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Abstract

For a quotient algebra U of the tensor algebra we give explicit conditions on its relations for U
being a PBW-deformation of an N-Koszul algebra A. We show that there is a one-to-one correspon-
dence between such deformations and a class of Aso-structures on the Yoneda algebra Extf‘ (k, k)
of A. We compute the PBW-deformations of the algebra whose relations are the anti-symmetrizers
of degree N and also of cubic Artin—Schelter algebras.
© 2005 Elsevier Inc. All rights reserved.

Introduction

In this paper we consider a class of deformations of N-Koszul algebras, the Poincaré—
Birkhoff-Witt(PBW)-deformations. The class of N-Koszul algebras was introduced by
R. Berger in [3] and is a generalization of ordinary Koszul algebras. Let R be a subspace
of homogeneous forms of degree N in the tensor algebra 7 (V). Denoting by (R) the
two-sided ideal in the tensor algebra generated by R we get the quotient algebra A =
T (V)/(R). When certain nice homological conditions are imposed on the resolution of the
residue field k this is called an N-Koszul algebra, the quadratic case N = 2 giving ordinary
Koszul algebras.
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By deforming R to a space P of non-homogeneous forms of degree N but keep-
ing the homogeneous part of P of degree N fixed equal to R, we get a filtered algebra
U =T(V)/(P) which is a PBW-deformation of A if its associated graded algebra is A.
(Note that U is augmented if the constant term in P is zero.) In the quadratic case such
deformations have been considered by Braverman and Gaitsgory in [2], a typical example
being when A is the symmetric algebra on a vector space V and U the enveloping algebra
of a Lie algebra on V. We generalize their results to the setting of N-Koszul algebras and
give a simple set of equations relating the homogeneous parts of P which describes when
U gives a PBW-deformation.

In [11], Positselski in the quadratic case showed that giving an augmented PBW-
deformation of A is equivalent to giving the Koszul dual A' of A the structure of a
differential graded algebra. The Koszul dual A' may be identified as the Yoneda algebra
Ext}, (k, k). In general for any augmented algebra the Yoneda algebra has the structure of
an Axc-algebra. For an N-Koszul algebra A it is natural to consider its Yoneda algebra B
together with this A -structure as its Koszul dual and Keller [8] computed this. We show
that when we specify a certain class of properties of Aoo-structures of B, among them be-
ing that those products which are non-zero in the case computed by Keller are kept fixed,
there is a one-to-one correspondence between such Ao -structures on B and augmented
PBW-deformations of A. Our description is quite explicit. In fact the properties we can
impose on B reduce the whole menagerie of equations to be verified for an Ao.-algebra to
only two simple types. We also verify that the A -structure on the Yoneda algebra of U
corresponds to, more precisely is quasi-isomorphic to, the Aso-structure on B which we
find.

We then proceed to compute PBW-deformations of some classes of concrete algebras.
The most well-known classical case is of course the PBW-deformations of the symmetric
algebra S(V). Such a deformation U corresponds to giving V the structure of a Lie algebra
and U is then the enveloping algebra of V. Here we consider the class of algebras

T(V)/(AVV) )

whose N-Koszulity was shown by Berger [3]. Note that when N =2 we get the sym-
metric algebra S(V). We compute the PBW-deformations of these algebras. The result
separates into two cases according to N being even or odd. When N is even, an augmented
PBW-deformation of (1) corresponds to giving a Lie algebra structure L : /\2 V-V on
V together with additional structure provided by even symplectic forms @, : /\2r V->k
where 2 < 2r < N, fulfilling analogues of the Jacobi identity, namely the composition
(with some abuse of notation)

Lo®yoL:\N* Vv

is zero. Note that if we take @¢ = 1 this is the ordinary Jacobi identity.
When N is odd a PBW-deformation of (1) is equivalent to freely choosing a linear form
l:V — k and symplectic forms @, as above. No relations among them is required.
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We also consider the (generic forms of) cubic Artin—Schelter algebras and compute their
PBW-deformations. These are algebras that have considerable interest in non-commutative
algebraic geometry.

We would like to give a quick comment about an aspect we have not discussed in
this paper. Deformations of relations can be thought of as changes to the Massey product
structure. With this in mind, the results about the A -structure can be seen as an explicit
example of the interplay between Massey products and oo-structures. Also, the space of
deformations we construct will be the versal family of the moduli of such deformations.
This means that we do not consider equivalences of deformations, though the quotient
by this equivalence relation gives the actual moduli. The moduli is in general difficult to
understand, even in seemingly simple situations. For the case of Lie algebras on a three-
dimensional vector space (corresponding to PBW-deformations of k[x, y, z]), see [13].

The organization of the paper is as follows. Section 1 introduces N -Koszul algebras and
their PBW-deformations. We give the PBW-theorem for N-Koszul algebras which shows
which equations must be fulfilled for the relations P. In Section 2 we state how a PBW-
deformation of A corresponds to an A-structure on its Yoneda algebra and Section 3
contains the main bulk of the proof of this.

Sections 4, 5, 6, and 7 are concerned with the PBW-deformations of the algebra (1). In
Section 4 we state the results. Sections 5 and 6 are of a technical nature and develop most
of the ingredients of the proofs. The final proofs are given in Section 7.

Section 8 contains explicit computations of the PBW-deformations of cubic Artin—
Schelter algebras.

1. N-Koszul algebras and the PBW-theorem
1.1. Definitions

Let V be a finite-dimensional vector space, whose dimension we shall denote by v, over
afield k. Let R be a subspace of V&N where N is some integer > 2, and (R) the two-sided
ideal generated by R in the tensor algebra 7'(V). We then get a homogeneous algebra
A=T(V)/(R). In [3], R. Berger introduced the notion of N-Koszul algebras which is a
generalization of ordinary Koszul algebras (which is the case N = 2). The algebra A is an
N-Koszul algebra if the residue field k has a right A-module resolution of the form

kA< VI®AD < V2@A(=N) < - < Vi ® A(=n(i)) « -

where n(2g) = Ng and n(2q + 1) = Ng + 1. The V; are vector spaces and here and in
the rest of the paper all tensor products are over k. We can also define this notion using
a resolution of k as a left module; these two definitions are then equivalent for a given
algebra, see [3, Definition 2.10], and the following discussion.

Instead of a homogeneous space of relations R we may consider a non-homogeneous
space of relations P in @ig N V@ and get a non-homogeneous algebra U = T'(V)/(P).
We shall be interested in the case when this algebra is a deformation of A of a particular
kind, a PBW-deformation. We then assume that P intersects (B, <y V@ trivially and
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that R is the image of P by the natural projection of @ig N V® to VOV Then there are
linear maps R &, y®N=i quch that we may write

P={r+ai()+---+ay()|reR}. )

There is a natural filtration on the tensor algebra by letting F!T (V') be EBl-< / V@ This

induces a natural filtration F'U on the quotient algebra U, and in the situation described
there is a surjection

A—grlU.
We say that U is a PBW-deformation of A if this map is an isomorphism.

Notation. The symbol 1 will be used to denote the identity map on a vector space. If ¢ and
¥ are maps defined on subspaces U, respectively W, of V&, respectively V®”, denote

(0. ¥V]=0@Yy—Y®¢
which is defined on the subspace (U @ W) N (W ® U) of y®ath,
1.2. The PBW-theorem
The topic of this paper is to investigate PBW-deformations of N-Koszul algebras. In the
quadratic case this has been done in various papers [2,10,11]. The following is a general-

ization of the main theorem of [2] to the N-Koszul case.

Theorem 1.1. Let A be an N-Koszul algebra. Then U defined by relations (2) is a PBW-
deformation of A if and only if

(PYNFNT(V)=P. (3)

This is more explicitly equivalent to the image of
(Ve R N(Re V) LA yon @)

being contained in R and (let ay+1 =0)

aio[laal]z[l’aiﬁ-l]v l:l,,N (5)
Example 1.2. When the relations R are /\2 V so «j is a map /\2 V — V,and U is aug-
mented, i.e., oy is zero, there is only one Eq. (5) and written out this is just the Jacobi
identity meaning that oy gives V the structure of a Lie algebra. Thus we have the classical

PBW-theorem that U is a PBW-deformation of the symmetric algebra S(V) iff U is the
enveloping algebra of a Lie algebra.
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Remark 1.3. When U is a PBW-deformation (3), (4) and (5) still hold without the assump-
tion that A is N-Koszul, as we now show in the first part of the proof.

Remark 1.4. Berger and Ginzburg, [4], have independently proved this result.

Proof of Theorem 1.1 (first part). When U is a PBW-deformation of A, clearly (P) N
FNT(V)is equal to P.
Letx bein (V ® R) N (R ® V). We get in the ideal (P) two elements

N N
Y agen@+x. Y (@@ D) +x.

i=1 i=1

The difference of these two elements is in (P) N FNT (V) which is P. This gives us the
necessary relations degree by degree. For instance, in degree N we have

(1, 1](x)
so this must be in R, and the degree N — 1 part must be ¢ of this element, which gives us
ar o [1, ar](x) =[1, a2](x)
and so forth. O

The second and difficult part of the proof will show how the conditions (4) and (5) of
Theorem 1.1 imply that U is a PBW-deformation of A. For this we need some deformation
theory.

