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The PBW property for associative algebras as an
integrability condition

BORIS SHOIKHET

We develop an elementary method for proving the Poincaré—
Birkhoff-Witt (PBW) property for associative quadratic-linear
algebras, complementary to Drinfeld’s results in [D]. The method is
very transparent and emphasizes the integrability nature of PBW
property.

We show how the method works in three examples. As a first
example, we give a proof of the classical PBW theorem for Lie alge-
bras. As a second, less trivial example, we present a new proof of a
result of Etingof and Ginzburg [EG] on PBW property of algebras
with a cyclic non-commutative potential in three variables. Finally,
as a third example, we found a criterion, for a general quadratic
algebra which is the quotient-algebra of T'(V')[h] by the two-sided
ideal, generated by (z; ® x; — x; ® x; — hepyj)i;, with ¢;; general
quadratic non-commutative polynomials, to be PBW for generic
specialization A = a. This result seems to be new.

Our condition for PBW property is only sufficient and not nec-
essary, whence the Drinfeld’s result in [D, Theorem 2] gives a nec-
essary and sufficient condition. On the other hand, the Drinfeld
condition is a countable sequence of equations, and it may be hard
to check all of them in practice. Our criterion is a single equation,
and is easily checkable, when a particular quadratic-linear algebra
fulfils it.

Introduction
0.1.

Let g be a Lie algebra over a field k of characteristic 0. Recall that its
universal enveloping algebra is defined as the quotient-algebra

Ug)=T(9)/(x®y -y @z —[2,y])ayeq
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1408 Boris Shoikhet

of the tensor algebra by the two-sided ideal generated by expressions = ®
y—y®ax—[z,y], for all x,y € g. The universal enveloping algebra admits a
natural ascending filtration {F;}, where F; C U(g) is a k-subspace generated
by all monomials of degree < ¢ in generators. It is an algebra filtration,

Fix Fj C Fiy
and one defines the associated graded algebra
grpU(g) = ®i>—1Fi1/

where F_1 = 0.

The classical Poincaré-Birkhoff-Witt (PBW) theorem says that the alge-
bras gryU(g) and the symmetric algebra S(g) are (canonically) isomorphic
as graded algebras. Essentially it means that

Fy/Fy—1 ~ S*(g).

Note that this PBW theorem can be thought as a consequence of a kind
of integrability condition. For example, if an associative algebra A with
generators x1,..., T, is defined by relations

T Qr; —x; Qi — E cfjxk:O
k

for each pair 1 <4 < j <mn, but the “structure constants” cfj do not obey
the Jacobi identity, the Poincaré-Birkhoff-Witt theorem fails. The corre-
sponding quotient-algebra by the two-sided ideal has a “smaller size” than
S({L‘l, ce ,xn).

0.2.

More generally, consider a vector space V over k with basis {z1,...,2z,},
consider the tensor algebra T'(V'), and its k[A]-linear version T'(V')[A], where &
is a formal parameter. Consider T'(V')[h] as a graded algebra, with degz; = 1
forte=1...n, degh = 0. For each pair 1 <i < j <n consider an element
wij € h-T(V)[h], and consider the quotient-algebra

(0.1) A=TWV)hl/(z;i @ z; — x; @ T; — Yij)1<i<j<n.
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When deg, ¢;; <2 for all i <j, the algebra A admits the ascending
(PBW-like) filtration {F}} where Fj, is spanned by the monomials of total
degree < k in {x;}. The following problem arises naturally:

Is it true, for a particular algebra A of type (0.1), that for any k > 0 one
has Fiy1/Fx = S*(21,...,2,)[h] as a k[h]-module?

We call this property the Poincaré—Birkhoff-Witt, or shortly PBW, prop-
erty.

The PBW property of associative algebras has been extensively studied
in the literature, see e.g. [D], [PP], [BG], [G], [Sh1, Sh2].

In practice, it may be very difficult to check whether an algebra A of
type (0.1) is a PBW algebra. In this paper, we suggest a very general method
for proving the PBW property, which emphasizes the “integrability” nature
of the PBW condition.

