz, (W) T12
: =(M 'M) : (2.5)
Or,, (W) 2T,
where the latter column is formed by the 2n elements z1z,...,%x,2, 221, . .. 22,. Note that

as a consequence of (2.4), we have equality in 1) if M is symmetric or antisymmetric (not
necessarily invertible), and that for n = 2 and f = 22 + z122, the inequality is strict.

Example 2.4 Assume that f is symplectic, i.e., non-degenerate and alternating. It fol-
lows that n = 2p is even and we can choose generators zi,...,Zp,¥1,...,%p such that
f= Z1<¢<p($iyi —y;z;). Then 0, (w) = y;z — zy; and 9y, (w) = zx; —xyz for 1 < i <p. In
this case, z is central in B and one has

clw)= > Ant(zi,yi,2) (2.6)
1<i<p
where Ant(a,b, c) denotes the antisymmetrizer of a, b, c.

We continue the study of the algebra B = B(f). Throughout the rest of this section,
we assume that f is non-degenerate. Lemma 2.3 shows that Az = zA is a sub-A-bimodule
of B. Let Ta(Az) denote the tensor algebra of the A-bimodule Az (on tensor algebras of
bimodules, see e.g. [18], p.485). The k-algebra T'4(Az) is generated by A & Az, hence by

T1,...%pn, 2. Let
u:Ta(Az) — B

be the natural morphism of k-algebras extending the inclusion A ® Az <— B. The inclusions
1,...,Tyn — A and z — Az define a morphism of k-algebras

F — Ty(Az)
factoring out the relations of B and providing the morphism of k-algebras

v:B — Ta(Az)



which leaves “fixed” x1,...2Z,,2. Then vow and u o v coincide with the respective identity
maps since the k-algebras T4 (Az) and B are both generated by 1, ...,2,,2z. Thus v and v
are isomorphisms, inverse to each other. The following lemma is crucial.

Lemma 2.5 The left (resp. right) sub-A-module Az (resp. zA) of B is free generated by z.

Proof. Let a € k{x1,...,x,) be homogeneous of degree ¢ > 0 such that az belongs to the
two-sided ideal of F generated by 0., (w), ..., ds, (w), f. Our aim is to prove that a belongs
to the two-sided ideal of k(z1,...,z,) generated by f. Write

az = Z Xia,3 @0z, (W)B + Z Pa, O f B, (2.7)
1<i<n,a,EM a,BeEM’
where M denotes the set of (non-commutative) monomials in z1, ..., z, and M’ is the union

of M with the singleton {z}, where \; o3 and 1o 3 are in k, and where the sums are finitely
supported. In the second sum, one has deg, o + deg, 8 = 1 where deg, denotes the degree
in z. Viewing the linear system (2.3) in the free algebra F and reducing it to the triangular
form, we see that z in a or 8 can be put on the right modulo the elements 9, (w). Moreover
the non-commutative Euler relation

Z O, (W)x; + f2 = Z 20, (W) + z2f = c(w) (2.8)

1<i<n 1<i<n

associated to the potential w shows that the z appearing in each o f3 can be put completely
on the right modulo the elements J,, (w). So we can write

az = Z Aia,p @0z, (w)B + ( Z ta, fB)z, (2.9)

1<i<n,a,EM a,BeM

by keeping the same notation for the coefficients. Denote by S the first sum. In order to
conclude, it is sufficient to prove that S = 0. We have

S = Z (Niyap figaxjzB+ Nija,p friazz;B), (2.10)

1<d,j<n, o, BeEM

where deg o + deg 8 = ¢ — 1 and deg denotes the total degree in z1,...,z,.

From S = (a =", sep Ha,p @fB)z, We are going to deduce that the coefficients A; 4,5
vanish inductively. Choose § with the maximal degree £—1, so that & = 1. Since deg(z;3) >
deg((’) for any o', ' appearing in a term o’xpz(’ such that dego’ + deg3’ = ¢ — 1, the
coefficient of zx ;6 vanishes, hence Y, ., ., Aij1,8f5: = 0for j =1,...,n. As M is invertible,
this implies that A; 1,3 =0fori =1,...,n. Thus we can remove all the elements \; 1 3 when
deg 8 = £ — 1. Next, choose (§ of degree £ — 2 and « of degree 1. By the same argument,
the coefficient of azz;3 vanishes, hence Y, -, Aia,pfji =0 for j =1,...,n, and we con-
clude again that all the elements \; o g vanish when deg 3 = ¢ — 2. Continuing the process,
we arrive to S = 0. One proves similarly that the right A-module z A is free generated by z. B

Lemma 2.5 has the following consequence: for any a € A, there exists a unique element
o(a) € A (resp. o'(a) € A) such that za = o(a)z (resp. az = zo'(a)). Clearly, o and
o' are automorphisms of the k-algebra A, inverse to each other. Now we are going to
describe B as a skew polynomial algebra with coefficients in A. It suffices to do it for
Ta(Az) = @p>0(Az)®“p. Proceeding by induction on p, we prove easily the following.

Lemma 2.6 The left (or right) A-module (Az)®4P is free generated by z54P = 2@ Qa2
(p times) for any p > 1.



Consequently, any element of T'4(Az) is uniquely written as a finitely supported sum
> p>0 ap?? where a; € A and where we set 27 = 2¥47. The product in T'4(Az2) is determined
by the product in A and by the relations

2Pa = oP(a)z?,

for any a € A and p > 1. We have obtained the following proposition (on skew polynomial
rings, see e.g. [7] p. 8-9).

Proposition 2.7 For any non-degenerate f, the k-algebra B = B(f) is isomorphic to the
skew polynomial k-algebra Alz; o] defined over the k-algebra A by z and the k-automorphism
o of A.

The isomorphism B 2 Alz;0] is an isomorphism of graded algebras, knowing that A
is graded and z has degree 1. For any non-zero element a = Zp>0 apz? in B, its degree
deg,(a) in z is the highest p such that a, # 0. One has deg,(az) = deg,(za) = deg,(a) + 1,
so that z is not a zero-divisor in B. Moreover it is easy to deduce the Hilbert series of B
from the Hilbert series of A:

ha(t)

ho(t) = T2 (2.11)

Using Proposition 2.1, we get

hp(t)=(1—nm+1)t+n+1)t2 =37 ifn>2, (2.12)
hp(t) =1 =2t +2t> =263 +...)" if n = 1. (2.13)
Proposition 2.8 Assume that f is non-degenerate. The quadratic algebra B = B(f) is

Koszul. The global dimension of B is equal to 3 if n > 2, to oo if n = 1. Moreover B is a
domain if and only if n > 2.

Proof. The global dimension of the graded algebra B is immediately derived from the ex-
pression (2.12) or (2.13) of its Hilbert series. According to a standard result on Koszul
algebras [2], the Koszulity of B comes from the Koszulity of A = B/(z) because the element
z of degree 1 in B is normal and is not a zero-divisor (see also Example 1, p. 33 in [26]).
The last statement is clear from B 2 A[z; 0] and from 8) in Proposition 2.1. B

Assume that f is non-degenerate as before, with n > 2. The Hilbert series (2.12) of the
Koszul algebra B shows that

dim((RB ® VB) n (VB ® RB)) =1.

Since c(w) is an element of (Rp ® V) N (Ve ® Rp) by the non-commutative Euler relation
(2.8), one has
(Re®@Vp)N (Ve ® Rp) = kc(w).

Therefore the bimodule Koszul complex of B is the following complex K,
0— BRke(w)®B -2 BeRz®B -2 BV @B - BeB (2.14)

and K,, - B is the Koszul resolution of B where 1 : B® B — B is the multiplication. To
simplify notation, set 2,11 = z and r; = 9, (w) for i = 1,...,n+1. Beside the cyclic partial



derivative 0, defined on Fiy., there is the “ordinary” partial derivative 2 . FF®F

ox;
(see [32]) defined on any monomial a by

TR URLE

a=ux;v

Oa da da
8:131- 72 (8951)1@ <6xi>2 ’

1,2

which will be written as

Then the differential of the Koszul complex K, is given by

d1(1®$i®1):$i®1—1®$i, (2.15)

hlornel) = Y. Z(g;j_)lemj@(g;)Q (2.16)

1<j<n+1 1,2

Blocw)el)= > z;erel-1071 e, (2.17)
1<j<n+1
The following theorem is an immediate consequence of Keller’s theorem (Theorem 4.8
in [17]), since the algebra B(f) is a 3-Calabi-Yau completion in sense of Keller (see 6.8
in [17]). The reader could be interested in a proof not using Keller’s completions, so we
present below such a proof based on elementary homological algebra.

Theorem 2.9 For any non-degenerate f and for any n > 2, the algebra B = B(f) is
3-Calabi-Yau. In other words, the potential w = fz is 3-Calabi- Yau.