1.3. Deformations

We recall the setup from [2]. Let A = @32, Aq be a graded associative algebra over a
field k. An ith level graded deformation of A is a graded k[]/(¢'*!)-algebra A, free as
a module over k[¢]/(t+1), together with an isomorphism A?/rA’ = A. By taking inverse
limits, a graded deformation of A is a graded k[[¢]-algebra A, free as a module over k[[z]],
with an isomorphism A/t A’ = A. In all cases considered in this paper, the deformations
we construct are naturally defined also over k[¢], with the same conditions. Thus we can,
for instance, take fibres over the point r = 1.

More explicitly, an ith level deformation is given by a set of maps f;: A® A — A such
that the rule

i
axb=ab+_ fjla.b)t’
j=1

defines an associative algebra, and similarly for the inverse limit, but with the sum extended
to infinity.
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Let C,C' denote the categories of graded deformations and graded ith level deforma-
tions of A, respectively (with morphisms only isomorphisms).

The connection between graded Hochschild cohomology groups and deformations is
given by the next lemma, taken directly from [2].

Lemma 1.5.

(a) The set of isomorphism classes of C! is HHE1 (A, A).
(b) For A' € C, the obstruction to its extension to level i + 1 lies in HHE,»_l(A, A).

(c) Furthermore, the set of isomorphism classes of such extensions is an H HEZ._I (A, A)-
homogeneous space.

For the proof, refer to [2].

Welet Cg.(A, M) be the complex of graded morphisms from the bar complex of A to the
A-bimodule M, so that in particular the graded Hochschild cohomology groups appearing
above are graded cohomology modules of this complex.

Following Berger [3], there is a complex associated to an N-homogeneous algebra A,
called its N-Koszul complex. Its first few terms are

Ko=A®A,
Ki=AQV®A,
Ky=AQRQ®A,

K3=A® (VR N(RRV))® A.

In general, the term K; has lowest degree terms n(i), where n(2g) = Ng and
n(2q + 1) = Ng + 1. For details, including the definition of the differential, consult [3].

The algebra A is N-Koszul iff this is a resolution of A as an A-bimodule. In other
words, there is a quasi-isomorphism from the Koszul complex to the bar complex:

0:Keq — B,.

It is injective since K, is a minimal resolution, see [3]. Note that this allows us to
compute the graded Hochschild groups using maps from K, — A; o induces a map from
Cér(A, A) = Hom(B,, A) to Hom(K,, A), which is, of course, also a quasi-isomorphism.
The differential we will be most interested in is the map Hom(K»>, A) — Hom(K3, A).
Given a bimodule map «: K, — A, its boundary do is given on (V @ R) N (R Q® V)
as [1, a].

Lemma 1.6. Suppose A is N-Koszul. The graded Hochschild cohomology groups
H H/’. (A, M) vanish whenever j < —n(i) and M is a non-negatively graded A-bimodule.

This can easily be deduced from [2,5]; in fact, in the spirit of [2], it might be reasonable
to use this as the definition of N-Koszulity.
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We are now ready for the second part of the PBW-theorem.

Proof of Theorem 1.1 (second part). The maps «; : R — VEN~I of vector spaces natu-
rally determine A ® A°-maps from K; to A, which are denoted by the same symbols.

To get the first level deformation, we need a class in H H 2 (A, A). Condition (4) from
Theorem 1.1 states that the image of [1,«;] is contained in R which is equivalent to
doy; =0 in the complex Hom(K,, A). It thus determines a class [«]] in HHEI(A, A).
We want to choose a representative for this class, — f1, in the Hochschild complex, such
that — f] o 0 = 1 as cochains. Here, and later, it will always be possible to choose maps
with the given properties because the map o is determined by an (injective) map of vector
spaces. So let — f| be any representative; then —fj o o — & is cohomologically triv-
ial, whence there exists w in Hom(K{, A)_; with —fl oo —a; =dw. Let o be any
Hochschild cochain such that ' o 0 = w, and let f| = f + dw’. Then

—floo =—f1 oo +dw=u0a.
The next steps of the deformation are constructed inductively. So suppose the defor-
mation has been constructed up to level i, meaning that we have elements f1,..., f; in

Cér(A, A) such that, for j <i, —fj oo =a; and

—dfj= fj—101, fil

(analogous to the properties of the «’s from Theorem 1.1). Here fy = 0.
We construct f; 1 with these properties as follows. Let

—fir1 € C(A, A) i
be any element such that —fi_H o0 =«ajy1. Define
y =—dfiy1— fioll, fil.

Then y oo =0, and since o is a quasi-isomorphism, y is cohomologically trivial. So there
exists u in Cér(A, A)_;_1 with du = y. Choose also u’ (easy diagram chase) such that

oo =poo anddp’ = 0. Finally, set fir1 = fiq1 + @ — /. Then
—dfipi=—d(firi—n+u)=y+ fioll, il =y +0= fi o1, fi]
and
—fit100=—fiy1 —pnoo+u oo =aj4.
Compare this to the obstruction

> fioll. fimjil

j=1
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for lifting the structure, coming from the general theory of deformations. All the terms with
J < i are cohomologically trivial, since the composition with the quasi-isomorphism o is
zero for degree reasons. The only remaining term is covered by —df;1, as shown above,
so the deformation can be extended to level i + 1.

This gives the deformation up to level N + 1. From there on, we use Lemma 1.6, which
states that the cohomology groups H H ;(A, A) vanish for j < —n(i). By Lemma 1.5, for
i = 3 this says that the space where the obstruction to extending the deformation further
than level N + 1 lives is zero. For i = 2 it says that the space of choices for this extension
is zero.

So we have a collection of f; such that the rule

o0
axb:ab-Zf,-(a,b)t"

i=1

defines an associative multiplication on an algebra fibred over k[¢] (this works since only
finitely many terms are non-zero). Let U be the fibre over 7 = 1. Since it is constructed as a
deformation, we know that gr U = A. We have a canonical map ¢:V — U which extends
toamap ¢:U — U (by definition of the f;). We thus have a sequence of maps

p ~
A—grU LN gl — A
and the composition is the identity on A. Thus p is an isomorphism. 0O

Example 1.7. It is easy to construct examples where the theorem fails for non-Koszul
algebras. For instance, let A be the commutative algebra

A=k[x,y, Z]/(y2 — Xz, Xy, zz).

This algebra is not Koszul; in fact H H3 4(A, A) # 0. It was considered in [6]. Define oy
by z2 > —x, all other relations (including the commutators) being mapped to zero. Then
[1, 1] is identically zero, so the conditions of the theorem are trivially fulfilled. But the
algebra U = k[x, v, z]/(y> — xz, xy, z> + x) is finite-dimensional as a vector space, so
gr U cannot be isomorphic to the algebra A, which has Krull dimension 1.

2. The A -structure on the Yoneda algebra

For any augmented algebra A the Yoneda algebra Ext’; (k, k) has a natural A-structure,
see [9]. Keller computed this structure when A is an N-Koszul algebra. To state this we
let W = V* and S be the perpendicular space of R, i.e., the kernel of W®Y — R*. Write
A'=T(W)/(S) and let B be the algebra with

Byp = (A!)Np’ Bopt1 = (A')Npﬂ'
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Consider k as a right A-module. Then B is the Yoneda algebra Ext}, (k, k) of A as fol-
lows from the N-Koszul complex for A. (If & is considered as a left A-module the Yoneda
algebra will be the opposite algebra of B.) Keller shows, [8], that m; is ordinary multi-
plication if some argument is even (in the B-grading). When all arguments are odd then
mpy (b1, ...,by) is the ordinary product by ---by in B. In all other cases the m, van-
ish.

The following states that an augmented PBW-deformation U of A corresponds to giving
an Ao-structure on B with certain explicitly given properties.

Theorem 2.1. There is a one-to-one correspondence between PBW-deformations of A
(with ay = 0) and Aso-structures on B with the following properties:

(i) my vanishes forn > N,

(i1) my is the ordinary product of N elements when all arguments are odd,
(iii) my, vanishes for 3 < n < N if some argument is even, and
(iv) my is ordinary multiplication when some argument is even.

Remark 2.2. We see that the products in B which are non-zero in the non-deformed case
are unchanged in the deformed case. The only products that we deform are the m , of odd
arguments for p < N — 1 and m of even arguments.

The above Ao -structure on B corresponds to the natural Aso-structure on the Yogeda
algebra of U as the following shows. Recall that the bar construction BU = @, 5, U®",

where U is the kernel of U — k, comes with a natural coalgebra structure, see [12].

Theorem 2.3. Let C be the graded dual of B. There is a quasi-isomorphism C — BU of
Aso-coalgebras.

Remark 2.4. It might be conceivable that there are other A -structures on B corre-
sponding to a given PBW-deformation, since B is not in general minimal. But the above
Theorem 2.1 shows that there is a unique one with the above requirements.

Let B = @ By, be the even part of B, and B! = @ By,+1 be the odd part of B. We
shall reserve m to denote only the differential B°Y — B®'. The differential BV — B¢
shall be denoted by d. Also, if some argument of m> is even, so m> is ordinary multipli-
cation we simply write - for this multiplication or even drop it so we have the ordinary
concatenation notation.

With the requirement that m,, vanishes when p > 3 and some argument is even, the
axioms to be checked for B to be an Ays-algebra, [7, 3.1] reduce to the following two
types, where p > 0. When all arguments are odd (my = 0),

dompr1 =(—DPA-mp—mp-1). (6)

Let u denote an even element and ¢; odd elements.
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mp(...,aq;i_1,ua;,..)=mp(...,a;i_1U,a;,...)
1
+ D mpga (o aim1, d@), ai, ). ™

(If i =1 then in the middle term u gives ordinary multiplication to the left “outside” m p,
and similarly for the first term wheni = p + 1.)