An algebra A of type (0.1) admits, along with the ascending filtration
{F}}, the following descending filtration {I'y}:

(0.2) I,=hr-A
It is an algebra filtration as well, and the associated graded algebra is defined:
(0.3) grpA = @0l /Tit1

Our first Theorem (1.6) shows that, provided some PBW-like property
for the descending filtration I" is fulfilled, the algebra A is a PBW algebra,
for all but a countable number of specializations at a € k.

Note that the first quotient I'g/I'; is isomorphic to S(V), for any {;;}.

The PBW-like property for the descending filtration I' reads:

0.4 For all k > 0, one has 'y, /41 ~ h¥ - S(V
+

as S(V) =Ty/T'1-module.

On the other side, we develop a method for proving (0.4), which hopefully
may work in many cases, in our second Theorem 2.3.

It is instructive to consider what happens with grp A for our “not-a-Lie-
algebra” example, that is, for the relations

(0.5) xi®xj—mj®xi—hZc§jmk,
k
k

where {cfj} fail to satisfy the Jacobi identity, and cfj = —cj;.
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It is easy to see that I'g/I'y ~ S(V) and I'1/I'y >~ h- S(V). However,
suppose {cfj} do not satisfy the Jacobi identity:

(0.6) > (clichi + chuchi + chuch;) #0
a

for some i, 7, k and for some b.
An easy computation shows that

(0.7)

(i, 5], aw] + ([, 2n), 2] + (e, @], 23] = B2 (cfichy + Sehi + cichy) - o,
a,b

where [z,y] ;= xxy —y*x.

The left-hand side (Lh.s.) of (0.7) vanishes for any associative algebra.
Therefore, the right-hand side (r.h.s.) of (0.7) is a linear in {h%x,} element
in A which is 0 in the quotient-algebra. This element belongs to 'y and
defines 0 in I'y/T'3. Therefore,

(0.8) TI'y/I's = R?. S(V)/ Z (c;-ljczk + c?kcgi + cﬁicgj 'xb)z’,j,k
a,b

is the quotient by the ideal generated by the r.h.s. of (0.7) for all 7, j, k, and
the descending PBW property fails even for n = 2.

0.3.

This paper is a further development of some ideas of our earlier preprint
[Sh2]. Along with a more clear exposition of ideas of [Sh2], this paper con-
tains the following new results.

(1) We upgrade Lemma 2.2 (which is quoted from [Sh2]) to a more power-
ful Theorem 2.3; roughly speaking, now it is not necessary to perturb
all the components of the differential, but only the two most extreme
ones, d(&;;) and d(&;;;) (among which the component d(&;;) is given
automatically by non-commutative polynomials {¢;;} in (1.1)).

(2) We give an application of our method to a new proof of results of
Etingof-Ginzburg [EG], on the PBW property of non-commutative
algebras “with cyclic cubic potential”, for generic parameters. Our
proof is contained in Section 3.2.
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(3) As another application, we study the case of a “general” quadratic
algebra

(0.9) Yij = hz Ol?]b% ® xp
a,b

with afj’ € k, where a?}’ = —a%’ but in general a?jl? #* a%‘-’. Consider the

algebra A, defined as the quotient algebra
Ay =TW)[A]/(z; @ Tj— T QX — (Pij)i,j-

We prove that this algebra is PBW for generic specialization h = a € k,
if the following identity holds: for any ¢, j, k,b, ¢, d

(0.10) Cycl; ji Y _(afpafd + aSiail) = 0.
S

Note that (0.10) implies the Poisson condition

b
Cycly,Symm,,, 8285 = 0

S

for the bivector 8 =3_,. B;;0; A 0, where

Bij = Z(Oz?;’ + ol zazs.
a,b

0.4.

Drinfeld’s beautiful result [D, Theorem 2] gives an explicit criterion which is
sufficient and necessary for a formal quadratic deformation of a polynomial
algebra S(V') to be a PBW algebra. This criterion reads as a countable
number of equations, as follows.