Proof. Tt suffices to prove that the complex K, is self-dual with respect to the functor
()Y = Homp_p(-,B ® B) ([5], Lemma 3.7). Denote by E* the dual space of a k-linear
space E. It is easy to compute the complex K’

BeB L BoVioB -2 BoR,®B 2 B ke(w)* @B — 0 (2.18)

where the differential is given on the dual basis by

di(lel)= > z;0z;el-10] e, (2.19)
1<j<n+1
or; or;
Blorel)= > 2(8—3) ®7°;‘®(8]_) (2.20)
1<j<n+1 1,2 Li/ o Ti/q
EARreol) =0 cw)* @1 -1 cw)* @z, (2.21)

Consider the diagram (in which we have omitted the symbols ®)

B(ke(w))B -2 BRpB -2 BVyB -2 BkB
I3l 21 fil Jol (2.22)
BkB - BViB . BR4YB % Blke(w)")B
where the B-bimodule isomorphisms f; are given by

fo(U) = c(w)™, filz:i) =ri, falri) = ai, fs(c(w)) = 1. (2.23)



The diagram (2.22) is commutative. In fact, it is immediate to check that the left square
and the right square are commutative. Moreover the commutativity of the central square is
a straightforward consequence of the following non-commutative Hessian formula [32]

0w O%w
= 2.24

where we set axa-—;z- = %o@mj and where 7 : FQ F — F®F is the flip. Thus [ : K, — K./

is a complex isomorphism, so that K, is self-dual. ®

We complete the properties of B = B(f) by the following.

Proposition 2.10 Assume that f is non-degenerate and n > 2.

1) B is AS-Gorenstein.

2) If f is alternating, then z is central in B. The converse holds if the characteristic of k is
#+ 2.

3) The Gelfand-Kirillov dimension GK.dim(B) of B is finite if and only if n = 2, and in
this case GK.dim(B) = 3.

4) B is left (or right) noetherian if and only if n = 2.

Proof. 1) It is an immediate consequence of the Calabi-Yau property ([5], Proposition 4.3).
2) The first claim comes from Example 2.4. For the converse, if z is central in B, then we
have in B the equalities >, ,,, (fij + fji)zjz = 0 for i = 1,...,n. But the A-module Az
is free, hence 12, ...z,2 are linearly independent in B, and we conclude that f;; + f;; =0
for any ¢ and j.

3) For n = 2, we have hp(t) = (1—t)~3, hence GK.dim(B) = 3. If n > 2, the polynomial
1— (n+1)t+ (n+ 1)t — 3 has a real root between 0 and 1, hence GK.dim(B) = oo .

4) If n = 2, the algebras A are noetherian [36]. Thus B = A[z; 0] is noetherian by a
standard result [7]. If n > 2, then GK.dim(B) = oo, so we conclude that B is not (left
or right) noetherian by using a theorem due to Stephenson and Zhang [29]. Let us note
that the equivalence in 4) can be deduced from the analogous equivalence for A (see 7) in
Proposition 2.1) and from a general result ([20], Corollary 2.3). B

3 Classification of the algebras B

The aim of this section is to classify the algebras B = B(M) up to isomorphims of graded
algebras. Denote by A(V, R) the quadratic graded algebra defined by a space of generators
V and a space of relations R (subspace of V @ V). We write A(V, R) = A(V', R’) if there
exists an isomorphism of graded algebras from A(V,R) to A(V',R’). It is equivalent to
say that there exists a linear isomorphism ¢ : V' — V' such that (¢ ® ¢)(R) = R’ (this
property is the definition of isomorphisms between two quadratic graded algebras given
in [21, 4]). When M € M, (k), we begin to classify up to isomorphism the graded algebras
A(M) defined at the beginning of Section 2. Using the same notation, let A(M) be the
quadratic algebra defined as the quotient of k(x1,...,z,) by the two-sided ideal generated
by f, where f = Z1gi,jgn fijzix; and M = (fij)1<ij<n. It is clear that for any matrices
My and My, the equality A(M;) = A(Ms) holds if and only if there exists a non-zero scalar
v such that M; = vMy. We have

f=(z o @ )M| |, (3.1)

Tn
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The isomorphism class of A(M) is the class of the algebras A(N) which can be defined by
M with respect to another basis (zf,...,2}). It means that A(NNV) is the quotient

k{zy,...,z.)/(f")

where

fr=(a ..oa)yM| |, (3.2)

in which f’ has to be written in the variables x1, ..., x,. Considering P € GL, (k) such that

a T
=P :
xl Tn,
we obtain
A
fl= ( 1 ... Tn ) tPMP : . (3.3)
Tn

Thus the matrices N are the matrices of the form N = v*PM P for any non-zero scalar v
and any P € GL,(k). Two matrices M and N in M, (k) are said to be congruent if there
exists P € GL, (k) such that N = “PM P. Note that we can choose v =1in N =v'PMP
if any element of k is a square in k, but if v is not a square in k, v is not congruent to 1 (for
n = 1). We have obtained the following result (when k = C, see [3], end of Section 5).

Proposition 3.1 Let k be a field and n > 1. Let M and N be in M, (k). Then A(M) =
A(N) if and only if M is congruent to a non-zero scalar multiple of N. If any element of k
is a square in k, then A(M) = A(N) if and only if M and N are congruent.

Now we are interested in the classification of the graded algebras B up to isomorphism.
We shall prove that this classification is the same as for the algebras A. Keeping the algebra
A(M) as above, we define the quadratic algebra B(M) by the potential w = fz as at the
beginning of Section 2. The isomorphism class of B(M) is the class of the algebras B(N)
which can be defined by M with respect to another basis (21, ..., 2’). To be more precise,
let A € GLy41(k) be such that

/

.1‘1 $1
=A . . (3.4)
al Tn,
2 z
Note that z can occur in =i, ..., 2}, and that x1,...,z, can occur in z’. Write f’ given by
(3.2) and w’ = f’Z’ in the variables x1,...,x,, z. Consider the quadratic algebra

A-B(M) :=k(z1,...,2p, 2)/(0p (W'),..., 0 (w'), f).

Then we have to find the algebras B(IN) which are equal to A- B(M) for some A € GLy11(k).
Clearly the isomorphism class of B(0) = k(x1,..., %y, 2) is the singleton {B(0)}.

11



Proposition 3.2 If N = v'PMP for some non-zero scalar v and P € GL,(k), then

B(N) = A- B(M), where A = (g S)

Proof. Let (a},...,2],,2') be as in (3.4) with A = ( ](j S ) According to (2.5), we have
Oy (W) x) 2
: =(M ‘M) : . (3.5)
Oy (w') 2!
Consequently, from
x) 1
=
x Tn,
and 2’ = vz, we obtain
Oy (W) x12
Lo =N NG ] (36)
01 (W) 2%
and
Tl
fl= ( 1 ... Tnp ) tPMP ) (3.7)
Ty,

Thus the spaces of relations of A - B(M) and B(N) are equal. B

A ¢
L A
the proof of Theorem 3.4 below when A is not invertible, the next proposition provides some
explicit examples.

For any A € GLp41(k), write A = < > where A € M, (k). In order to illustrate

Proposition 3.3 Let A be as in (3.4) with the basis change ) = z, x4y = xa, ..., T, = Xy,
z' = z1. For any matrix
0 f12 ... fln
for 0 ... 0
M = . . . . ) (3.8)
fnl 0 0

we have A - B(M) = B(*M).

Proof. Performing the basis change in f’ given by (3.2) and in w’ = f’z’, we obtain [’ =
ZQSan(fljzzj + fjiz;z) and w' = ZQSan(fljzxjxl + fjizjzx1). Therefore the relations
of A- B(M) are

Oy (W) = 0. (w'") = Z (fijzjey + finmzy),

2<j<n

O (W) = O, (W) = friz1z + finzzy, 2<i<n,

12



fl = Z (fljzxj + fjlsz).

2<j<n
Since B(*M) is defined by the potential gz = Z2§j§n(f1jzjzlz + fjix1z,2), the relations
of B(*M) are
0n,(92) = > (frjza; + fja;2),

2<j<n

azl(gz) = fuzr1z + firzxr, 2 <i<n,

g = Z (fljl'jl'l + fjlxlxj).

2<j<n

Thus the spaces of relations of A - B(M) and B(*M) are equal. B

Actually, for the matrix A of Proposition 3.3, one can show that any matrix M such
that there exists N satisfying A - B(M) = B(N) is of the form (3.8), and then N is a
non-zero scalar multiple of M. For the proof of the classification theorem of the algebras
B(M) (Theorem 3.4 below), one could probably do things intrinsically by using matrices A,
but following the suggestion of the referee, we prefer a straightforward approach which is
structurally simpler.

Theorem 3.4 Let k be a field andn > 1. Let M = (f; ;) and N = (f; ;) be in My (k). Then
B(M) = B(N) if and only if M is congruent to a non-zero scalar multiple of N. If any
element of k is a square in k, then B(M) = B(N) if and only if M and N are congruent.

Proof. According to Proposition 3.2, it remains to prove the necessity of the condition when
no assumption is made on k. Assume that there exists an isomorphism of graded algebras
¢ : B(M) — B(N). As noted just before Proposition 3.2, M = 0 if and only if N = 0, so
that we assume that M and N are non-zero. Summing implicitly over repeated indices, we
have ¢(z;) = a; ;2 + Biz and ¢(z) = ~vjz; + dz for some well-determined scalars «; ;, 5i,
7j and &. Denote by ¢ : B(N) — B(M) the map inverse of ¢, and let &; ;, 3;, 7;, 6 be the
corresponding scalars for the map ¢. As ¢¢ = 1 B(M), We have

i@k + Bk = ik, igBi+ 50 =0, 39)
Vit j + 0% =0, viBBi + 86 = 1; :

of course, there are similar equations coming from ¢¢ = 1 B(N)-

As f; jxiz; = 0in B(M), we have f; j(oi pxk + 0iz) (o 2+ 5;2) = 0 in B(N). Since the
algebra B(N) is graded by deg,, looking at the homogeneous components of degrees zero
and two of this equality tells us that in B(N)

fijoirogizpr =0, fi;8:8;2% = 0.