Remark 2.5. An interesting thing here is that one realizes that this may be abstracted to
give the following construction of a class of Ayo-algebras. Let B be a positively even
graded algebra, and B°Y a module graded in positive odd degrees, with a derivation d and
maps m , of degree 2 — p

Bev 4, pod (Bod)®l7 LN B

such that (6) and (7) hold. Then B = B® & B° becomes an A -algebra.

Remark 2.6. Note that when p = 1 both (6) and (7) are instances of the derivation rule
8(ab) = 8(a)b + (—1)1as(b). Hence they generalize this equation in different directions.

‘We shall now show how the Ao-structure on B determines a PBW-deformation.
Proof of Theorem 2.1 (the easy direction). The Aso-structure on B provides maps
wer = (B))®” 22, B, = WON/s. 8)
We define o, : R — V@N=P to be the sign-adjusted dual given by
ap=0(p)- (mn—p)* )
where o (p) is a sign determined by o(p —2) = —o(p), o(N) =1 and o(N — 1) =
(—1)N=1_ Equation (6) for p < N — 1 translates to the condition (5) of Theorem 1.1. Equa-
tion (6) for p = N — 1 shows that the map
WeN  weN /s 4 wONtl /(SQ W + W R S) (10)
is the dual of the map
VRRNRV) LU, gcyoN
showing condition (4) of Theorem 1.1. O
Considerably more work it is to show the other direction of Theorem 2.1. We shall do

this through several steps in the next section. Here we shall explain how, given the «;’s, to
define the maps d and m ,.
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Definition of d. First we define
WeN — B> 4, B3
as the dual of
1,

(V®R)N(R® V) Lo, yon,

This may be extended to a derivation from 7(W)® =, T (W)y; to B°d, We shall show
that this descends to a map B¢ — B,

Definition of m ,. When all arguments are linear define m , to be the sign-adjusted dual
mp=0(N = p)an—p)*.
Supposing m ;1 has been defined, we may then define
(T(W)Od)®p e, gev

inductively by Eq. (7) on the smallest integer i such that a;41,...,a, are all linear.
Then let ua; be a factorization with a; linear. We shall show that this descends to a map
(B4)®P — BV,

In the next section we shall prove that these definitions provide B with an A-structure.
Assuming this we here provide the proof of Theorem 2.3.

Proof of Theorem 2.3. The map C %> U which is the projection on C| composed with
the inclusion C; =V < U is a (generalized) twisting cochain, i.e., we have

o
Z'U“U 01®” 0 (mp)*=0
p=1

where py is the iterated multiplication on U. In fact this reduces simply to the equation
(note that t has degree one)

r+ Y ai(r)=0.

Hence we get an A,-coalgebra morphism C — BU. As in [9], see also [8], in order to
show that this is a quasi-isomorphism, it will be sufficient to show that the twisted tensor
product

de d;
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is a resolution of k, where the differential d; is given by

D Ac@up)(le @' @1y)((my)* @ 1y).
p=1

But the complex C ®; U comes with a natural filtration (C ®; U)g given by

Co®@Ugp < C1R®U<y—1 < QU N« C30Ugp-n-1

<~ CyQ@Ugpon <.

Now the “non-deformed” graded complex C ®, A, where 7y is the twisting cochain when
U is specialized to A, is the Koszul complex for the N-Koszul algebra A and is thus a
resolution of k. It is easily worked out that, for each p, the quotient

(C®; U)gp/(c Q1 U)gp—l

identifies as the strand of C ®, A in degree p, and so is acyclic for p > 1. The upshot is
that (C ®; U) g is quasi-isomorphic to k for all p 2> 0. Since C ® U is the colimit of the
(C ®; U)<,p and this colimit commutes with homology, we get that C ®; U is a resolution
ofk. O

3. Proof of Theorem 2.1

Assuming the definitions of d and m ,, we now proceed to show that the maps d and
mp descend, and that Eqgs. (6) and (7) hold. Our first lemma will in particular be of help
in showing the descent of the maps d and m . Our second lemma shows the descent of d.
Then we proceed through a sequence of Lemmas 3.3-3.7 concerning the m ,. The argument
is here inductive in the sense that each time we prove a lemma concerning m, we assume
that all the lemmas have been proven for m, whenr > p + 1.

Lemma 3.1. Form=2,3,...,N — 1
m . .
W®mfl ®S®Wgw®m®s+ﬂ(w®mfl®S®W®l) (]])
i=1
Proof. From [3] we know that
(VE"@R)N (RO V" + VR VO ' 4.4 Vv lgReV) (12)
is equal to
(V" @ R)N (R VE™) (13)
+(VE"QR)N(VRR@ V" 4.4 V¥ lgRQ V) (14)
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and also
(VE"®@R)N(RVE") SV I@RQ V.

When m = 2 this gives that (12) is included in V ® R ® V. When m > 2 we may by
induction assume that (14) is included in V ® V®"~2 @ R ® V. Whence we get
(V"QR)N(RVE"+VRRVE" ' +... 4+ VE" @R V)

cvelgR®V. (15)

In general when V and W are dual vector spaces and / and I+ and J and J* are

orthogonal complements for the pairing, then 7+ + J- will be the orthogonal complement
of I N J. Taking the orthogonal complement of (15), gives the statement of the lemma. O

Lemma 3.2. The map T (W)Y 4, B4 descends to a map B¢ — B,

Proof. Note first that d(S) = 0. This is because W®Y — B3 is dual to (V @ R) N

(R®V) Dol yeN which factors through R € V®V . Since d is a derivation, it will

be enough to show that d(W®¢ ® S ® W®”) becomes zero when a + b = N. Note that this
vanishes by the derivation property if a or b is zero.
Suppose b = 1. By tensoring Eq. (11) to the left with W whenm = N — 1 we get

N-1
WVl s@Ww e weN @ s+ [ (W e se w®). (16)
i=1

It will therefore be enough to show that d applied to the last term in (16) is zero.
Before proceeding note the following. Since W&V 4, B3 is the dual of

(V@ R) N (Re V)Ll yor
we have the equation (when arguments are in W)
dmy = (=D"'A-my_y —my-1 - D).
Summing up, we get (with arguments in W)
N
Zl&' cdmy 18N = (—I)N_l(qu L{®N+1 _ ®N+1 ‘mel)‘ (17)
i=0

Applying this to an argument in the last term of (16) the right-hand side of (17) becomes
zero in Bs = (A')an 41 and the left-hand side reduces to

dmy -my +my-dmy.
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But this is equal to d(my ® my) by the derivation property, and hence d vanishes on the
last term of (16).
When b =2 then tensoring Eq. (11) to the right with W whenm = N — 1 we get

WON 2 s@WE2Cc WOV lgSe W+ S weV

and hence d(W®V 2 ® § ® W®?) is zero. In this way we may continue tensoring (11) to
the right with powers of W and get inductively that d(V®* ® § ® W®?) is zero. O

Lemma 3.3. Equation (7) holds when i < p.

Proof. For the induction start note that it holds when p = N. Now if the a; are linear for
J =1, Eq. (7) is just the definition. So let j > i be the least index such that a;1,...,a,
are all linear, but a; is not linear.

Suppose first that j > 7 + 2 and let a; = vl where v is even (i.e., in W®N4 for some q),
and [ is linear. The first term in Eq. (7) is then by definition equal to

mp(...,a;i_1,ua;,...,aj_1v,1,...)

+ (=D mp (o aimruag, . aior,d), L. (18)

The second term in Eq. (7) is by definition

mp(...,ai_lu,ai,...,aj_lv,l,...)

+ (D" mpr (o aiciu,a, . aio1,d W), 1) (19)

and the third term in Eq. (7) is

(—1)1’+1mp+1(...,aifl,d(u),a,-,...,aj;lv,l,...)

— mp+2(. cai—1,dW), a;, ...,aj-1,d),1, .. ) (20)
By ascending induction on j (we will take care of the initial cases j =i, i + 1 shortly) and
the induction assumptions, we may assume that (18) is
mp(...,ai-1u,a;,...,a;-1v,1,...)
+ (=DM mpir (o s, d@), ap, . ajoqv, 1)
+ (D" mpir (o aicu,a, . aio1,d W), 1)

—mp+2(...,ai_1,d(u),ai,...,aj_l,d(v),l,...)

which is the sum of (19) and (20).

When j =i+ 1 the same type of argument goes through, assuming it is shown for j =i,
and when j =i, an analogous argument goes through, this time using d(uv) = d(u)v +
ud(v). O
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Lemma 3.4. Equation (6) holds.