Drinfeld considers an algebra of the form

(0.11) A=TW)[A]/(zi ® z; — ; ® T; — pi;())1<i<j<n,

where

(0.12) pij(h) = o (h)ay © x
k.l
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with

ke ke ke ke ok
(0.13) Pij (0) =0, Pig = —Pjis Pij = Pij -

That is, ga?f(h) are formal power series vanishing at i = 0, and symmetric
in upper indices. (In our treatment, ¢;;(h) = hy;; is linear in A, which is
essentially weaker, although our methods can be adjusted for the more gen-
eral case as well; and we do not assume the symmetry of ¢;;(h) in upper
indices, and work over polynomials rather than formal power series).

Let V = {x1,x9,...} be the space of generators. Drinfeld defines a matrix

(0.14) B:VeVeV-VeVeV

whose entries are
Jl]zjs Jl]2 $J3
(0.15) E eirs (h) - @57, (h).

Then Theorem 2 in [D] reads:
For a quadratic algebra (0.11) to be a PBW (graded) algebra the fol-
lowing condition is necessary and sufficient. Denote

1 ~1
(0.16) A(h) = B(h) (1 - 3B(h)>
and by aﬁf;f;(h) its entries. Then for any 41, 42,73 and j1, j2, j3

(017) Altiligigsy j1]2jaa‘171123227:733 (h) =0.

For any fixed i1, 19, i3 and j1, j2, j3 it is a countable number of equations,
one for each power of h.

Comparing with our result in Theorem 4.1 (formulated as item (3) in
Section 0.3 above) we deduce:

Corollary 0.1. Suppose that in (0 9) one additionally has a af]a, and

suppose that in (0.12) one has (p ‘(h)y=h- akf. Then our equatzon (0.10)
implies all Drinfeld’s equations (0. 17) for all powers of h.

We do not know whether it can be seen directly, by algebraic manipu-
lations with matrices. In our approach, (0.9) gives a sufficient condition for

PBW property, by Theorem 4.1, whence the Drinfeld’s condition(s) (0.17)
are necessary and sufficient.
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1. General theory
1.1. The PBW property

Throughout the paper, k is a field of characteristic 0. All results of the paper
(being suitably formulated) hold when the ground field k has an arbitrary
characteristic. They can be proven in this generality by literally the same
methods. However, one should be careful with the definitions of the sym-
metric and external powers, defining them as the graded components of the
corresponding quotient-algebras, and then to check the exactness of the free
dg algebra (Koszul) resolution of the algebra S(V'); see Section 2.1. We only
consider the characteristic 0 case below mainly to simplify the exposition
and to avoid extra technical details.

Let V ={z1,...,z,} be a finite-dimensional vector space over k with
basis {x1,...,2,}, n = dimg V. Denote by T'(V') the free associative algebra
over k with generators V', it is identified with the tensor algebra T'(z1, ..., x,)
in variables xz1,...,Ty,.

Let h be a formal parameter. For any pair (7,7), 1 <i < j < n, choose
an element ¢;; € h-T(V)[h]. Suppose that deg, ¢;; < 2. The main object of
our study is the associative algebra

(L.1) A=T(V)[H/(z; ®z; — 2 @i — @ij)i<i<j<n,

which is the k[h]-linear quotient-algebra of the free algebra T'(V')[A] by the
two-sided ideal, generated by

(12) T QT —Tj QX — Pij

for all 1 <@ < j <n. We set also p;; = —pj; if i > 7, and ¢;; = 0.

With our condition deg, ¢;; <2, the algebra A is filtered with an
ascending filtration {F}}. By definition, F} is the image under the natural
projection p: T(V)[h] — A of the vector space Wy, C T'(V')[h] spanned by
monomials whose total degree by all {z;} is < k. It is an algebra filtration,
that is

(13) F; Fj C Fi-l—j

where * is the product in A.
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It allows us to consider the associated graded algebra
(1.4) grpA = ®i> 1Fi1/F
where by definition F_; = 0.

Definition 1.1. The associative algebra A defined in (1.1) is said to satisfy
the PBW property if there is a graded k[A]-linear isomorphism

(1.5) P FA/Fr A~ S(V)[H)
>0

such that each consecutive quotient Fy/Fy_; is k[h]-linearly isomorphic to
the ¢th symmetric power S*(V)[h].