The first of these tells us that there is a scalar A\ such that

fii0i kg0 = Afr (3.10)
and the second one — since 2% # 0 in B(N) — that
fi;8:8; = 0. (3.11)

If the matrix («; ;) is invertible, then A cannot be zero, for we would then have that
M = 0 in view of equation (3.10), and that same equation tells us that M and AN are
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congruent. We may therefore assume that it is not and, by symmetry, that neither is the
matrix (@;,;). This assumption implies that there exist scalars (;, not all zero, such that
Giay,j = 0 for all j, and then

Gy = pp(Citi) = P(Giaijaj + GiBiz) = GiBi(F25 + 62).

It follows that (;8;%; = (; for all j and that ¢iBi6 = 0; since not of all of the (j are zero,
this implies that (;8; # 0 and therefore § = 0. By symmetry, we also have § = 0. As
fijxjz + fjizx; is zero in B(M) and the homogeneous component of degree zero of its
image under ¢ is (f; jo kv + f5,iQ,17k)Tr21, this must be a multiple of f,;,lxkxl, and we see
that there exist scalars u; such that

figosem + fiicgive = pafiy (3.12)

If we multiply (3.10) by (B and sum over k, we see that )\fIQ,lBk = fijoira;iBe = 0,
because of the second equation in (3.9). If we had A # 0, so that f,’clek = 0, we could
multiply equation (3.12) by Bk, sum over k, and — using that f] ;6 = 0 and B, = 1
— we would have that f;;a;; = 0; equation (3.10) would then tell us that in fact =0,
against our hypothesis. Therefore A = 0. Let w; ; = «; ; + 8;y; and similarly for @; ;. Using
equations (3.9) and the fact that § = § = 0, we immediately see that the matrix (w; ;) is
invertible with inverse (@; ;). Also we have

fijwikwii = fijou e+ fij(os kB + ajiBive) + fi i BilBiven. (3.13)

The first term is zero because of (3.10) and the third one vanishes according to (3.11), so
that we have

figwikwii = fijoirBiv + fijaziBive = (fiiajem + fijogive)Bi = wilifi g,

in view of equation (3.12). Since the matrix (w; ;) is invertible and not all the f;; are
zero, this implies that v := u;3; # 0 and we conclude that M and the transpose of vN are
congruent. Since any matrix is congruent to its transpose [11], it follows that M is congruent
to vN itself. ®

4 Special properties of B(M) when n = 2

Throughout the sequel of this paper, we assume that k& = C (actually, it would be suffi-
cient to assume that k is algebraically closed of characteristic zero). An explicit parameter
space for the GL(2, C)-orbits of congruent matrices in GL(2, C) is given by Dubois-Violette
n [12] (for the classification of matrices under congruence in general, the reader may con-
sult [10, 27]). According to the previous section, this parameter space forms a “moduli
space” for the algebras B(M) when M runs over GL(2,C). Recall the description in three
types of this parameter space as stated in ([12], end of Section 2). In each type, we give the
potential w and the relations of B(M). The generators are denoted by x, y and z. The types
depend on the rank rk of the symmetric part s(M) = (M + ‘M) of M. It turns out that
the corresponding algebras A(M) are exactly the AS-regular algebras of global dimension
2 [1]. Therefore the three types classify the AS-regular algebras of global dimension 2 as
well, and we have kept the samestandard terminology for the classification of our algebras
B(M).

First type (classical type): rk = 0. There is only one orbit, which is the orbit of M =
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( (1) 701 ) One has w = (yxr — zy)z. The relations of B(M) are the following: zy = yz,

xz = zx, yr = xy. Hence B(M) = C[z,y, z] the commutative polynomial algebra. Note
that it is the unique orbit such that z is central in B(M) (Proposition 2.10), or such that
A(M) is Calabi-Yau (Proposition 2.1).

Second type (Jordan type): rk = 1. There is only one orbit, which is the orbit of M =

< _11 _01 > One has w = (yr — xy — 2%)z. The relations of B(M) are the following:

2y = yz + 2xz, 2 = 22, YT = TY + T°.

Third type (quantum type): rk = 2. The orbits are parametrized by the set {g € C\

-1
{0,1}}/(q ~ ¢ 1). These are the orbits of M = ( (1) qO
The relations of B(M) are the following: zy = qyx, yz = qzy, zx = qzz. So B(M) is a

quantum affine space.

). One has w = (yz —q~lay)z.

Proposition 4.1 For any M € GL(2,C), the algebra B(M) is a quadratic AS-regqular al-
gebra of global dimension 3, of type A non-generic (following the classification of Artin and
Schelter [1]). For any M in the list of the above classification, (x'y?z*);>0 j>0.k>0 s a basis
of the vector space B(M).

Proof. According to Proposition 2.10, B(M) is AS-Gorenstein with a finite Gelfand-Kirillov
dimension, hence is AS-regular. Since B(M) is Calabi-Yau (Theorem 2.9), B(M) is of
type A ([5], Proposition 5.4). Moreover, B(M) is a skew polynomial ring over A(M) in
z (Proposition 2.7) and it is clear from each relation f listed above that A(M) is a skew
polynomial ring in x, y. Therefore B(M) is a skew polynomial ring in x, y, z (hence the
basis of monomials z'yz*), and the invariant j of B(M) is infinite ([1], Theorem 6.11). m
Among the AS-regular algebras of type A, the generic ones correspond to a finite invariant
j and are called Sklyanin algebras [31]. Recall that Sklyanin algebras are defined by three
generators x, y, z, and three relations ayz+Bzy+vyx? = 0, azz+Brz+vy? = 0, axy+Byx+
2% = 0, where v # 0. So the algebras B(M) of the first or third type can be considered as
limits of Sklyanin algebras by vanishing the parameter -y, but such a process is not possible
for the second type.

In the classification of their quadratic regular algebras of global dimension 3, Artin and
Schelter define the invariant j as the invariant of a certain cubic curve C in P2. As we
shall see, the equation ¢ = 0 of C is easily deduced from the potential w of B(M). More
importantly, we shall interpret ¢ as a Poisson potential whose associated Poisson bracket
(defined as usual by V¢) is exactly the semi-classical limit of B(M) viewed as a deformation
of Clx,y,z]. Let us begin by the description of the curve C as in [1]. To avoid confusion
with our notation, let us replace the notation M, w, Q used in [1] by M, W, Q. The 3 x 3
matrix M is defined by

O (w) x
Oy (w) =M\ vy |, (4.1)
f z
so that we have
‘ x
M= M=z M( y >
( Ty )M 0



The element W is defined by W = XM X, where X = ( 2z y 2z ). From (4.1) and the
non-commutative Euler relation (2.8), we deduce that

W = c(w), (4.2)

that is, W is precisely the potential w once identified to its cyclic sum. The matrix Q is
defined by XM = ( 9.(w) 9y(w) [ )*'Q. Then (2.8) implies that Q is equal to the
identity matrix and we recover the fact that B(M) is of type A (by definition). Next, define
the subvariety C of P? by its equation S(W) = 0, where S(W) denotes the symmetrization
of the element Y. The symmetrization consists in replacing products of variables in the free
algebra by the same products in the polynomial algebra. In our situation, S(W) = 3S(w) =
35(f)z. Set ¢ = S(f)z. The above classification in three types allows us to limit ourselves
to the following matrices

a b
=08 b0 »
so that
w = (ax® + bxy + yx)z, ¢ = (az® + (b+ 1)xy)z. (4.4)
In the classical type, one has C = P2, and otherwise C is the union of three straight lines,

two of which coincide in the Jordan type.

Definition 4.2 The polynomial ¢ = ¢(M) is called the Poisson potential associated to the
algebra B(M).

This definition will be more natural when B(M) will be viewed as a Gerstenhaber deforma-
tion whose Poisson bracket {-, -} will be defined on C|x,y, z] by the formulas

0 0 0
e =G =5 (ah= g,

. _ 0¢ 8 0 9¢ 9 o 9¢ 9 o)

1.e., {~,-}—E%/\6—y+%a—y/\g+a—ym/\%.

Definition 4.3 The so-defined Poisson bracket {-,-} is called the Poisson bracket derived
from the Poisson potential ¢.

It is clear that ¢ belongs to the Poisson center of {, -} (because {z, ¢} = {y, ¢} = {z, ¢} = 0),
i.e., ¢ is a Casimir element of the Poisson bracket. In the classical type, {-,-} = 0. For the
other types, the next proposition shows that the Casimir element ¢ lifts to a non-zero
element ® of the center of B(M). Note that the potential w lifts ¢ in the free algebra, but
w vanishes in B (it is a difference with Sklyanin algebras for which the potential w does
not vanish in the algebra). Note that c(w) always vanishes in the algebra according to the
non-commutative Euler relation (2.8).

Most calculations in the algebra B(M) where M is given by (4.3) are based on the
following relations

2y = (—a+ §)rz —byz, zx= —%zz, yxr = —ax? — bxy. (4.5)

It is easy to verify that these relations are confluent. Therefore, Bergman’s diamond lemma

ZU, )=V, RZ

Proposition 4.4 The element ® of B(M) defined by
® = (ax® + (b + 1)zy)z

belongs to the center of B(M).
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Proof. Relations (4.5) allow us to decompose z® and ®x in thebasis (2°y72%);>0 j>0.4>0-
The computations are straightforward and they show that 2® = az3z + (b + 1)2%yz = ®x.
In the same manner, we get y® = a?(b— 1)x3z + a(b®> — b — 1)2?yz — b(b+ 1)zy?z = ®y and
2® = ar?2? + (b+ 1)zyz? = 2. m

We are now interested in the comparison between the Hochschild homology of B(M) and
the Poisson homology of (Clx,y, z],{-,-}). In the classical type, the Hochschild homology
of Clz,y, 2] is well-known and coincides with the Poisson homology for the corresponding
{-,-} (which is zero in this case). As proved in the next proposition, it is the same for the
quantum type if ¢ is not a root of unity. We are grateful to Wambst for the explicit formulas
of Hochschild homology.