Proof. If all arguments are linear, this is simply the dual of the conditions (5) of Theo-
rem 1.1. An odd argument which is not linear can be written (as a sum of) my (ay, ..., ay)-
an+1 where the a; are odd elements. Suppose the (/ 4+ 1)th argument of Eq. (6) is of this
form, where [ < p. We must then show (note that we write my ® 1 because we have not
yet shown that m, descends, see Lemma 3.7)
dmp+1(1®l Rmy-1® 1®p71)
=(=DP1-m,(1® ' ® (my @1 ®1°77)

—m,(1% ® (my ® 1) @177 171) . 1). @1

Considering the first term, we have by using Eq. (7), successively “shifting the u term all
the way to the left,” that m , 11 1% @ my - 1@ 1977) is

I
my - mp 1 (17T 4 (=P "mp (1% @ dmy @ 197F17), (22)
i=0

Applying d to this, the first term in (21) is

dmy -mp (1277 +my - dm py g (197F1) (23)

_ 2131 1 (1% @ dmy @ 1977) (24)
i=1

—;’mN -m gy (19P71) (25)

+ Xl:m,,+1(1®f ®dmy ®1%777) - 1. (26)
i=0

The first term in (23) and the term in (25) cancel. By induction on the total degree of the
argument, the second term in (23) is equal to

(=DPmpy - (1-mp,(1%P) —m, (1%7) - 1). 27

But then again by using Eq. (7) and “shifting successively to the right,” we see that the last
two terms in (21) become equal to the sum of (27) and the terms in (26) and (24). O

Lemma 3.5.

p
Y mpi (1% @dmy @197 7)) = (=) (my -m, —m, - my). (28)
i=0



G. Flgystad, J.E. Vatne / Journal of Algebra 302 (2006) 116-155 131

Proof. According to Lemma 3.4 we can assume that the equation
dmpp1 = (=1 (L-m, —m, - 1)
holds for r > p. Assuming ¢ > p + 1 and inserting this in the sum

qg—1
qu(1®i ®dmr+l ® 1®q—l—i)
i=0

we get, observing that many terms will cancel because of Eq. (7), that this is equal to
q . .
(_l)r—i-q quJrl (1®l ®dm, ® 1®q_l) + (_l)r(mqmr - mrmq)-
i=0

Note that the first term here is of the same type which we just expanded, so we may proceed
inductively. We now start with the left-hand side of (28) and apply this inductively. In the
end this becomes

Yo =DM mamp — mpmg) (29)
azp+1,a+b=N+p

where n(a, b) =n(b, a) (mod 2). Hence the terms in (29) cancel, except the term
(=D)P(my -mp —mp,-my).
This proves the lemma. O

Lemma 3.6. Equation (7) holds wheni = p + 1.

Proof. By the fact that Eq. (7) holds for i < p, and successively “shifting even factors all
the way to the right outside of m,,” we are reduced to prove the i = p + 1 case when all
the a; are linear. Also u may be written as my(ap41, ..., an+p) where these arguments
are odd. The second term in (7), m (..., apu) will then, by successively “shifting even
terms all the way to the left and then outside of m ,,” be equal to

p
ay-anmp(@nsis ..., anip) + (DPY “mp (o da g, ).
i=1

By the previous Lemma 3.5, this is equal to
mp(ar---ap)apir---anyp — (D" mppi(ar, .. d@@pyr-angy)). O
Lemma 3.7. The map
(T(W)Od)®p ﬂ) BCV

descends to a map (B°Y)®P — B,
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Proof. We must show that m, becomes zero if one of its p arguments have the form
W® ® S ® W®. Using Eq. (7) and shifting even factors to the left or right outside of m P
this is easily reduced to the case when all arguments are linear, except one which has the
form W& @ S ® W®” where a+b is N+ 1 or 1. Suppose a =0 (so b= 1) and that
the non-linear argument is in position p, the last one. We must show that m, vanishes on
WP~ @ (S ® W). By Lemma 3.1 this is contained in

p
WP @S+ (W @ s w®)
i=1

and hence W®P~! @ (S ® W) is contained in

P
(Werlesew)n (Wer e S) ﬂ WerT @ S @ We). (30)

Now if the argument of m, is contained in the left term of (30), then m, vanishes on it
by using Eq. (7) and “shifting S to the right outside of m,.” If the argument of m is
contained in the right term of (30) we may use Eq. (7) again and shift the argument of m,
successively to the left. Note that all terms with m 1 will vanish since d(S) is zero. In the
second last step we are left with an argument in (S ® W) ® W®P~! and in the last step we
“shift the S-part to the left outside of m ,,” and so m, vanishes on this argument.

Assume now that it is the argument in position p — 1 of m, that is containedin S @ W.
By Lemma 3.1, W®’~2 ® (S® W) ® W is equal to

(WP 2@ (S@ W)@ W)n (WP ' e (Se W)

p—1
+ (W e (S W) @ W).
i=1

By the former case m, vanishes on the first term and by the same kind of shift argument
as above, it also vanishes on the second term. In this way we may continue, and this settles
the a =0 case.

The case a = 1 and b = 0 may be reduced to the case just treated, by shifting the S-part
one step to the right, using Eq. (7).

So suppose now 2 <a < N —1 and a + b = N + 1. Applying Lemma 3.1 with
a =m — 1 and tensoring Eq. (11) to the right with W~ we derive

W R SQWE c wetl @ s @ W1 4+ s @ wON*!,

So by induction we get that m , vanishes when this is one of the arguments. O
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4. PBW-deformations of 7'(V)/( /\N V)

In [3], R. Berger showed that the algebra T(V)/(/\N V), where /\N V is naturally
embedded in V&N by

XpA AN Y (=D Ox ) @ ® Xo )

ogeSy

is an N-Koszul algebra (char k = 0). Theorem 1.1 therefore applies and we shall use
this to compute the possible «;’s for this algebra such that the associated algebra U is
of PBW-type.

When N =2 (and oy = 0) the classical PBW-theorem says that U is of PBW-type iff
o] /\2 V — V is a Lie bracket. In the general case when N is even the result involves a
Lie algebra together with symplectic forms of successive even degrees and the Lie algebra
is related to each form by an equation which can be viewed as generalizing the Jacobi
identity.

The case N odd is distinct and simply involves choosing freely a linear form and suc-
cessive symplectic forms of even degree. We shall now state the main theorem, but first we
explain some notation.

Notation. (1) If we have a map
VNV > U 31

the domain may be considered as a quotient space of V®”. Thus we get a map which we
denote by the same symbol

ViVeP 5 UL (32)

On the other hand, given map (32) then by restricting it to the subspace /\” V of the
domain we get a map (31). We shall be free to switch back and forth like this. Thus if
¥ : A7V — U’ is another map we may form ¥ ® /' which we may consider as defined
on \* Ty If we go from (31) to (32) and back to (31) again the new map will differ from
the old by a constant, but only in a few cases will it be of any importance to keep track of
this.

(2) There is also a natural map

Homg (AP V, A"V) 2% Homg (A“TPV, A+ V) 33)
given by (arrange I, P and A in ascending order)

T.@) =Y (=P uyAgp),

I=AUP
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where we sum over all partitions A U P of I with P of cardinality p. The sign is the sign
of the permutation we get by concatenating P with A. Given a map ¢ we shall often by
abuse of notation denote T, (¢) simply by ¢, like in (35) below.

(3) Let 1%7 denote the identity on V®?. For a linear map L:V ® V — V we introduce
the notation

12a1b — Z 1921 @ [®) g ... g 192 g [ ®s
Yoi=a, ) ji=b

which is a map from V®24+20 1o y®2a+b and
1L =1%Q L -1%"!'QL®14 -+ (-1)'L ®1%,
Note that

[1,1%L]=£1%"'L.

On some occasions we will also allow L to be a linear map from V®* to V (notably in
Proposition 5.6).

Now we shall consider PBW-deformations U of the algebra T(V)/( /\N V) given by
linear maps a; : AV V — vON—i,

Theorem 4.1. Suppose N is odd and dimV > N + 2. Let |: V — k be a linear map and
Dy, /\2r V' — k arbitrary symplectic forms for 2 <2r < N. Let

a2y = 1®N—2r ® Doy,
01 =18V 71 Q1 Q s, (34)

Then these «;’s give an algebra U of PBW-type. Conversely if U is of PBW-type there are
[ and @;, such that the «; are of the form above.

Theorem 4.2. Suppose N = 2n is even and dimV > N + 2. Let L: /\2 V — V be a Lie
bracket and ®; : /\zr V — k for 0 < 2r < N be symplectic forms (with @, = 1) such that
the compositions

Lo®y oL:\* VvV (35)

are zero. Let oy, be

r
Z 12(n72r+i)L2r72i ® ¢2i (36)
i=0
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and let oy 41 be

r
Z 12(n—2r—1+i)L2r+1—2i ® ¢2i + 1®2n—2r—1 ® r¢2r (1®2r—1 ® L) (37)
i=0

where 2r,2r + 1 assumes values from 1 to N — 1 and ay = 0. Then these «; give an
algebra U of PBW-type. Conversely if U is of PBW-type and oy =0, there exists L and
@y, such that the a; are of the form above.

If any #0, the U of PBW-type are obtained by also choosing a @7, : /\2" V — k such
that the following composition is zero

@2}1(1@2"—1 ® L) . /\2n+1V — k.
Remark 4.3. If the dimension of V is < N the «; may be chosen arbitrarily.

Remark 4.4. The case when V has dimension N + 1 seems quite different and would have
needed a separate treatment. So we do not consider it here.

Remark 4.5. When N =4 and a4 = 0 we have given a Lie bracket L and a quadratic
symplectic form &, such that the composition L o @; o L is zero. Up to coordinate change
a quadratic symplectic form is given by its rank, an even number. For each such rank we
thus get a class of Lie algebras.