Remark 1.2. We do not require a graded k[A]-linear algebra isomorphism
in the above definition, having in mind the case when deg¢;; = 2 (for some
i,7). When deg¢;; <1 for all 7,7, the existence of a linear isomorphism
implies the existence of an algebra isomorphism.

A closely related property is the PBW property for algebras over k. In
our study, these algebras will appear as the specializations of k[A]-linear
algebras.

Let V = {z1,29,...}, and let ¢ € T(V) be non-commutative polyno-
mials of degree < 2. Consider the associative algebra

(1.6) B=T\V)/(¥s)

The algebra B is endowed with natural ascending filtration (which is denoted
also by F), where F}, is formed by the elements of degree < k in {z;}. Denote
F_ 1 =0.

Definition 1.3. The associative algebra B defined in (1.6) is said to satisfy
the PBW property if there is an isomorphism of graded wvector spaces:

(1.7) P Fe/Fry ~ S(V).

£>0

The following Lemma is very elementary. We include it here for further
references.
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Lemma 1.4. Let A be a k[h]-algebra as in (1.1). Suppose the algebra A
satisfies the k|h]-linear PBW condition of Definition 1.1. Then for an a € k,
the specialization

(1.8) Ay = A Ryp k[R]/(h — a)
is an algebra B as in (1.6), with
(1.9) Yij =2 @ — x; @ — pij(a).

Moreover, any specialization A,, a € k, satisfies the PBW condition of Def-
wnition 1.3.

Proof. We need to know that A is a free k[h]-module, which follows from
Definition 1.1, saying that grpA is. Now A is a quotient k[A]-module A =
T(V)[h]/I[h] where I is the two-sided ideal. As A is a free (therefore, a flat)
k[A]-module, the specialization A, is the quotient T'(V')[A],/I[h], of special-
izations, whence the first assertion follows. To prove that A, is a PBW as in
Definition 1.3, we first mention that Fy(A)/Fy;_1(A) is a free k[h]-module, by
(1.5). Therefore, (Fy(A)/Fy—1(A))q ~ Fy(A)a/Fi—1(A),. Ther.hs. is Fy(B)/
F;_1(B), with B = A, by the first assertion of Lemma. O

1.2. First main theorem

The main topic of this paper is a rather general method, which reduces the
proving of PBW property to another, more easily checked, property. Let us
formulate it.

Along with the ascending filtration { F} }, the associative algebra A admits
the natural descending filtration {I'} by powers of A:

(1.10) Iy =hA.

It is also an algebra filtration:

(1.11) ;%0 C T ity

which allows us to define the associated graded algebra

(112) ngA = @izori/rpﬂ.
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Definition 1.5. The associative algebra A is said to satisfy the PBW-like
property for the descending filtration I' if @p>ol'¢A/T11 A~ S(V)[h] as a
graded k[h]-algebra, such that TyA/T 1 A ~ hES(V).

Our main result in Section 1 is:

Theorem 1.6. Let k be a field and let A be as above. Suppose A satisfies
the PBW-like property for the descending filtration I', see Definition 1.5.
Then:

(1) Suppose that
(1.13) (Te=0.

>0

Then the algebra A obeys the PBW property of Definition 1.5, with
respect to the ascending filtration {Fy}. Its specialization

Ag = A @y k[A]/(h— a)

is a PBW algebra in the sense of Definition 1.3 and is T(V')/(1ij),
with ;5 as in (1.9), for any a € k.

(2) Suppose that the wvector space V ={xi,xz2,...} in (1.1) is finite-
dimensional over k. Then in general, when (\,~o 'y # 0, its support §
(as of a k[h]-module) is at most a countable set of points s € k. For any
a € k\8, the specialization Ay = A @y k[h]/(h — a) is a PBW algebra.

Remark 1.7. Equation (1.13) always holds when all ¢;; are linear in z;’s,
see Lemma 3.1 below. If {y;;} are quadratic in z;’s, (1.13) is not true,
in general. We show it in the simplest case in Example right below. See
also Section 3.2.1 where such phenomenon is shown for Etingof-Ginzburg
algebras with cyclic cubic potential.