Proposition 4.5 Let g be a non-zero complexr number which is not a root of unity. Let B
be the C-algebra defined by the potential w = (yx — q 'ay)z, i.e. defined by the generators
x, Yy, z, and the following relations

Let S = Clx, y, 2] be the polynomial C-algebra in x, y, z, endowed with the Poisson bracket
derived from the Poisson potential ¢ = (1 — q~Y)zyz. Denote by Z = Clzyz] the subalgebra
of S generated by xyz. Then the Hochschild homology of B is isomorphic to the Poisson
homology of S and is given by

HHy(B) = Z @ 2Clz] @ yCly] ® 2Clz],

HHy(B) = ((Clz] ®yzZ) @ z) & ((Cly] @ 222) @ y) & ((Clz] ® 2y 2) © 2),
HH;(B) 2 (2Z®2 (yAz2)®WZR((zA2)® (2Z® (x Ny)),

HH3(B) 2 Z® (x ANy A z),

HH,(B) =0 for any p > 4.

Proof. On one hand, setting x1 = z, xo = y, 3 = 2, q12 = ¢23 = ¢31 = q and applying
Théoréme 6.1 in [33], we obtain the result for HH,(B). diagonalizable in sense of Mon-
nier, and the Poisson cohomology is computed in [23]. Moreover, the duality HP*(S) =
HP3_4(S) holds a priori, because a Poisson bracket deriving from a potential is always
unimodular, i.e., its modular class vanishes (see the definition of the modular vector field
(and its class) in [35], which is called the curl vector field in [13]). The example 2.4 (i) of
[23], then gives bases of the Poisson homology vector spaces of S and the fact that they are
isomorphic to the Hochschild homology vector spaces of B. B

We have seen that the duality HP®(S) = HP3;_4(S) holds since the Poisson bracket
derives from a potential. Since B is 3-Calabi-Yau (Theorem 2.9), one also has the duality
HH*(B) =~ HH5_,(B).

5 Poisson homology and Hochschild homology for the
second type

In this section, the field k is C and n = 2. The aim of this section is to prove Theorem 1.1 of
the Introduction, i.e., to determine the Hochschild homology of the algebra B of the second
type (Jordan type):

B =C(x,y,2)/(zy = yz + 2wz, 20 = 22, yx = x° + 27).

17



Let us recall the notation: f = z?+zy—yz, w = fz,r1 = Ox(w), r2 = Gy(w) and r3 = 9, (w).
We have
™ =TZ+ 2T +YZ—2Y, To =2 — T2, T3 :z2+zyfy:c.

In order to obtain the Hochschild homology of B, we will first see B as the deformation
of a Poisson algebra for which we will determine the Poisson homology. To do this, let us
consider the filtration F' of B given by the degree of y. In other words, for this filtration,
the degree of y is 1 while the degrees of x and z are 0. It is clear from the monomial
basis of B (Proposition 4.1) that grp(B) ~ Clx,y, 2], so the filtered algebra B is almost
commutative [16]. Moreover, grp(B) is equipped with the Poisson bracket defined by:

{z,y} =222, {z,2}=0, {ya}=2? (5.1)

which is the Poisson structure derived from the Poisson potential ¢ = —x2z. In the sequel,
we will denote this Poisson algebra by T' = (Clz, y, 2], {, }).

From the Koszul resolution K,, (2.14), we easily get the following Koszul complex B® ge
K, associated to B (where we have omitted the symbols ®):

0 — B(Ce(w)) 2 BRp -2 BV 2% B — 0

where c(w) = 222+ xzx+ 202+ 2yz +yza+ 2oy — yrz — x2y — 2yx and where the differentials
are given, for a € B, by:

di(a®@zx)=[a,2] =ax —xa, di(a®y)=1a,y], di(la® z)=]a,z],

while
day(a®@rm) = (2a+az2)@z+ (za—az) @y + (ax + za + ay — ya) @ z,
dy(a®@my) = (az—za)Qz+ (za—az)Q z,
dy(a®@rs) = (za+az+ya—ay)@z+ (ax —za)Qy,

and

623(a ® c(w)) = la, 2] @ r1 + [a,y] @ r2 + [a, 2] @ 73.

This complex computes the Hochschild homology H He(B) of B. Notice that one can natu-
rally identify the spaces of chains of this complex with B or B3. Indeed, one can write

B(Ce(w)) ~ B, while BRp~ B* and BVp ~ B?, (5.2)

by identifying, for any ai, a2, a3 € B, the element a; ® 11 + a2 ® ro + a3 ® r3 € BRp or the
element a; @ * + az ® y + a3 ® z € BVp with (a1, a2,a3) € B>,

As in B, we assume that in Vg, Rp and c(w), y has degree 1 while z and z have degree
0, so that we can consider the total filtration degree in B ®pge K,,. In Proposition 5.2 below,
we show that Jl, Jg and Jg have degree —1 for the total filtration degree. So B ®p. K,
will be a filtered complex (with differentials preserving the degree) for the following shifts
on the total filtration degree:

0 — B(Ce(w))(3) -2 BRp(2) 2 BVE(1) 25 B — 0 (5.3)
whose filtration is still denoted by F. Recall now the definition of the Poisson homology

complex of the Poisson algebra T'. First, the space of Poisson 1-chains is the T-module of
Kihler differentials of T', denoted by Q!(7T) and generated, as an T-module by the three
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elements dx, dy, dz. Then, for p € N*, the T-module of Kahler p-differentials is the space of
Poisson p-chains and is given by QP(T) = AP Q'(T). Of course, one has QP(T) = {0}, as soon
asp > 4. Notice that an element Fydx+ Fody+F3dz € QY (T) can naturally be identified with
the element (Fy, Fy, F3) € T. Similarly, an element FydyAdz+FadzAdx+ FsdrAdy € Q3(T)
is identified with the element (Fy, Fy, F3) € T3, and an element Fdx Ady Adz € Q3(T) with
the element F' € T. (Notice that in the following we will write elements in T both as row
vectors or as column vectors, depending on the context.)

Next, the Poisson boundary operator, d, : QP(T) — QP~Y(T), called the Brylinski or
Koszul differential, is given, for Fy, Fi,...,F, € T, by (see [8]):

p
Sp(FydFy A+ AdFy) =Y (1) Fy, Fi}dFy A--- AdF, A+~ AdF,
i=1
+ Y (C)T R A{FL Fy AdFL A NE A AdEy A N dF,

1<i<j<p

where the symbol EF\'Z means that we omit the term dFj.
Using the previous identifications, the Poisson homology complex of the Poisson algebra
T can be written as:

03

S2
0 T T3

51
T3 T 0

with the differentials given, for F' € T', and F = (Fy, By, F3) € T3, by:

61(F) = V¢-(V x F)=Div(F x V),
5(F) = —V(F-V¢)+ Div(F)Ve, (5.4)
53(F) = —VF x Vg,

where Div(ﬁ) = 9f | OF 4 O o 7 while, for all element G € T, we write VG :=

- Oz Oy Oz
(%, %, %) € T3. We also have respectively denoted by -, x and Vx, the usual inner and
cross products in 7% and the curl operator. Note that V¢ = (—2xz,0, —22).

In proposition 5.2, we show that grr(B ®pe K,,) is identified to the Poisson homology

complex of the Poisson algebra T'. The next lemma will be useful.

Lemma 5.1 For all k € N, the following identities hold in B:

yat = afy 4+ kat Tt 2Ry = y2F 4 2kask, (5.5)
while
L
v =Y =ty (5.6)
j=0""
and
k k!
= (k—l+ 1)7:&*@% (5.7)
£=0 ’

Proof. Straightforward by induction on k£ € N. B

Proposition 5.2 Let us consider the filtration F' on the algebra B given by the degree in y.
Then the differential of the Koszul complex B Q e K., has degree —1 for the total filtration
degree. Moreover, the graded complex associated to the filtered complex (5.3) is isomorphic
to the Poisson homology complex of the Poisson algebra T.
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Proof. As we have already seen, grp(B) ~ T. As the monomials x'yl 2F, with i,k € N,
form a C-basis of B (Proposition 4.1), the identifications of the spaces of Hochschild chains
with B or B? and their analogs for the spaces of Poisson chains with 7" and T3 show that
the spaces of Hochschild and Poisson chains are isomorphic. Now, we have to compare
the images of dy and of &, 1 < £ < 3. To do this, we consider the basis (ziyi2"%); j 5 of
Clx,y, 2] and of B. In fact, using (5.4), it is easy to compute the elements §;(x'y’z* e),
where e is one of the symbols dx, dy and dz when £ = 1, dy A dz, dz A dx and dx A dy
when ¢ = 2, or dx A dy A dz, when £ = 3. Also, using lemma 5.1, it is straightforward
to obtain d, (riyl2F ® x), dy (il 2F @ 9), dy (vl 2F @ 2), Jg(xiyjzk ®7r1), Jg(ziyjzk ® r2),
do(ziyi 2% @ r3) and ds(z'yi 2F @ c(w)) and to verify that

gTF(Jl (ziyjzk ®x)) = 51(xiyjzkdas) = jai T2y 1k,
ng(cil (:Ciyjzk ®y)) = & (xiyjzkdy) = (2k — i):ci+1yjzk,
eyt ©2) = by(aiyistds) = —2jat Ty LA
while:
_ inyjz’”l
grr(do(ziy’ 28 @) ~ Sy(atyl2Fdy A dz) = 2jxitlyi =1 k+1 ,