Having stated the above results for the algebra T'(V)/( /\N V), one might wonder about
what happens concerning PBW-deformations of the algebra 7' (V)/(SY (V)), the relations
being the symmetric tensors of degree N. We state the following without proof (the case
N =2 is well known for Clifford algebras).

Theorc_em 4.6. Consider the algebra T(V)/(SN(V)). To give linear maps SN ) LN
VON=I such that U is of PBW-type is equivalent to giving arbitrary symmetric forms
®,:8"(V) > kforr=1,...,N.(The a;’s are then given by suitable expressions in these
forms.)

Before embarking on the proofs of the theorems above we shall need auxiliary results.
We shall gradually move towards the proof of these theorems by investigating the condi-
tions (4) and (5) of Theorem 1.1. Concerning notation, a monomial A? V will be denoted
by x1 A--- A xp, while a monomial in V®P will be denoted simply by xi - - “Xp.

5. Results on the «-mappings
This section is mainly devoted to study linear maps
AVV & yeN=s,

But first we need a result on the map 7, given in (33).
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5.1. The linear map T,

Proposition 5.1. I[f v=dimy V > a + p + r then T, is injective. In particular it is an
isomorphism when dimy V. =a 4+ p +r.

Proof. Fix a basis ey, ...,e, of V and let V =V’ @ (e) where e is one of the e;’s. There
is a decomposition A\ V = A? V@& AP~ V' Ae. For short denote Homy (A\* V', \' V')
by H (s, t). There is then a decomposition of Homg (A V, A" V)

Hp.nn@®H(p.r—D®H(p-1.r&H(p-1r-1)

and a corresponding decomposition for Homg (A“*? v, A“T" V).

Check that H(p,r — 1) only maps to H(a + p,a + r — 1). By induction this map is
injective. Also H(p — 1,r) only maps to H(a + p — 1,a + r) and so by induction is
injective. The kernel of 7}, is therefore contained in H(p,r) ® H(p — 1,r — 1). Take note
that this maps to the subspace H(a + p,a+r)® H@a+p—1,a+r —1).

For a subset I of {1, ..., v} denote by e; the product /\ie] e;. Now the maps ¢p g in
Homy, (/\p Vv, /\r V), sending ep to eg and all other ep: to zero, constitute a basis for this
space. Suppose then Y yp r¢p g is in the kernel of T,. Let e be in P\R. Then by what
was said just above yp g = 0. Similarly if we choose an e in R\ P. Hence if p #r we
are done. We may therefore assume that p =r and that the kernel consists of elements
>_vp.Ppdpr P

So let 1(p) be the subspace of Homk(/\p V, /\p V) generated by ¢p p. Then T, re-
stricts to a map I (p) — I (p + a) which may be identified as follows. Let A be the com-
mutative ring k[eq, ..., ev]/(e%, e eg). We can identify A, with /(p) via ep — ¢p p.
If o, is the ath elementary symmetric polynomial in the variables e;, then 7, can be iden-
tified with the map

‘0,
Ap -2 Agyp.

Note that alo, = (01)% in A. Also o} - 0, = (“jl'b)oﬁb. To show that o, is injective it is
therefore enough to show that o, is injective where the dimension of V is a + b + 2p.
Replacing a with a 4+ b and o, with 0,4, we may now assume the dimension of V to
bea+2p.

Let I’(p) be the I (p) intersected with Homg (A? V', AP V') and let

A’:k[e1,...,eU,]]/(e%,...,eg_l)

and so A, =A/p EBev-A’pfl.

We are now left with showing that the map
I'pel'(p—H—TI'a+p)@l'at+p-1
which is the same as

0
’ ’ 14 ﬁ) ’ ’
ApEBeU p—1 Aa+p 69eUAa+p71

is injective, where « =0, B =0, and y =e,0,_,.
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Suppose f @ eyg is in the kernel. This means B(e,g) = —y(f) and a(f)=0. By
induction y is an isomorphism, so this says

aoy ' opBlesg) =0.
But

a=al(o])’, B =al(o))", Vzev(a_l)!(al/)a_l‘

1 1

Since B is injective by induction we get y~' o B =ao{/e, and @ o y~' o B becomes
aa!(a{)“+l /e, which is an isomorphism by induction on p. This demonstrates the propo-
sition. O

5.2. Conditions for 1 ® o to map to /\N Vv

Let E be the exterior algebra on the vector space V of dimension v. Let yo, y1,...,y;
be linearly independent elements in V and y; = y1 A y2 A--- A'y; (not including yp).

Lemma 5.2. Let M be a homogeneous element in E such that M A y; has degree < v — 2.
Iffor every y in V, M A yj Ay has yg as a factor (i.e., can be written M’ A yo where M’
may depend on y), then M N yj = N A yo A yj for a homogeneous element N.

Proof. Let {y;} U {zx} be a basis for V. Write M A yj as N A yg A y; + N’ A y;, where
N’ is an expression in the z;’s. We then see that N’ must be zero. O

Now we study maps «: /\N V — V®N=S We shall also consider the maps from the
dual perspective. Let W = V*. Dualizing o we get linear maps

WeN=s £, ANy,
Proposition 5.3. Let v > N + 2. Then the image of

ANFly 182y @N+1-s

N+1—s

is contained in /\ V if and only if o is 1®VN=5 ® @ for some symplectic form

PNV >k
Proof. The image of 1 ® « is in AV '™ V iff the expression

XIABG2, oo XN+1—s)

is alternating under permutations of xq, ..., Xy4+1—s. Let X2, ..., xy+1—s be linearly inde-
pendent. We can then apply Lemma 5.2 as follows. First take y = x1, yo =x2 and j =0.
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It follows that B(x3,...,xnN+1—s) contains xp as a factor. Next let y = x|, yo = x3, and
y1 = x2. It follows that x5 A x3 is a factor. Thus we may proceed and get

B2, ..., XN+1—s) =X2 A+ AXNy1—s AN A

for some a (which a priori may depend on the x’s). We also see that

BXo@) s Xo(N+1-5)) =Xa@) A+ AXg(N+1-s) N @ (38)
for an arbitrary permutation o of {2,..., N + 1 — s}.
If, on the other hand, x3, ..., xy41—s span a space of dimension N — s — 1, adjoin an

x1 linearly independent of these, and suppose if we omit xy 41— the others span a space
of dimension N — s. Then switching the first two elements

XIABG2, oo XN =) == X2 A BT, o XN 1—s)

=—xz/\xl/\X3/\~~/\xN+1,S/\a/

=0.

Since this is true for all x;, we must have B(x2,...,xy+1—s) equal to zero. By de-
scending induction on the dimension of the space spanned by the arguments, we see that
B(x2,...,xN+1—s) 1S zero when the elements are dependent.

Now let x1, ..., x, be a basis for W. Let I and J be disjoint subsets of {1,..., v} of
cardinalities N — s and s. Let I be {i1,...,iy—s} and I’ be {ia,...,iNy—s+1} Where also I’
and J are disjoint. We now let B(x;,, ..., x;,_, ), which we write B(x/), contain the term
cy-x7 Axy.Since

N—
Xi A ﬁ(xiza ey xiN+1—.;) = (_1) i xl'N+]_s A ﬂ(xh seees xi}v_x)

we get that 8(x;/) will contain the term ¢y - x;» A x;. By using (38) together with this
observation, we easily obtain

Bxp)=cj-xr Axy

for arbitrary I which is disjoint from J. Letting F' = ZJ cy-xj,wehave B(x;) =x; A F
for all 7 (where now repetitions in 7 is allowed). Letting @ be the dual of F we get o equal
01V @@, O

5.3. Conditions for [1, a] to be zero
Now note that when R is /\N Vthen (VR)N(R®V)is /\1V+1 V by [3, Lemma 3.12].
Also note that if o1, a2, ..., o; have been found, we can find a particular solution ¢4 to

the equation

ajo[l,a1]=[1, o41]
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of (5), and then add solutions of the homogeneous equation
[1,2i41]1=0.
So we want to find conditions on linear maps
ANV & y@N-s,
such that the induced map
/\N-Hv Lol yeN—s+1
is zero. Considering this from the dual perspective, we have the dual of «
woN=s B ANy,
and the dual of [1, «] is given by the map sending xj - - - Xy _g41 to
XIABMX2, ooy XN—s41) — B, oy XN—g) AXN—g+1-

Proposition 5.4. Consider the following maps from Hom( /\N V, V&N=5) 1o Hom( /\N tly,
V®N+l 7S):

@ ao~r1Qua+ (-1 -a®l.
If either v > N + 2, orv= N + 1 with N — s even, this map is injective.

b ae—~10a+(—D)l.a®l.
If v > N + 2 then « is in the kernel if and only if a is 1®VN =5 ® & for a form @ in
Hom(A\’ V, k).

Proof. Let 8 be 0 or 1. The expression 1 @ a + (—1)* 7% . & ® 1 is zero iff

XtABx2, .., XNF1—)
= (=D B, o XN =) A XN
= (= DV ey s AB(L e AN 1) 39)
Shifting x1, ..., xy—s, XN4+1—s Cyclically N + 1 — s times gives

) — (_1)(N+lfs)(N+17.Y*6)

XpABX2, - XN ‘X1 AB(X2, . s XNF1—s)-

Hence if § =0 and N — s is even we get that 8 must be zero.
Now assume v > N + 2. The same argument as in Proposition 5.3 gives (assuming « is
in the kernel)

B(X1,....,XN—s) =X| A=~ AXN_sAa
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for some a (which a priori may depend on the x’s). In particular if x; and x; are equal for
some i < j then B(x1,...,xy—s) is zero. But then B factors through /\N*S V so

BXs(1)s -+ +s Xg(N=5)) =Xa() A" AXg(N—s) N a
for any permutation o'.