Example 1.8. Consider the algebra A = T'(z,y)[h]/(xy — yx = h(zy — yx)).
Then zy — yx € I'y for all £ > 0, and ()~ ' is the two-sided T'(x, y)-ideal
generated by zy — yx. B

1.3. Proof of Theorem 1.6

1.3.1. Lemma on two filtrations.

Lemma 1.9. Let R be a ring, and L an R-module. Suppose that L is
endowed with an ascending filtration F', and with a descending filtration I.
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Then the filtration F induces an ascending filtration on each consecutive
quotient gr%L, and the filtration I' induces a descending filtration on each
consecutive quotient gri.L. Their consecutive quotients are canonically iso-
morphic: ‘ ‘

grhgr), L ~ grieri-L.

Proof. 1t is clear, as both R-modules are isomorphic to
LN F/(Divr Oy 4+ 150 Fjq). 0

It is clear that the same statement is true when both filtrations are ascending
or descending.

1.3.2. Proof of Theorem 1.6(i). We need to prove that, under the
assumption of Theorem 1.6, the quotient FyA/Fj_1A is k[h]-linearly iso-
morphic to S¥(V)[A]. This quotient FA/F}_1A is filtered by descending
filtration I', and by Lemma 1.9

(1.14) grf-(FxA/Fy1A) ~ griT A/ A ~ gl (B S(V)[R]) ~ W S*(V)

as k[h]-modules. (Here in the second equality we used the assumption of
Theorem 1.6, on the PBW-like property for the descending filtration I'.) As
well, we know from these assumptions that @;>ogrigrhA ~ S*(V)[A] is a
free k[h]-module (for a fixed k). Therefore, the k[h]-module grkA/((N;T';) N
grk A) is also free. It follows that the space of its generators (as a k[A]-
module) is grlerk, A ~ S¥(V), and then gr¥ A/((N,;T;) N grk A) is isomorphic
to the free k[h]-module S*(V)[h].
Now, as ;5 I'; = 0 by assumption of (i), it follows that FyA/Fy_1A4 ~
S*(V)[A], as an k[R]-module.
The remaining assertions of Theorem 1.6(i) follow now from Lemma 1.4.
U

1.3.3. The structure of a finitely-generated k[/i]-module. Before
proving the part (ii) of Theorem, recall the structure theorem for finitely
generated k[h] (resp., k[[h]]) modules. This result is well-known, and we refer
the reader to the textbooks in Algebra for a proof.

Lemma 1.10. (i) Let k be any field. Any finitely generated k[[h]]-module
is a direct sum

(1.15) M = Miyeo @ My, @ --- & My,
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where Mree, is a free K[[h]]-module, n; € Z~g, and
(1.16) My, = K[[R]]/h"K[[R]].

(ii) Let k be an algebraically closed field. Any finitely generated k[h]-module
M is a direct sum

(117) M - Mfree @ Ma1,n1 @ e @ Mabnl’
where Myee s a free k[h]-module of a finite rank, a; € k, n; € Z~o, and
(1.18) M, = k[h]/(h — a)"k[A].

(iii) When k is not necessarily an algebraically closed field, a finitely gen-
erated k[h]-module M is a direct sum

(119) M = Mfree D Mpl(h),nl DD Mpe(h),nw

where Myee is a free k[h]-module, p;(h) are (monic) irreducible poly-
nomials in k[h], n; € Z~g, and

Proof. 1t is standard. Notice that the statement (ii) is nothing but the
Jordan normal form theorem, for the case of an algebraically closed field,
and the statement (iii) is its direct analogue for general (not necessarily alge-
braically closed) fields. The modules M,, are indecomposable k[[A]]-modules,
as well as the modules M, , (corresp., M) , for irreducible p(h)) are inde-
composable k[i]-modules. Together with the one-dimensional free module,
they exhaust the list of finitely generated indecomposable modules over the
corresponding commutative k-algebras (k[[A]] and k[A]). O

1.3.4. Proof of Theorem 1.6(ii). The same argument as in the proof
of Theorem 1.6(i) shows that, in general case,

(1.21) grip(A)/ (g (A) N 1) ~ SP(V)[A]
for any k > 0, where

(1.22) I=(TuA).