(2k — i + 2)zt 1y Zk

) _9jgitlyi—1 ket

grr(do(ziy? 28 @ 1))~ y(atyi2Fdz A dx) = 0 ,
—jait2yi—1k

- y (i +2 — 2k)ai iy

gre(da(a'y’zF @ r3)) = ba(a’y!2Pda A dy) = L

0

and:

itk
gre(ds(ziy’ 28 @ c(w))) ~ ds(z’y 2Pde ANdy Ndz) = | (2k — i)zt yiZk
—2j:ci+1yj_1zk+1

This also shows that the differential dy has degree —1 for the total filtration degree. W

In order to obtain the Poisson homology of the Poisson algebra T', we need to compute
the homology of a certain complex, called Koszul complex associated to the polynomial ¢.
By definition, this complex is given by 0 — Q%(T) — QYT) — Q*(T) — Q3(T) — 0,
where the differential is the map Ad¢ : Q*(T) — QFT1(T). This complex will be denoted by
(Q*(T), Ad¢) in the following, while for 0 < p < 3, the p-th homology space of this complex
will be denoted by HZ(T).

Remark 5.2 Let us recall from [25] that if ¢ € T is a weight-homogeneous polynomial

with an isolated singularity at the origin, then the homology of the Koszul complex associated
. . . _ . . . T .

to ¢ is given by: HY(T) = {0}, for p = 0, 1,2, while H (T) = (Fvo|fersy the so-called

Milnor algebra associated to ¢ and is, in this case, a finite dimensional vector space. In the

following lemma, we see that the homology of the Koszul complex associated to ¢ = —x22

(admitting a non-isolated singularity at the origin) does not satisfy the same properties.

Lemma 5.3 Let ¢ = —x22. The homology of the Koszul complex (Q°(T), Adp) associated
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to ¢ is given by:

HJ(T) = {0k

HY(T) Cly, 2] 2zdx + x dz);

HY(T) = Cly,z](xdz+2zdx) Ady @ (zCly] & Cly, z]) dz A dz;
HY(T) = (2Cly] @ Cly, z]) d A dy A dz.

Proof. The fact that Hg(T) ~ {0} is clear. In order to compute HY (T'), HS(T) and H?(T),
we first point out that there exists an isomorphism of complexes between (2°(T), Ad¢) and
the tensor product of two analogous but simpler complexes:

(Q°(T), Ado) ~ (Q*(C[y]), 0) @ (Q*(C[z, 2]), Ad). (5-8)

Moreover, denoting V' = C|z, 2], the complex (£2*(V'), Ad¢$) can be written as follows:

sy 8y

V) — QY(V) —

Q%(V) 0
where Q°(V) =V, QY(V) = Vdz ®V dz and Q*(V) = V dzAdx, while for every (F,G) € V2,
8% (F) = F(2zzdx + 2? dz) and 0, (F dz + Gdz) = (F2? — 222G) dz A dz. Then, it is clear
that the 0-th cohomology space associated to (£2°(V'), Ad¢) is {0} and the 2-nd cohomology
space is given by C|xz, 2]/(2?,222) ~ (C[z] ® C - x) dz A dx.

In order to compute the first cohomology space associated to (2°(V), Ad¢), let Fdx +
G dz be a 1-cochain of (Q°(V'), Adp). This element is a cocycle if and only if Fa?—2x2G = 0,
i.e., if and only if there exists H € V such that F' = 2zH and G = xH. Now, writing H as
H =zK + L, with K € V and L € C[z], one has Fdr + Gdz = §)(K) + L (2zdx + x dz).
Finally, for every R € C[z], if R(2zdx + zdz) € Im(d},), then necessarily R = 0. This
allows us to conclude that the first cohomology space associated to the Koszul complex of
V can be written as C[z] (2zdx + x dz).

Since we are working over a field, from the isomorphism (5.8) and the Kiinneth formula,
we immediately get H?(T), H(T) and HS(T). m

Remark 5.8 In [25], for every weight-homogeneous polynomial ¢ € C[z, y, z] admitting an
isolated singularity, it is shown that {F' € T° | V- (VX F) =0} = {VG+HVy | G,H € T},
using the fact that the Koszul complex associated to ¢ is exact in degree 2. In the following

lemma, this is not true anymore if ¢ is replaced by ¢ = —z2z.

In the following, we will say that an element F = (Fy, Fy, F3) € T? is homogeneous of
degree d € Z, if F1, F», and F3 are three homogeneous polynomials of the same degree d.
(Notice that we use the convention that a polynomial of degree d < 0 is zero).

Lemma 5.4 Let ¢ = —a%z € T = Clz,y,2]. If F € T3 (homogeneous or not) is such that
Vo - (V x ﬁ) = 0, then there exist polynomials G,H € T, C,P € Cly,z| and f € C[¢],
satisfying

g—jzpng—]: (5.9)
and
ﬁ:VGJrHquJr(i)CwL(3§§Z)P+f(_zf2). (5.10)

Ifﬁ is homogeneous of degree n € N, then the polynomials G, H,C, P and f can be taken to
be homogeneous of degreesn+1, n—2, n—1, n—2 and n — 2, respectively. In particular,
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if n & 2+ 3N, then f can be taken to be zero, and if n = 2 + 3k, with k € N, then f can
be taken to be f = a(z?2)F, with a € C. Conversely, elements F' € T? of the form (5.10)
satisfy the equation V¢ - (V x ﬁ) =0.

Proof. First of all, the last statement is straightforward.

Suppose that Fis homogeneous of degree n € N and satisfying V¢ - (V x ﬁ) = 0. We
will prove this result by recursion on n € N. As we have to distinguish whether n € 2 + 3N
or not, we first have to show the desired result, for n = 0,1, 2.

o If n = 0, then there exist a,b,c € C, such that F = (a,b,c), and it is clear that
F=VG, withG=arx+by+czeT.
. . - a1x+bi1y+ciz
o If n =1, there exist a;, b;, ¢; € C, for i = 1,2, 3, such that F = (azz+bzy+czz) and the
azr+bzy+caz
condition V¢ - (V x F) = 0 is equivalent to: bs = ca and ag = by. Using this, it is easy to
verify that we can write
= zC
F=VG+ (—20) ’
with G = % (a1x2 + 2b1xy + (1 + az)xz + bay? + 2coyz + 0322) €T and C = %(cl — ag).
Note also that % = 0, so that the equation (5.9) is satisfied (here P = 0).

o If n = 2, there exist a;j, bi5,c;; € C, for 1 <4, j < 3, such that

F = b112% b1y +bi3zz+bosyz+baoy®+bszz?

= a117°+a120y+ar1srztazsyztazy’ +assz’
2

2 2
c11x”+cr2xy+cizxz+ca3yz+c2y +ce3zz

The condition V¢ - (V x ﬁ) = 0 is equivalent to the following identities: 2¢19 — b1 —ag3 = 0,
2622 — b23 = O, Co3 — 2533 = 0, 2b11 — 12 = 0 and b12 — 2a22 = 0. Using thiS, it is
straightforward to verify that

— 2C+2yzP Tz
F:vG+< —3xzP )+a( 02),

—xzCHayP —
with
1 3 1 2 1 2 1 2
G = gaux + §a12x Y+ 5(&13 +ec1)xz + §(a23 + bi3)ayz + agexy
1 1 1 1
—|—§(a33 +c13)zz? + §b23y2z + bazy2? + 5522313 + 503323,
a = g(a13 — 2cn1), C = §(ags — biz)y + 3(2a33 — c13)z and P = §(azz — biz). Notice that

the equation (5.9) is clearly satisfied in this case.
o Let now m € N, such that m > 3, and suppose the lemma is proved forallm € N such that
n < m. Let now F' € T® be a homogeneous element of degree m, satisfying V¢-(V x F') = 0.
. According to Lemma 5.3, this hypothesis implies that there exist homogeneous elements:
K €T3 P,CeCly,z] and E € C[y] such that

VxF=Exvo+( G )P+(1)@E+0),
with the degrees of I?, P, E and C respectively equal to m — 3, m — 2, m — 2 and m — 1.
Computing the divergence of this, we obtain

oC

. , P
O:Div(VxF):(VxK)-qu—P—ng—z—i—xE’—i—a—y,
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where E' = ‘fl—f and where we have used that Div(K x V¢) = (V x K) - V¢. This implies

that = divides the polynomial —P — 22?9—1: + % which lies in Cly, z], so that it is zero:

oC oP

— =P +2z—.

oy T
It remains that (V x K) - V¢ 4 zE' = 0, which gives E' € («T + 2T) N C[y] = {0}, and
E’ = 0. This fact, together with the hypothesis that F is supposed to be homogeneous of
degree m — 2, and m > 3, imply E = 0. We have obtained:

— — x P

VxF=Kxvo+( ¢).