Again exactly the same argument as in Proposition 5.3 gives that there exists a form F
of degree s such that 8(xj) is x; A F. Putting this into (39) we see that it holds if § is one.
If § is zero one gets

XIAN - AXNfl—s ANF ==X A AXNf1—s AN F
for all x1,...,xy+1—s, and so in this case F is zero. O
5.4. Conditions for [1, «] to map to /\N Vv

Now we consider condition (4) of Theorem 1.1. This will separate into two cases. For
naturality of proof we formulate slightly more general results than what is needed later on.
For

/\NV a, y®N-—s
we have the bracket
lLal=1a+(-1)-a®1
which is a linear map from ANV to VON+1=s,
Proposition 5.5. Suppose N — s is even and v > N + 1. In the map

Hom(ANV, V&N=) — Hom(A\" !V, yeN+1-s)

given by sending a to {1, a}, the latter is contained in Hom(/\N+1 v, /\NH_S V) if and
only if a is 1®N=5 @ & for a form @ in Hom(\* V., k).

Proposition 5.6. Suppose N — s is odd, say N is2p +s + 1, and v > N + 2. In the map
Hom(ANV, VEN=) — Hom(A\NT!v, y@N+1-s)
given by sending o to {1, o}, the latter is contained in
Hom(AN v, ANTI=v) (40)

if and only if o is 1*P L for a linear map L in Hom(/\s+1 V,V).
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Proof. We shall only prove the latter proposition since the former is similar but easier.
It is easy to see that if  is 127 L, then {1, a} is in (40). We therefore assume that {1, &} is
in (40) and will show that it is of the form 127 L.

Step 1. Suppose first v = N + 2. Then (40) is naturally isomorphic to Hom( /\s+1 V,V).
By Proposition 5.1 an isomorphism is given by

Hom(A*H'V, V) 225 Hom(AN v, AN =0 Y),

We consider /\S+1 V as a quotient space of V®*! and therefore this as the domain of L.
Also consider ANV and ANV as subspaces of VENT! and VEN+I=S regpec-
tively. The map Tn_; is then given by

L 1/(s+D!-{1,1°PL}.
Thus if {1, «} is in (40) we get a form L in Hom(/\s+1 V, V) such that
{La—1/(s+1!-1*’L}
becomes zero. Proposition 5.4(a) then gives o equal to 1/(s + 1)! - 1?2 L.

Step 2. Suppose now that v > N + 3 and write V = V' @ (e). Our approach to show that

« is of the form 127 L will be to use the decomposition of V to write Hom( /\H'l V,V)as
Hom(/\s'H v/, V’) o) Hom(/\SV’ Ae, V’)

@ Hom(AT'V/, (e)) @ Hom(A\'V' Ae, (e)) (41)

and find the components of L in each of these summands by induction.
The map « now lives in

Hom(/\N %48 V/®N_S) o) Hom(/\N 148 @ V'®Qe® V/®b)
a+b=N—-s—1

o) Horn(/\N_1 V' Ae, V’®N_‘Y)

@Hom(/\N*IV’Ae, D V’®“®e®v/®b) (42)
a+b=N—-s—1

together with Hom-terms where the codomain involves two or more e’s, and is sent to

{1, o} which lives in

Hom(/\N+1V/7 V/®N+lfs) @Hom(/\N+1V/’ @ V' ®e® V/®b)
a+b=N-—s

o) Hom(/\NV/ Ae, V’®N+1_S)
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@Hom(/\NV/Ae, P v¥ses V’®b> (43)
a+b=N-—s

together with Hom-terms whose codomain also involves two or more e’s.
We are then assuming {1, o} is in the subspace

Hom(/\N—H(V/ @ (e)), /\N-H—s(v/ D (e)))
of (43).

Step 3. The first summand of (42) is the only one mapping non-zero to the first summand
in (43). By induction the component of « in the first summand of (42) is given by 12/ L’
for some L' in Hom(/\s+1 V', V'). By extending this by zero in (41) we can consider it
as a map in Hom(/\s'H V, V) and subtract 12? L’ from «. This new o will map /\N V' to
zeroin V/®N—s,

Step 4. Consider the mapping to the third summand in (43). The image of the element «
comes from the third summand in (42). The map between these two identifies as

Hom(/\N*1 v/, V’®N_S) — Hom(/\NV/, V’®N+1_‘Y)
given by
y 1y + (=D y L

By induction this is in Hom(AN V/, AN v/) iff y is 12PL” for some L’ in
Hom(A* V', V'). Thus letting y be the restriction of « (to the third summand in (42))
and extending L” by zero in (41) we get a map in Hom(/\‘v'Irl V, V). We subtract 127 L"
from «. Now the components of « in the first and third summand in (42) become zero.

Step 5. We now consider the mapping to the second summand in (43). The image of the el-
ement « in this summand comes from the second summand in (42). Let o have component
o' in Hom(AN V', V'® @ ¢ ® V'®J) where i ranges from 0 to N — s — 1. The component
of {1, a} in Hom(AN ™' v/, v/® @ ¢ @ V/®) is then

1 '+ (-1 ®1. (44)

Identifying these spaces with Hom(AN ! v/, v/®N=5) we wish that all the (44) be in
the subspace Hom(A\" +yr AV V') and that they are alternately equal in the sense
thatforO<a < N —s

1’ + (=1 M ®@l=—(1Ra" '+ (-1 -a*®1).

N—s—1 N—s—1

In particular 1 ® o is in this subspace and so by Proposition 5.3 we have o
equal to 1®N—s—1 ® @’ for a form @’ in Hom(A*™ V', k). But then we see by Proposi-
tion 5.4 that V57 is 1®¥=5~1 ® @’ for j odd and zero when j is even.
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Now extend @’ by zero in (41) to a map in Hom(A\**! V, V). Note that 127’ is equal
to p + 1 times 1927 ® @’ Replace @’ by a multiple and subtract 127 @’ from «, giving us
that its three first summands in (42) are zero.

Step 6. We now consider the mapping to the fourth summand in (43). Note that the image
of the element o now exclusively comes from the fourth summand in (42). Again let «
have component ¢ in

Hom(AV ™'V Ae, V® ®e® V'®) =ZHom(AV 'V, V¥ ®e® V'®).
We see that the component of {1, o} in
Hom(AYV' Ae, V'® @e® V'®) =ZHom(ANV/, V& Qe V'®)  (45)
becomes
1’ ' — (1) a’®1. (46)

Identifying again the right-hand side of (45) with Hom(AY v/, V/®N=5) we wish that
the (46) shall be in Hom( /\N v/, /\N ~*V’) and be alternately equal. In particular 1 ®
a™¥=5=1 ghall be in Hom(A" v/, AN~ V’). Proposition 5.3 then gives oV ~*~! equal
to 1¥V =5~ ® @” for a form @” in Hom(A® V', k). But then we see that o™ =57/ is
12V ==l @ @"” for j odd and zero when j is even.

Extend @ by zero in (41) to a map in Hom(A\* ™ V, V), replace it by a suitable multi-
ple, and subtract 127®” from «. The result is that all components of « in (42) are zero.

Step 7. If some summand of « lives in a Hom-term whose domain is /\N V' and whose
codomain involves two or more e’s, then our hypothesis on the image {1, «} says that this
summand must map to zero. Using Proposition 5.3 we easily deduce that this summand of
« must be zero.

Similarly we can argue for summands of « living in a Hom-term whose domain is
/\N ~1'y’" A ¢ and whose codomain involves two or more e’s.

The upshot is now that the original « is 127 L where L is L' +L" + &'+ ®". O

6. Auxiliary results

Now let A be the algebra T(V)/(xyt — txy)x,yrev. Note that x; = x5 in A for an
arbitrary even permutation o . The following will be useful in the proof of Theorem 4.2.

Lemma 6.1. For p > 2 there is an exact sequence

0> A"V LA, L s,(V)—0
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where j is the natural quotient map and i is given by
xl-l/\~~/\x,-p|—>x1—x01 47)
for an arbitrary odd permutation o.

Proof. Fix a basis x1, ..., x, for V. Let x; be a monomial in A,. As noted x; = x,; for
any even permutation o. If two indices i, and i, in I are equal, o/ = o (a,b)I and so
X1 = X5 holds for all permutations.

In any multihomogeneous component of A of degree (b1, ..., b)), where some b; > 2,
Jj therefore becomes an isomorphism. Clearly the elements on the right in (47) are non-
zero and linearly independent elements in the kernel when I varies over all increasing
sequences of indices, and they also generate the kernel. 0O

This lemma will be applied as follows. Suppose N is even and p: /\N V— VON=Sisa
map where s is even. Then [1, p] applied to x; A --- A xy41 is (up to a non-zero constant)

inp(xi+1,---,x1v+1,x1,-.-,Xi—l) — Py oo s XN XDy ey X)X
i

The crucial thing to note is that this is zero in Ay41—s. Hence a necessary condition for
the equation of Theorem 1.1

Qs—1 0 [17 al] = [17 aS]

to be valid is that the image of the left-hand side is zero in Ay41—g.