£>0

We consider I N grh.(A) as a k[A]-module. It is finitely generated for any
fixed p, as F},(A) is generated by (a finite number) of monomials in 21, ..., z,
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of total degree < p. (Here we use essentially that dim V' < oo, which is an
assumption in (ii); otherwise Fj, would fail to be a finitely generated k[h]-
module).

Therefore, Lemma 1.10(iii) is applicable to M = I N gr’.(A). We want to
prove that the free component My in (1.19) is 0. It is enough to prove that
the specialization Mo of M at i = 0 is 0. We have: Mo = M ®yp (k[A]/(R)).
It is 0, as I @y (k[A]/(R)) = (AI) @k (k[A]/(R)) = 0 (we use I = Al).

Therefore, for any fixed p,

(1.23) M=1InN gr%(A) =My (W)yn, © -+ © My, () n,

for finite /.

Its specialization My =0 for any s € k which is not a root of either
of polynomials pg(h). Denote by & the set of s € k such that p;(s) =0 for
some %.

For any t € k\8 one has:

(1.24) (gri(A)/(I Ngrf(A))), = (gr(A))e/(I N grp(A))e = (gr(A))e

as grin(A)/(I Ngrh.(A)) ~ SP(V)[h] is a free k[h]-module, and the corre-
sponding Torliw =0.
We obtain that for any ¢ € k\8

(1.25) g1 (A); = SP(V)[H]/ (i — t) = SP(V).

It remains to prove that (F),(A)/Fp—1(A)): =~ (Fp(A))t/(Fp-1(A)): for
any t € k\S. We apply once again Lemma 1.10(iii), which says that

Fy(A)/Fp-1(A) = SP(V) [ D (@ Mo, 1y m, )
where the second summand has support in 8. Then for ¢ € k\8, one has
Torypy (Fp(A)/Fp—1(A), k] /(R — 1)) = 0
and we are done. O

2. A way to prove the descending filtration PBW property

Here we formulate and prove an effective tool allowing (in some cases) to
prove that the assumption of Definition 1.5 (and Theorem 1.6) is fulfilled.
That is, we establish a way to prove that @®;>0';A/Tj11A ~ S(V)[h] as a
graded k[h]-algebra.
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2.1. The Koszul free resolution of the algebras of polynomials

Here we recall the construction of a free dg resolution of the polynomial
algebra S(V'), called the Koszul resolution. The vector space V is either
finite-dimensional over k, or graded with finite-dimensional graded compo-
nents.

Denote by A~ (V') the cofree commutative cocommutative coalgebra without
counit on the space V[1] (concentrated in degree —1 if V' is in degree 0).
That is, as a vector space, A~ (V) = ST(V[1]), and the coproduct is

(2.1) A(vi A---Awy)

= > > D)o, A Ave,) @o A Avg,).

£=a+b (a,b)-shuffles
a,b>0 ocES,

Now shift A~ (V) by 1 to the right, and take the tensor algebra of this graded
vector space:

(2.2) R = T(A=(V)[-1)).

Introduce a differential d in R" (as in a dg algebra, satisfying the Leibniz
rule with signs), defining it on generators (v;, A --- Av;, )[—1] by

(2.3)  d((v, A+ Ay )[~1])
= Z(A}(% A Ao ))[=1] @ (AF vy, A+ Awg,))[=1],

where

(2.4) ZA ) @ A2(w)

is the notation for the coproduct.

The equation d? = 0 follows from the coassociativity of A.

Choose a basis {z1,...,Zp,...} in V. Denote by &i,...,&,,... the cor-
responding elements (the cogenerators) in A~ (V). Then deg&; = —1. After
the shift by 1, A=(V)[—1], we use the notations x; for &[—1] € RY. Denote
Sij =& NE € (R)fl. Then (2.3) gives

(2.5) dl’i = 0,

(2.6) d(&ij) =z @z —x; ® x;.
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A general element in (R)™! is a sum of the following elements w € T

(wl,...,a:n,...)®§ij®T(x1,...,xn,...).