Now, K is of degree m — 3 < m and satisfies (V x I?) - V¢ = 0, so that we can apply the

recursion hypothesis to obtain the existence of homogeneous elements G,H € T, D,Q €
Cly, 2], @ € C, and k € N, such that

5o =Q+2:57, (5.11)

and o
= zD+42yz
K=VG+ HV¢p+ ( —3x2Q ) +a(z2z)k ( 02) .
—zD+zyQ T
The polynomials G, H, D and @ are respectively of degree m — 2, m —5, m —4 and m — 5.
Notice that, by hypothesis, « is supposed to be zero, except if m — 3 = 2 + 3k. We now
compute

= stzQ 9 \k 0
ExVe = VGxVo+ | 20 )+ ala?z) (3%32) .
—6222%Q
Denoting by € the so-called Euler vector € := (x,y,2) € T2, we use the following general
result (Proposition 3.5 in [25]), which is due to the exactness of the De Rham complex of
Clx,y,2]: if A = (A1, A, A3) € T? is a homogeneous element of degree d € N, such that
Div(A) = 0, then the Euler formula VA; - &= dA; (1 < i < 3), implies that (d + 2)A =
V x (A x@).
As
3x32Q 9 \k 0 5
DiV 3222D + Oé(.’L' Z) (3103,2) = DIV (K X V(b — VG X V(b)
—6x%2%Q
= (vx(R-vG)) vo
= 0,
we can write K x Vo =V x E, where L is given by:
- 1 BISZQ
L = GV¢+7( 3222D ) x €+
(m+1) \ “6227¢

Gv¢ 1 (3z2z2D+612yz2Q)

+ — —92°2%2Q +

(m + 1) 3x3yzQ—3z32D

1 0
1a(x2z)k (31032) X €

m+
afz?z)k 1 ( IOZQ) .

—X

m—+1

Moreover, we have also
1 1 C+2yzP
(€)=—=vx((¢,)xe)=—=vx ([ s )]
—2zP m+1 —22P m+1 —2CtayP
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We finally obtain

N R 1 2C+2yzP
VXxF=VxX <L+—< —3zzP >)
m + 1 —xzCHazyP
This allows us to apply another general result (Proposition 3.5 in [25]): if A = (A1, Ay, A3) €
T3 is a homogeneous element of degree d € N, stlch tha’g V x A =0, then the Euler formula
VA;-€=dA; (1 <i<3),implies that (d+1)A=V(A-é).
This implies that there exists a homogeneous element S € T' (of degree m+ 1), such that

— - 1 2C+2yzP
F = VS+L+—< —3zzP )
m + 1 —xzCHaxyP
VS 4+ GV <3z222D+36§2y22Q>
= — —9z°2°Q
(m + 1) 3x3yzQ—3z32D
C+2yzP
+ afx?z)k ( IOZQ) + 1 “aalp )
m+1 —x m+1 \ —zC+ayP

Let now V := @mL_nxz(D + 2yQ) (as 2m — 7 # 0). The polynomial V is homogeneous

of degree m — 2. Now, using (5.11) and the Euler formulas ya—’; +2%2 = (m — 4)D and

y% + z%—z = (m — 5)Q, it is straightforward to verify that we have :

v 3 9 v VU6 — 1 3x222D+36€2yz2Q
,m+1zz — (bi(mﬁ-l) —9z°2°Q .

323y2Q—3232D
Denoting by & := mi_ﬂa, G:=G-Vandby § =8 - =222V, C = #_HC and

- (m+1)
P = #HP, we can write:
- ~ - Tz zé+2yz15
F = VS+GVe¢+a(x?z)! ( 02) + < —3azP ) .
- —zé-{-zyﬁ

Moreover, S and G are homogeneous polynomials and we have already seen that C' and P
satisfy the identity (5.9) so that this identity is also satisfied by C' and P. &

In the sequel, we will several times need the following technical result.

Lemma 5.5 Ifr € N, ¢ € C and if K € Clz,y, 2] is a polynomial such that cx¢p” (
VK x V¢, then K € C[¢] and c is necessarily 0.

oo

):

Proof. The hypothesis on K is equivalent to By = 0 and c¢” = 722%—5 + z%—f, hence
K € Clz, z]. Denote by D the operator D = 722% + za%. For every i,7 € N, D(xiz7) =
(i —2j)z'27, so that D is diagonalizable on C[z, z] and its kernel is C[z2z]. As D(K) = c¢",
we have

0=D(cp") = D*(K),

hence K € ker(D) = C[¢]. Finally, the fact that K is in C[¢] implies VK x V¢ = 0, and
c=0.1

24



Corollary 5.6 Let ¢ = —2?z € T = Clz,y, z]. We have

{(FeT3| V- (VxF) =0} _ o .
NG+ HV |G HeTT cigl ( %.) o clel ( 5,)

(2n+3) yz
C —3kxz k=1 n+1—k.
@ @ ((2n+3(k1))zy) y ~

neN
1<k<n-+1

Proof. Lemma 5.4 gives:
(FeT?|V¢-(VxF)=0}
{VG+HV¢|G,HeT}

2C+2yzP Tz
= {( Z3eap )—f—a(xQz)k( 02)|a€(C,k:€N,
—xzC+ayP —x

C, P € Cly, 2| satisfying 9¢=p+2292

Fix now n € N. Let C, P € Cly, z] be homogeneous polynomials satisfying % =P+ 22%_1;_
We suppose that P is of degree n, so that C is zero or of degree equal to n + 1. We write
C and P as

n n+1
P= Z apy®z""% and C = Z byt TR,
k=0
where ag, by, € C. Now, compute
0—@—P—2—:zn: ((k+ Dbgy1 — (2(n — k) + Dag) yF2"—F
8y - + )
so that, necessarily, for all k = 1,...,n+1, we have by = W“kfl' We then can write
n+1
zC+2yzP 22 1 (2n+3)y=z
—3xzP = b ( 0 ) Zn —+ —Qf— —3kxz kilznikJrl
(—w0+wyP> P\ -z ; B ((—2n+3<k—1>>zy> Y
2 ntl (2n+3) yz
S (C[Z] ( ZO ) + Z (C ( —3kxz ) ykilszrlik
—xz 1 (—2n+3(k—1)) zy

We finally have shown that

{FeT®|V¢ - (VxF)=0} _ = -
NG+ HVS |G HeTr = clel () +ee ()
(2n+3) y=
+ C ( —3kzxz ) k—lzn—i-l—k,
7% (—2n+3(k—1)) zy Y

1<k<n+1

and it remains to show that this sum is a direct one. To do this, it suffices to show that
each homogeneous component of this sum is a direct sum. Notice that an element of the
space of the right hand side of the previous equation is at least of degree 2, so that, we fix
n € N, and we consider the degree n + 2 component of the previous sum. Let o, c € C and
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r €N, and for all 1 <k < n+1, we consider a; € C. Suppose that there exist homogeneous
elements G, H € T, of respective degrees equal to n + 3 and n, satisfying:

2 2 n+1 (2n+3)ykzn+2fk
ap” ( 02) + 2" ( 0 ) +) “Bkayh otk =VG+HV¢.  (5.12)
—Z —Iz 1

(—2n+3(k—1)) zy*znt1-F

Notice that a = 0 if n # 3r. Applying the curl operator to this identity allows us to obtain

n+1
0H
- Z k(2n +6) apy" 12" TR = 20—
k=1 y

which implies that a = 0, for all 1 < k < n+ 1. This, together with (5.12) imply that

% = 0, so that G € C[z, z], while, this together with the result obtained by applying the

curl operator to the previous identity (5.12), give:

OH 0H
r n+l _ 2777
3(r+Daxd” + (n+3)cz"" = —2zz o +z 5

This shows that 2 divides (n + 3)cz"!, which means that ¢ = 0 and the equation (5.12)
becomes:

ag” ( 102) = VG + HV¢. (5.13)

—X

Applying to this equation the cross product with V¢ leads to: —3az¢™t! (g) = VG x V.
This, together with lemma 5.5, give @ = 0, which is what remains to prove. B

We now determine the Poisson homology of the Poisson algebra (T, {-,-}).

Proposition 5.7 Set T = Clxz,v, z] and consider ¢ = —x?z € T. The algebra T becomes a
Poisson algebra when equipped with the Poisson bracket {-,-}, defined by:

0 o )
{y,z}za—iz—%cz, {Z,.’L'}:a—jzo, {‘T’y}:a_f:—$2.

Using the identifications QY(T) ~ T3, Q*(T) ~ T3, Q3(T) ~ T explained above, the
Poisson homology spaces of the Poisson algebra T are given by:

HPy(T) ~ aCly]&Cly,z];

2

xrz z 0
ar) = col(%)ect (3 )e @ cf min)
o neN* (n=k)y"z
0<k<n
" (2n+3) y»
D C <nz "1> D C ( —3kxz ) ykilszrlik;

% o gg (—2n+3(k—1)) 2y

1<k<n-+1

HPy(T) =~ Clg] (1) @ (Cle] & =C[:]) (1)
(k1) kon—k.
v g]e% C((2£3<kk+)513y)yz ’

0<k<n

HPy(T) ~ Clg].
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Proof. Remark that it is not possible to apply the results of Monnier for the computation of
Poisson homology as we have seen for the third type (proof of Proposition 4.5). Actually, it
is easy to check that the Poisson bracket derived from the potential 22z is not diagonalizable.
To determine the Poisson homology spaces, notice that the polynomial ¢ is homogeneous of
degree 3, so that, considering T graded by the total degree of the polynomials, the operator
dp (1 < p < 3) is homogeneous of degree 1. This allows one to determine the Poisson ho-
mology spaces, degree by degree.