Before taking on the proof of Theorems 4.1 and 4.2 we need some extra lemmas to
make the argument go smoother.
In the following let

L:N*V—>V, & A\"V >k

be linear maps. We may consider them as maps from V®2 and V®2 respectively, by
composition with the natural quotient maps. By combining these maps and the identity
maps in various ways we get maps defined on various V®¢ and we shall again restrict
these maps to the subspace A7 V of V®4,

Lemma 6.2.

(1) Lo(@1®L)=—Lo(L®1) on the subspace /\3 V of V&3,

(2) @2, (1% @ L @ 18%) = (—1)?®,, (19911 @ L) on the subspace N> 'V of V& +1,

(3) Let M be a tensor monomial in L and 1 of degree 2r with at least two L’s. If @2, o M
is defined on V®4 it is zero on the subspace /\q V.
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Proof. (1) It is immediate to see that this holds for an elementa A b A ¢ in /\3 V which is
equal to abc —ach + - - - in V®3,

(2) When r = 1 we easily check @;(1 ® L) = —-®P2(L ® 1) on /\3 V. The general
argument is analogous.

(3) Note that @>(L ® L) =0 on /\4 V because the image of L ® L is in the symmetric
tensors S2(V) in V®2, The argument in the general case is a straightforward extension. [

Corollary 6.3. If
L® Py (£1¥ L) NPV >V
is zero, then the following is also the zero map when b > 1

12aLb ® ¢2r (:l_:12r—lL) . /\2(r+a+b)+l V - V®2a+b'

Proof. Note first that
1®2 ® ¢2r (1®2r—1 ® L) — ¢2r (1®2r—1 ® L) ® 1®2

on /\2r+3 V. Let M be a tensor monomial in L and 1%2. By Lemma 6.2(2) it will be
sufficient to show that M @ @5, (1%~ ® L) becomes zero. Butif M = M’ ® L ® 192
then

MR0,(187'®L) =M L® (1% 0 L) @ 19%. (48)
For an element x| A - -+ A x,,, (Where m = 2(b + a + r) + 1) which we consider as

YD1 ® - ® Xo(m)

fix the o (i) indices which are in positions corresponding to M’ and to 1%%” in the right-
hand side of (48). By varying the middle terms, the right-hand side of (48) applied to this
becomes zero. Varying also the end terms, we get the corollary. O

Lemma 6.4. Suppose L is a Lie bracket. The maps
L&y (X1 'L): NPV > v (49)
and
LoTy(@) 0 Ty (L) : ATV > AT T2V 5 A2V > v (50)

are equal up to multiplication by a non-zero scalar.
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Proof. The first map in (50) identifies up to non-zero scalar as £1%+! L restricted to the
subspace A>TV of V®2+3 The middle map in (50) identifies as 192 ® @y, up to a
scalar. That the composition in (50) now is equal to the one in (49) up to a scalar follows
since L(1® L) and L(L ® 1) are zero by the Jacobi identity. O

Lemma 6.5. Suppose L is a Lie bracket. Then

IZuLb ° [1’ 12(61+b71)L] — [1’ 12(u71)Lb+1 ] (51)

Proof. We use induction on a + b. The first of the terms in (51) can be written

12aLb — 1®2 ® 12(a71)Lb 1L® 12aLb71 ) (52)

The second of the terms in (51) can be written

122 g [1’ 12(a+b72)L] +[1, L] @ 182@+b=D) (53)
The terms in (53) composed with the first term in (52) become by induction

122 » [1’ 12(@=2) [ b+1 ] +[LL]®12@ Db, (54)

and the terms in (53) composed with the second term in (52) become (using that L o [1, L]
is zero since L is a Lie bracket)

Le[1,129-DLrh] (55)
Thus the left-hand side of Eq. (51) is the sum of (54) and (55) which is
1®3 ® 12(a—2)Lb+l _ 1®2 ® 12(a—2)Lb+l ®1

+1L®12e Db 912 Dibgy,

By using (52) this is seen to be equal to the right-hand side of (51). O

7. Proof of Theorems 4.1 and 4.2

We are now ready to give the proofs of the main theorems about PBW-deformations of
T(V)/(/\N V). First we do the case when N is even.

Proof of Theorem 4.2.

Step 1. By Proposition 5.6, «; = 12~V L. When N =2 we know L is a Lie bracket. So
assume N > 4. The composition oq o [1, 1] is then

120D o 4121,
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We do not yet know that L is a Lie bracket, but the same argument as in Lemma 6.5 shows
(or simply check it directly) that this is

[1’ 12(!1—2)L2] + Z 1®2a ®Lo (1 QL—-—L® 1) ® 1®2b. (56)
a+b=n—1

Now this is to be equal to [1, a2 ] and so shall be zero in Ay of Lemma 6.1. The first term
is zero in Ay _1. The other term is O in S(V )y _1, seen as follows. Recall that we consider
[1, @] on the subspace /\N+1 V of VEN*! when a > 1 just keep Xg(3) "+ Xo(N+1) fixed
and switch x4 (1) and x,(2). Similarly we may argue when b > 1. Hence the image in Ay _1
of the second term lies naturally in /\N “ly by the sequence of Lemma 6.1. In fact it is
equal to a multiple of

Tv-2(Lo(1®L—-L®1)

which by Lemma 6.2 is a multiple of Ty_2(L o (1 ® L)). Applying Proposition 5.1 and
noting that v > (N — 2) + 3 4+ 1 we must have L o (1 ® L) equal to zero if (56) is zero
in Ay_1. This is the Jacobi identity and so L is a Lie bracket.

Step 2. We shall now proceed by induction on 2r, 2r 4+ 1. Suppose «y; has the form (36)
for 1 <i < r and that (35) holds for i < r. By the equivalence of Lemma 6.4 we have

L®®y(£1*'L)=0 (57)

for i < r. We shall show that o, must have the form given. Since [1, «(] is equal to
+127=1] we get by Lemma 6.5 that the composition of [1, o] and a», is the sum of terms

r

Z[l’ 12(n—1—2r+i)L2r+l—2i ] ® @21_ (58)
i=0
and terms
r . . .
Z 12(11—2r+1)L2r—21 ® Dy; (:i:lzl_lL). (59)

i=1

By the induction hypothesis and Corollary 6.3 we get that all terms in (59) vanish except
when i = r where we get

1®2n—2r ® 2r¢2r (1®2i’—1 ® L) (60)

Now let o), 41 be given by (37) in the statement of Theorem 4.2. Since 1 ® @,; is equal
to @; ® 1 on /\Z’H V and

1 ® ¢2r(1®2r—1 ®L) — _®2r(1®2r—1 ® L) ® 1
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on /\2r+2 V we see that [1, aér +1] is equal to the composition of [1, «1] and a5, the sum
of (58) and (60). By Proposition 5.4(a) we get ap,41 = “§r+1'

Step 3. Now we assume that 0 < r < n — 1, that o, 41 is given by (37), and (35) holds for
i <r,which is equivalent to (57). Now [1, 1] is equal to +127~1L Then the composition
of [1, «;] and a4 is equal to the sum of terms (using the vanishing (57), Corollary 6.3
and Lemma 6.5)

2[17 12(n—2r—2+i)L2r+2—2i] ® (pZi (61)
i=0

and terms (using Lemma 6.2(3) and the Jacobi identity L(1 ® L) =0)

12(}17?‘7])[‘ R (er (:terflL) _ i12n72r72L ® r(pzr (1®2r7] ® L) (62)

Again by Lemma 6.2(2) the sum of the terms in (62) is
( Y 1%eLe 1®”> @rd,) (1871 ® L). (63)
a+b=2n—2r-2
‘We now want to show that
L®®, (1% '® L) =0, (64)

which by Lemma 6.4 is the same as (35). If the sum of (61) and (62) is to be equal to
[1, a2r42] then it has to be zero in Ay41-2-—2 of Lemma 6.1. Since (61) vanishes there
and (63) becomes zero in S(V)y41-2-—2 we must have (63) zero in /\NH*zr*2 V. By
Proposition 5.1, since v > (N —2r —2) 4+ (2r +3) + 1, we get (64). Then we see that (36)
for anr42 makes [1, ey, 2] equal to the composition of [1, «1] and ap,41 and by Proposi-
tion 5.4(b) every solution oy, 4 has this form. O

Now we give the much easier proof of the case when N is odd.
Proof of Theorem 4.1. Proposition 5.5 gives a1 is 12V~ @ 1. Since /@ 1=—-1®1 on
A2V we get [1, 1] equal to 19V @ 21.
Now if ay, is given as 12V 2" ® @,, then ay, o [1, a1 ] is
19V @21 ® @y (65)
On the other hand, if
aér«H — 1®N72r71 R Doy
then [1, O‘ér+1] is given by (65) also. Proposition 5.4 gives 7,41 equal to o/2r+1.

Lastly if a1 is given as in (34), then a4 o [1, 1] is zero since [ o (1 ® [) vanishes
on /\2 V. Hence Proposition 5.4(b) gives the form of ap,42. O
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8. PBW-deformations of cubic Artin—Schelter algebras

This section is an extended example of Poincaré—Birkhoff—-Witt deformations of an in-
teresting class of 3-Koszul algebras; the cubic Artin—Schelter algebras. So we will present
equations for these deformations for the generic forms of these algebras, as presented in [1].
We give the full details of the argument in one case, a semi-detailed description in one case,
and as the other cases are similar, we simply present the results.