By Leibniz rule: d(w) e T(V) @ (z; ® xj — xj @ z;) @ T'(V).

Thus the image d(R') C R is the two-sided ideal generated by z; ®
x; — xj ® x;. Therefore,

(2.7) HR' = S(V)

as an algebra.
In fact, the higher cohomology of R" vanish.

Lemma 2.1. The higher cohomology H*R® = 0 for any k < —1.

It is standard in theory of Koszul algebras; see e.g., [PP] or [BGS]. In
fact, one can construct a free “Koszul” resolution of any Koszul algebra A,
which coincides with the one we just described for the case A = S(V).

We will often use the formula for d(&;;x,) where &, = & A& A&, € R2.
It can be easily seen from (2.2) that

(2.8) d(&ijk) = @6, Ei) + [z, kil + [2h, i

Then applying d once again, we see that

(2.9) d*(&igr) = [, [z, ail] + [, (20, 23] + [, [0, 25])

which is 0 by the Jacobi identity.
2.2. A lemma

We start with some lemma which is much weaker than Theorem 2.3 below.
Nevertheless, it better explains “what goes on”, so we decided to keep it
here. This lemma is quoted from [Sh2], whence Theorem 2.3 is new.

Lemma 2.2. Let R’ be a Z<o-graded complex with differential do, such
that HY(R',dy) vanishes for all i # 0.

(i) Consider R; =R @ k[h]. Let dp: R; — Ry be an k[h]-linear map of
degree +1
dp = do + hdy + h*dy + - - - h'dy,

(a finite sum) such that

9
[
I
o

h
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Denote by Hj, the cohomology of the complex (R}, dp). Consider the
filtration R; O hR;, D h*R; O ..., and the induced filtration on Hj}:
FiH; =Im(i: H (h"R;,dr) — H' (R}, dr)). Then there are canonical
isomorphisms of k[h]-modules

FiH}/Fip Hy = W' HO (R, do)

and F;HEJFi (1 HE =0 for k <0,
(ii) the same statement as in (1), for Rip = R*[[A]], and

dp = do + hdy + h?dy + - -

(possibly an infinite sum), and d? = 0.

Proof. Consider the short exact sequences of complexes Sg:
(2.10) 0 — MR — BPR; — BER; /RFFIRS — 0

The complex hkR,'i/thR}L has the differential dy because all its higher
components vanish. Consider the long exact sequence of cohomology corre-
sponded to this short exact sequence of complexes. It has many zero terms,
namely HY(R*R;/W**1R;) =0 for £ < —1. Then the long exact sequence
proves that the imbedding thR}L — hth induces an isomorphism on ¢th
cohomology for all £ < —1. Consider the end fragment of the long exact
sequence:

(2.11) - - HYWIR;) — HY(W*R;) — 0 —
— HO(W*IR;) — HO(W*R;) — HO(WFR;/BFHIR;) — 0

It proves all assertions of the Lemma. O

2.3. Second main theorem

Here we generalize Lemma 2.2 to weaken the assumptions under which the
algebra H°(R}) enjoys the PBW property. We remark that in the proof of
Lemma 2.2 we did not use that the differential dy can be “perturbed” in
all degrees. In fact, all we need is to perturb the differential dy in degrees
—1 and —2, such that d;b_l) o d%_m = 0. The differential component d;b_l) is
encoded in the non-commutative algebra we check for the PBW property,
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so the only thing we need is to construct d%_Q) = d(()_Q) + O(h), such that

(2.12) dod ™ = 0.

Theorem 2.3. Let R" be a Z<o-graded complex with differential dy, such
that H=1(R") vanishes (without any assumptions on H=2 H=3 ... ).

(i) ConsiderR; =R’ @k[h]. For& = —1 and{ = —2, letd\): R} — R;""
be an k[h]-linear map of degree +1

dy) = dy) + rd"? + n2dy) + - nnalf)
(a finite sum) such that
AV od ™ R2 - RY = 0.
Denote by Ry, the following complex:

-2 -1
9 dy? 1 dY

(2.13) 0—R; Ry RY — 0

and denote by Hf;, {=0,—1,-2, its cohomology.