The 0-th Poisson homology space HPy(T).
According to (5.4),

HPy(T) ~ T
0 S
{51(G)|G (G1,Gs,Gs) €T3}
where 0,(G) = 22z (66622 6G3‘) ( — Cff) Now let G € T. We can write G as
z.

G =aF+H with F € T and H € Cly,
with A, B € T and C € C[y], so that

Then, F' can also be written as F' = zA+2B+C,

G=2x*A+x2B+2C + H.

Now, there exist G; € T and G3 € T, such that A = ’%;1 and B = 728G3 so that

G:x2A+sz+xC+H:—2zza§3+ 290G 2C + H = 6,(G) + 2C + H,

Yy dy

with G = (G1,0,G3) € T3. This shows that HPy(T) ~ xC[y] + C[y, z]. It is also clear
that this sum is a direct one, because an equality of the form xC + H = F. Vo, with
C € Cly], H € Cly, 2] and F € T3 implies that x divides H, so H = 0 and then it re-
mains that C' € (2T + zT) N Cly] which means that C = 0. We finally have obtained
HPy(T) ~ «Cly] & Cly, 2].

The third Poisson homology space HP3(T).

First, it is easy to see that C[¢] ~ C[¢]dx A dy A dz C HP5(T). Conversely, we consider an
element F' € HP3(T), i.e., F € T ~ Q3(T) satisfying VF x V(2?z) = 0. Lemma 5.5 (with
¢ =0) then implies that F € C[¢], so that HP3(T") ~ C[z?z] = C|[g)].

The first Poisson homology space HPy(T).
By (5.4),

{ﬁeT3|v¢-(vXﬁ):o}
{—v (dw) +Div(G)Ve | G e TB}'

Let F € T3 be an element satisfying V¢ - (V x ﬁ) = 0. According to corollary 5.6, there
exist G, H € T such that:

HP\(T) =

n+1
FevG+HY6+Clg) ( 0,) +Cl:] ( )+ Cang,
neN k=1
(2n+3) yz
where @, = ( e ) yF=lznt 1=k forneNand 1 <k <n+ 1.
(—2n+3(k—1)) zy
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Now, according to the determination of H Py(T'), there exist LK eT3 A AcC[yand
B, B € CJy, z] such that

G=V¢- (VXL +zA+B, and H=V¢-(VxK)+zA+B.

AsGy(-V x L) =V (w- (V x E)), and 6, (K x Vo) = (w- (V x z?)) V¢, we obtain

F € 6(-VXL+KxV¢)+V(zA+ B)+ (zA+ B)\V¢
n+1

clgl (0, )+c (E)JFZZCQMC.

neN k=1

Now, let us consider A; € Cly]
is then straightforward to verify that

5 ((JA_USBBC,L )) — (zA+ B)V4,

= A and B, € Cly, 2] satisfying aalzl =B. It

2zB
so that
ﬁelm(52)+V(:cA+B)+C[¢]( )+<C[]( ) Z%Cunk
neN k=1

This allows us to write

HP(1) ~ clg () +cpl( ;)+chan,k

neN k=1
+ {V(zA+ B)| A€ Cly],B€yCly,z]+ 2Cly, 2]} . (5.14)

Let us show that this sum is a direct one. Suppose that there exist P € C[X] a polynomial in
one variable, @ € C[z], A € C[y], and a polynomial B € yCl[y, z] + 2Cly, z] (i.e., B € Cly, 2]
with no constant term), K € T3, and for every n € N and every 1 < k < n + 1, suppose
that o) € C are constants, such that:

n+1

V(wa+B)+P@) ( 5)+0e) (o )+ 33 af i

neN k=1
—V(K - V¢) + Div(K)Vé.

This implies that

P@) () +Qe) (o )+ S aitug € (KV6+ VL] K.LeT).

neN k=1

According to Corollary 5.6, necessarily P = 0, Q = 0 and aj = 0, for all n € N and all
1 <k <n+1. It then remains V(zA + B + K - V¢) = Div(K)V¢, which implies that
V(zA+ B+ K -V¢) x V¢ = 0 and according to the determination of the space HP3(T"), this

gives the existence of polynomial in one variable R € C[X], such that xt A+ B +K-V§ = R(¢).
As there is no constant term in B and for degree reason, necessarily ¢ = —z2z divides R(¢)
and z divides B € Cly, z], which implies that B = 0. Moreover, last equation allows us to
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obtain A € Cly] N (T + zT) = {0}. This allows us to conclude that the sum in (5.14) is a
direct one, i.e., we can write

HP(T) =~ C[¢]( )@C ( ) @@Cunk

neN k=1
® {V(zA+ B)|Ae€Cly],BeyCly,z]+ 2Cly, 2]} .

Finally, it is clear that

{V(zA+ B) | AeCly|,B € yCly, z] + 2C[y, 2]} =

.- >
@C< ) D D C((vﬁc)y’u"” ’

neN neN* 0<k<n

and this finishes the determination of HP;(T).

The second Poisson homology space HPa(T).
According to (5.4), we have

{ﬁ € T%| —V(F-V¢) + Div(F)V¢ = o}

HPy(T) = {VGxVo¢|GeT}

Let F € T? be a homogeneous element of degree n € N, satisfying
~V(F - V) + Div(F)V¢ = 0. (5.15)

This implies that V(F - V¢) x V¢ = 0. This, together with the determination of H Ps(T)
gives the existence of & € C and r € N such that F. V¢ = a¢”. Notice that if » = 0, then
for degree reasons, & = 0. According to the Euler formula V¢ - & = 3¢ (where we recall that
€= (v,y,2) € T?), we get F. Vo = %qﬁr_lé'- V¢. With the help of the determination of
Hg (T') in Lemma 5.3, this gives the existence of a homogeneous element G e T3 of degree
n — 2, and homogeneous polynomials B, D € Cly, z] and A € C[y] such that

_'_g r—1> ~ ZID
F=29 e+va¢+($jg).

We now compute the divergence of F:

B D
Div(F) = ar¢" '+ (V x G) - V¢ — D + A’Jr%—nyz({g—z.
The equation (5.15) then becomes
5 0B oD
= G) Vo —D+zA +— —22—
(VxQG) Vo +aA + 3y 2
Wthh shows that z divides the polynomlal & 22:66—12 — D € Cly,z]. This implies that

=D+22%2 and 0 = (V x G)-VotaA', so that we also have A’ € (T4 2T)NCly] = {0}.
We have obtained that A = 3 € C is a constant and

(VxG)-V¢=0.
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Lemma 5.4 leads to the existence of homogeneous polynomials G, H € T', and C, P € Cly, z],
of respective degrees equal to n — 3 and n — 4, satisfying

aC opP
oy~ Pt (5.16)

and v € C, k € N, such that
2yz Tz
G=VG+HV¢+ ( )C+ (7§/mz)P+’}/¢k( 02).
Ty —x
Now, this enables us to write:

_, T 3232 P
F=2o1e1vaxvo+ (F )+( )+<m¢kﬂ+m>(?).
3 2zD —6x3%22 P 0

6P1 _

Let us now ﬁx a homogeneous polynomial P; € Cly, 2] verifying 52 = P. Then the equation

(5.16) gives - (C P —2z apl) =0,ie,C—P —2z 6P1 isa homogeneous polynomial in

Clz], of degree n—3, which means that there exists n € (C such that C = P, +2252 aPl +nz" 3.
Now compute

n _
xz" 2 ngb
-9
zP1+2n 52 —2 2
acz
= 3 zz&
:nPlerzdPlJrn(" Z)zz

z32P
= 3| z%2P1+222%22 dapl +nz?z"
—22222P

3z3zP
= 3z%2C .
—62222P

This implies: F € Im(d3) + C[¢]é + (—ZBDD) + zCJg) (g). Conversely, it is straightforward

to see that an element of this space lies in the kernel of d5. In other words,

-3
03 < 3xzP; + o™ n5xz"_2> = -3V <sz1 +

D
B ) | D, B € Cly, z] satisfying %—B:D+zz%—D} .
—2zD v e

HPy(T) = C[¢]é + 2C[¢] (g) + {(

Let us show that the previous sum is a direct one. To do this, let us consider a homogeneous
element of this sum. Let n € N, «, 8 € C, and homogeneous polynomials D, B € Cly, z] of
respective degrees equal to 3n and 3n + 1 satisfying %—I; =D+ 22%—? and a homogeneous
G € T of degree 3n, such that

290G

n - n (0 zD o
Qe + B (1)+( i ):vcxw: 20299 14298

0 —2zD 2%22_@

Y

Computing the inner product of this identity with V¢ leads to 3a¢™t! = 0, so that o = 0.
Moreover, this gives D = fo%, so that D € 2T N Cly, z] = {0} and a—G =0, 1ie., G¢€
C[z, z]. Moreover, the second row of the previous equation implies that B € 2T N (C[y, z] =

{0}, and B = 0. It remains to show that § = 0, while we have Sxz¢" (g) = VG x V.
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According to Lemma 5.5, G is in C[¢] and 8 = 0.
We then have obtained

HP,(T) = Clg)e @ oCle] (1) © {( B )| D, BeCly2]:38-pr252},

so that it remains to show that

{( yig )|D,B€(C[y,z]:a—BD+2,za—D}

—22D Y 0z
0 (k+1)z P
C 1) C | @n—k)+1) ner, 5.17
: [z](O) EB ( —2(k+1>zy)y : (5:17)
neN
0<k<n

To do this, let us consider n € N and homogeneous polynomials D, B € Cly, z] of respective
degrees n and n + 1, satisfying %—5 =D+ 2z%—5. We have already seen in the proof of
Corollary 5.6 that this implies the existence of complex numbers a;y € C, 0 < k < n and

bo € C, such that

n n+1
D= E apy*z"F and B = bpz"T! + g Mgy ykarti=k,
k=0 k=1

This gives

n (k+l) zykzn—k

xD . n+1 (0) ak -~ k41 _n—k
(72121)) = byz ! +Zk+1 (2(n—k)+1) y*+1z

k=0 —2(k+1) yFznti=k
n

(k+1)z
2Cl[z] (?) oEHcC ((2(n—k)+1)y) yFank,
0 Pt —2(k+1) z

m

Notice that the previous sum is a direct one, because of degree reasons. This allows us to
conclude that (5.17) holds, which finishes the determination of HP(T'). B

Remark 5.7 Recall that the Poisson structure which equips the algebra 7' is unimodu-
lar, i.e., its modular class (see [35]) vanishes (here, even the curl vector field (see [13]) is
zero), which implies that there is a duality between the Poisson cohomology and the Poisson
homology of the Poisson algebra T: HP*(T) ~ HP3_4(T).