Throughout this section, the vector space V of generators for our algebras will be two-
dimensional, with basis x, y. The space of generators R will also be two-dimensional,
with basis f, g. The generators are cubic, so N = 3. Finally, in [1] it is proved that in all
the situations considered here, the vector space of syzygies is one-dimensional, and it has
a generator w. We use the conditions from Theorem 1.1 throughout.

Type E. From [1] we have that this algebra is generated by the two cubic polynomials
f=y 4+ g=yix oy + 0y

Here ¢ is a primitive third root of unity. In our notation, R = (f, g), and then (V ® R) N
(RQV)is

(w) = (y*x + ¢y*xy + ¢2yxy? +xy° + ).

We define general maps o1 : R — V® V, a2 : R — V, and a3 : R — k with parameters

ai(fl)=anx@x+anpx®y+a3y@x+auyy,
ar(f) =axnx+any,

asz(f) =as,

and «; (g) is given similarly with coefficients b;;. Condition (4) can be written

(L al(w) =Bf +vg,
where 8 and y are taken from the ground field. Now w can be written
w=fx+igy=xf+yg.
Thus

Bf +yvg=xa1(f)+ yoi(g) —ar1(f)x —Lar(g)y.

By comparing the coefficients of monomials in x and y, we get the following equations:
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i p=an—an, (66)
xzy: 0=ajx —¢b11, (67)
xyx: 0O0=ai3 —aiy, (68)
xy% yet =ai — b, (69)
yx*  0=by —a, (70)
yxy:  y¢=bi— b, Y]
yix:  y =biz—au, (72)

v B=biu— b (73)

Now (66) gives 8 = 0, and therefore (73) gives bj4 = 0. (67), (68) and (70) give by =
ajp = ayz = 0, whereas (69), (71) and (72) give b1 + b13 = 0, and then the same three
equations easily give bjp = y¢/(14+¢), biz = —y¢/(1+¢) andayy = y (1+22%) /(¢ +1).

Condition (5) gives a1 o [1, 1] = [1, a2]. We write out the coefficients as above, using
the fact that 8 has to be zero:

yai(g) =xoo(f) + yaz(g) — a2 (f)x — saa(g)y

giving the equations

% 0=a —an, (74)
xy: ybu=axn — by, (75)
yx:  ybiz=by —an, (76)
¥ 0=by —by. (77)

From (77) we get that by, = 0, from (75) and (76), using also bj; + b13, we get by = 0.
From (75) and the computation for b1, above, we get ax = y2§ /(1 +2).

Condition (5) also gives that oy o [1, @] = [1, a3]. Going about as above, we find equa-
tions

x: 0=a3z—as, (78)
y: 0=b3—¢b3. (79)

This gives b3 = 0. Finally a3 o[1, 1] = 0 gives 0 = Baz + y b3, which we already knew.

There are no restrictions on aii, a1 and a3, and all the other coefficients are zero or
expressed in terms of y. To conclude, the deformations we are interested in have two
generators x and y, and two relations
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3, .3 v +20%) , v
yotxtfanxt+ ——————y +anx+ y+as,

(I+¢) (I+¢)
yax+ oyxy + ey + 28 v

a+0 " a+o’"

For the other cases, we will give the coefficients explicitly; then the expressions for the
deformations are given as above.

Type H.  'With notation as in the previous example, we get from [1] that
f==0V + 2y oayx+ %y, g =i =ty + Ot 000
Here ¢ is a primitive eighth root of unity. Then
w= y3x — ;yzxy + Czyxy2 — §3xy3 +x3y + szyx + Cz)cyx2 + §’3yx3.
Define the coefficients of the «; as before, and also 8 and y. Note that
w=xf+yg=_fx—{gy.

From condition (4) we get

xa1(f) +yai(g) — Car(fx +sai1(g) =Bf +veg.

Similarly, from (5) we get

a1(Bf +vg) =xax(f) +yaa(g) — tan(f)x + Cax(g)y,
ar2(Bf +vg) =xa3(f) + yasz(g) — taz(fx + ta3(g)y,
az(Bf +vg) =0.

As before, by rewriting these equations monomial by monomial, we end up with ex-
pressing the a’s and b’s in terms of 8 and y. These expressions are linear for the ay;,
quadratic for the ay;, cubic for a3 and similarly for the b’s. In addition, there is one quartic
relation between y and g, which turns out to be trivially fulfilled.

We get the following expressions for the coefficients, expressed in terms of y and B
(calculated in Maple, valid in characteristic different from 2):

an=1/2y(* —=¢*—¢ —1),

aiy =—1/2p(3¢% +3¢* +3¢ + 1),
aiz=—1/2B(3¢° + 3¢ — ¢ - 3),
aiy=3/2y (0 + 2 — ¢ +1),

an =yBe(¢*+2¢ +1),
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ay =3/267¢° = 3/204% = 2% +3/2770% = 3707 +3/2y%¢,
ay=—1/2y (2820 + 2707 + 707 — 207 — B —yPc =287 +2¢),
bii=-3/26(¢>=¢* = ¢ 1),
bia=1/2y(3¢° =3¢ = ¢ +3),
bi3=1/2y(3¢* -3¢ +3¢ - 1),
buu=—1/28(> +¢> — ¢ +1),
by = —3/2B%¢7 = 38°¢% +3/2y°¢ = 3/2y°¢% — 2y — 3/2¢8%,
by =—yps(* =2t +1),
by=1/28(2p°C° +270% + 8207 = y202 = ¢p? =y =287 +20%).

We introduce the other cases by giving the generators f, g of the ideal, and w, a gener-
ator for (V ® R) N (R ® V). These polynomials we take directly from [1]. Then we give
the conditions on the coefficients of the a’s and b’s, in terms of y and S. Note that in some
cases, there are also conditions on y and $. In a couple of cases, we have used simplifi-

cations like 28 = 0 implies B = 0, so there are some variants in characteristic two that are
left out. Many of the calculations have been carried out using Maple.

Type A. Here (a and b are general parameters)

f=ay2x—|—byxy+axy2+x3, g=y3+ayx2+bxyx+ax2y
and thus

w= y4 + a(x2y2 + xyzx + yzx2 + yxzy) +b(xyxy + yxyx) + x4,
In this case 8 = y =0, and the only conditions on the a’s and b’s are

aia =bi3="bia, a3 =ap =bii, by = an.
So there are no conditions on the other coefficients.
Type S1. In the case S1, we have (a is a general parameter, « is invertible)
f:axy2+ot2y2x+aayxy, g:x2y+ayx2+axyx

and

2.2.2

w= xzy2 + ozxyzx +a“y“x —l—ozyxzy +axyxy +aoyxyx.

We will consider first the case of generic «, meaning different from 1, and then the special
case afterwards.
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Generic «: In this case, there is no condition on y or $, and all the coefficients can be
expressed using these parameters, and in addition b1 (we could also have used azy). The
equations are:

aj; =0,
ap=-yQ2+aa/(a—1),

a3 =—yQRa+a)a/(a—1),
as=pa’(l+a+a)/(@—1),
an=y*(1+a+aa/(a—1)7

ax =abyy,
as = — (IBVOI + Byaa +Ol2,33/ + by —2br 1 +b21a2)a/(0{ — 1)3,
bi=—-y(l+a+a)/(a—-1),

bu=ap2+a)/(a—1),
biz=afQa+a)/(a—1),
b14=0,
by = B2’ (1 +a+a)/(a—1)2
by = B(aba — 2abya + abyie? + oy + o Bya+ o’ By) /(@ — 1)*.

The case @ = 1: We get y = 8 =0 (unless a = —2). Then
by =an=ais, bia=bi3 =aya, axn =byy.

There are no other relations, and the other coefficients are free.
When a = —2 (and still « = 1), we get a number of conditions as follows:
aip=bn +v, a;3=bi1 — v, bip =ai4 — B, biz=ais + B,
Baia + ybia=0= Bais + yb, Baix + yb1o =0= Bayz + ybis,
Bbi1 +yais =0, Bax1 +yb21 =0=Bax + ybxn,
by = an, B*ax = y*bx, Baz +yb3z =0.
Type S».  We have
f :xy2 + otyzx, g= —otxzy + azy)c2
and

2.2.2

w=x2y2+axy2x+ot yox —ocyxzy.
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As in the previous case, there are special values of « that require separate treatment:
a==l1.

First consider the generic case (o # =£1). Here all the coefficients can be expressed
using y and §, which are free parameters:

0 2ay 20y (I1+w)B
aj; =0, ap = — , ap =— , apy = ——,
" 2T BT T g S
Lot 2apy @By
e n=7__ 3= 1
2 2
ay(l —a) 2B« 2B«
b =, b == ) b = ’ b :()7
1 T = 3= 14
202 By af? o By
by =— , by = , by = .
21 Tt o 2=""7 3= 12

The case o = 1: The relations are as follows:

B=bi1=bia=by =bp=>b3=0,
ap =a;z=-—y, ais =bi3 =—by2, ax =ybip.

The case @ = —1: We get
y=ain=ay=ay =an=a3=0,
bia=bi3=-p, by =ap=—a, by = Bais.
Type S;. Now
f=Yx+xy’+x°, g=yx*—xPy,
w :x2y2 +xy2x + y2x2 — yxzy —|—x4.
We get

Yy =bi1=biy=Dby1 =bp=0b3=0,

ap =ap3=-y, alg=bi3=—bip,  an=ybpn.
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