Now, we show in an elementary way that each Poisson cycle can be lifted to a Koszul
cycle. By definition, a Koszul cycle is a cycle of the filtered complex (5.3).

Proposition 5.8 We keep the notations of the beginning of the section for the algebra B
and the Poisson algebra (T,{-,-}). Let us consider the filtration F on the algebra B, given
by the degree in y. For every Poisson cycle X, there exists a Koszul cycle (i.e. a cycle of
the filtered complex (5.3)) X such that gre(X) ~ X.

Proof. Proposition 5.7 gives a basis for each Poisson homology vector space of T'. For every
Poisson boundary &;(X), we have seen in Proposition 5.2 that grp(di(Y)) = 0x(X), where
Y is the element X, viewed in the algebra B and written in the basis (z'y72*%), i,j,k € N.
So that X := di(Y) is a Koszul cycle satisfying grp(X) ~ 0x(X). This implies that it
suffices to show that each element X of the bases of the Poisson homology spaces given
in Proposition 5.7, can be lifted to a Koszul cycle, i.e., for each element X of the bases,
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we will give a Koszul cycle X, satisfying grp(f( ) = X. Notice that we will use here the
identifications explained before: B(k(c(w)) ~ B, BRp ~ B3, BVp ~ B3, and Q3(T) ~ T,
QXT) ~T3, QYT) ~ T and Q°(T) ~T.

Lifting of the Poisson 0-cycles.
As every element of B is a Koszul 0-cycle (and similarly for the Poisson 0-cycles), every
Poisson 0-cycle can be lifted to a Koszul 0-cycle.

Lifting of the Poisson 3-cycles.
According to Proposition 5.7, HPs(T) ~ C[¢] = C[z*z]. For each ¢ € C and k € N, the
definition of d3 and lemma 5.1 clearly lead to d3(cx?*2* @ c(w)) = 0, so that cz? 2% @ c(w),
which is identified to cx?*2*, is a Koszul 3-cycle satisfying grp(cx? 2F) = ca?k 2.
Lifting of the Poisson 1-cycles.
According to Proposition 5.7, the space H Py (T') is generated as a C-vector space by the fol-
Tz 22 (2n+3) ykzn+27k‘
lowing elements: A, := (222)* ( 02), B, = zT( 0 ), Unfp = —3kayk itk ,
- Tz (—2n+3(k—1)) zykzn 1=k
0 P
Um,s 1= ( sy tem e ), and W, = (pIZpl), wheren,pe Nym e N*and1 <k <n+1,
0

(m—s)y®zm—1=°

0<s<m. ~
Now, by definition of d; and because zz = zx in B, it is clear that:
dy (2 @ — 2?2k @) =0, and di(z"T?@x -z @2) =0,

so that A := :I:%*‘lz:k"i1 ® x — pkt2k ® z and B, := 22 @z — 22"t @ 2 are Koszul
1-cycles satisfying grp(Ax) = Ay and grr(B;) = B;.
Next, we let

k! An kL : .
— Z o m Xk*l,l,n+27k; if 3k — 2(TL + 2) < 0,
£=0
Lin,ky—1 k—2
: B\ @k, L0, gy " 0n k0 k! Qnok.e
+ > @ ( g(_g() 5 )kae,e,mrsz - X nrn g Metenta-k
£=0 " £=L(p 1y +1 "
| _ _3_ _ .
_ o /:).+1)!an7k7e(n’k) x2n+3 2ky3k 3 2nzn+2 k Rz, if 3k — 2(71 T 2) > 0,

wherefor 1 <k <n+land0 </{<k—2, ayke:=—2n—6+6k—3(+2n(k—{)—3k(k—?), for
alla,b,c € N, X, . = 2%y 2°@y—2c 2%y’ 2°®@x and if 3k—2(n+2) > 0, Cinky = 3k—4—2n.
Then, we have grp(f]mk) = U, and lemma 5.1 allows one to verify that Umk is a Koszul
1-cycle.

Now, let m € N*, 0 < s < m and consider

Vins i= sys_lzm_s QY+ (m _ S)yszm—l—s ® z

)



Then we have grp(f/WS) = Ups and it is straightforward, using lemma 5.1, to verify that
Vin,s is a Koszul 1-cycle.
Finally, let p € N and consider

P
p! p!
Wy : Zk_ aPF k®z+z .:Ep kb @ y.
k=0 —

It is clear that gry(W,) = @, and moreover, using lemma 5.1, we obtain that d,(W,) = 0,
i.e., W, is a Koszul 1-cycle.

Lifting of the Poisson 2-cycles.
According to Proposition 5.7, the space HPy(T) is generated as a C-vector space by the

following elements: C). := (zQZ)T(é), Dy = x(2?2)° (g), E, = Ztt! (g), On ke 1=

(k—i—l)zykz" k
@2(n—k)+1)y*+1zn=* |, where r,s,t,n € Nand 0 < k < n.
—2(k+1) yF2n L

First, if » € N, then, using the definition of d> and lemma 5.1, we obtain easily:

dg( T @+ 2ty @ + 2?2 T @) =0,

so that Cp = 222" @1y + 22yz" @ 1y + 222" @ r3 is a Koszul 2-cycle satisfying
grr (Cr) = Cr- -
Moreover, if s,t € N, then, because xz = zx in B and by definition of ds, we have
JQ( 25+1 ' ® TQ) 0, and JQ(ZH_I ® 7’2) = 0,
so that Dy := 221 25®ry and B, := 2"t ®ry are Koszul 2-cycles and satisfy grp (DS) =D,

and ng(Et) = FE;.
Now, let n ¢ Nand 0 < k <n and

On = (k+Day"=" " @r+ 20—k + 1)y =" or
k—1
| =20k + 1) ykenhHt k+1 gh=iyd 1=k | @ .

Jj=0

Then, using once more lemma 5.1, it is straightforward to verify that dy(O,, ) = 0. More-
over, we have of course, grp(Oy, k) = 0y k, which finishes the proof. B

Proof of Theorem 1.1. Actually, it remains to prove that the Hochschild homology of the
algebra B is isomorphic to the Poisson homology of T" obtained in Proposition 5.7. Following
the same method as in [31], we use the Brylinski spectral sequence of the almost commuta-
tive algebra B [8, 16]. Denote by C' the filtered complex (5.3) and denote by (F,C)pez its
filtration. The complex F,C is the following

0 — Fypea(B(Ce(w) 2 Fpia(BRp) " Fpa(BVE) 5 Fy(B) — 0 (5.18)

where F}, denotes the filtration of the total degree. Let us consider the spectral sequence
associated to the filtered complex C' (Section 5.4 in [34]). The term E° of this spectral se-
quence is the graded complex naturally associated to the filtered complex C'. By Proposition
5.2, E? is isomorphic to the Poisson complex of the Poisson algebra T' (actually, the proof of
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Proposition 5.2 provides an explicit isomorphism). Since the filtration F of the complex C
is increasing, exhaustive and bounded below (F_; B = 0), the spectral sequence converges
to He(C) (Theorem 5.5.1.2 in [34)):

E;q = Hpyq(FpC/Fp—1C) = Hp4q(C). (5.19)

Thus, in order to conclude that the Hochschild homology of the algebra B is isomorphic to
the Poisson homology of T, it is sufficient to prove the following.

Proposition 5.9 The spectral sequence associated to the filtered complex C' degenerates at
E'.

Proof. We apply a standard criterion for degeneration of spectral sequences (Lemma 5.2
in [31]) with » = 1 (we use the notation of [31]). This criterion consists in proving that the
natural edge map

¢, : Ho(F,C) — E}

is surjective for any p. Since the term E® is isomorphic to the Poisson homology of T,
surjectivity is given by Proposition 5.8. B

Actually the proof of Proposition 5.8 provides an explicit section of the edge map gbIl).
Consequently we have an explicit isomorphism from HP,(T) to HH,(B) described as fol-
lows: Proposition 5.7 gives an explicit family (¢) of Poisson cycles ¢ such that the family
([¢]) of their classes form a basis of the space H P, (T'), and the proof of Proposition 5.8 lifts
each Poisson cycle ¢ to an explicit Koszul cycle ¢, so that the Hochschild classes [¢] form a
basis of HH,(B).

Since B is 3-Calabi-Yau (Theorem 2.9), we deduce Hochschild cohomology of B from
Theorem 1.1: HH®*(B) = HH3_4(B).
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