Consider the filtration Ry D ARy D B*Rp D - -+, and the induced fil-
tration on Hf: FiHf =Tm(i: H' (W Rp, dy) — Hf(ﬁ;, dp)). Then there
are canonical isomorphisms of k[h]-modules

FHY/F  HY 5 BHO (R, do)

(ii) the same statement as in (i), for R[.[h]} = R[[A]], and
) = di + nd) + n2d) + -
(possibly an infinite sum), and d%ﬁl) o d%ﬁ) =0.

Proof. The proof is literally the same as for Lemma 2.2, as the only thing we
used in it is the vanishing of H~!(R", dy). Consider the short exact sequence
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of complexes:
(2.14) 0— hk—’—lﬁﬁ — hkﬁh — hkﬁh/hk—i_lﬁh — 0.

Consider the rightmost fragment of the corresponding long exact sequence
in cohomology:

(2.15) .- — HYWMRy) — HY PRy — 0 —

— HY(W*Ry) — HY(W*Ry) — HO(WRL/HFHRE) — 0.
In degrees £ =0, -1, -2, ﬁ% = R%. As well, in degree £ = —1 one has
(2.16) H Y WRy/ YRy = H YRR, /MR = 0

for any k > 0, by the assumption. (It is not true for ¢ < —2). We are done.
O

2.4. Conclusion

Let
(2.17) A=T(V)[A]/(z; ®xj — ) @ 2 — Pij)1<i<j<n

be an associative algebra, with ¢;; € hT(V')[A].

Consider the Koszul resolution (2.2) of the polynomial algebra S(V),
denote it R". We can perturb the k[A]-linear differential in R}, = R'[h] using
the non-commutative polynomials ¢;;.

More precisely, we set

(2.18) AV (€)= A5V (E) — iy = 1 © xy — 3 © 3 — i

As pi; = O(h), we are in the setting of Theorem 2.3. The only thing we need
to prove is that the condition of Definition 1.5 is fulfilled for A, that is, to
perturb the differential component d(~2)

(2.19) dy P (1) = d ) (Er) + O(h)
such that
(2.20) dy Y od P (g =0

for any 1, j, k.
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We may not care about the higher components of the differential, in the
sense that we do not need to perturb them.

If we succeed to construct, for given {¢;;}, the linear map d%_Q) such
that (2.20) holds for any i, j, k, we know that Definition 1.5 is fulfilled for
the algebra A in (2.17), and we can apply Theorem 1.6 to it.

We consider three examples of how it works in Section 3.

3. Examples
3.1. The classical PBW theorem

Let g be a Lie algebra over a field k. Consider the cocommutative coalgebra
A~ (g) :== ST(g[1]). The Lie algebra structure on g defines the Chevalley—
Eilenberg differential on A~ (g), which makes it a dg coalgebra over k.

There is the k[h]-linear version of this construction. Consider A, (g) :=
A~ (g)[h], as a dg coalgebra. The coproduct A: Ay (g) — SE[FL]A}; (g) is defined
from the coproduct on A~ (g) by k[A]-linearity. The differential is defined as
d = hdg where dg is the Chevalley-Eilenberg differential in A™(g).

We can now take the tensor algebra over k[h] Ty (A~ h(g)[—1]), it becomes
a dg associative algebra. Namely, the differential is the sum dy = dgy + hdy,
where dj is defined in (2.3) above, and d; is the Chevalley-Eilenberg differ-
ential (extended by the Leibniz rule).

The identity (do + hd1)? = 0 follows from the fact that Ay (g) is an k[A]-
linear dg coalgebra, as it just was defined.

This construction gives the perturbation of the differential in the Koszul
resolution 7'(S(g))[h], defined at once in all degrees. In particular,

d71(&j) = v @ x5 — 15 @ 2 — hlzi, 74

d ™ (&ijk) = Cyelyjp (@i @ & — Ep @ @) — h Y Cyclpcl o
p

We conclude that the condition of Definition 1.5 is fulfilled for the algebra
A of type (1.1) with

©ij = hlzs, x5)g = hz cf]xk
k

This algebra A is, by definition, the quotient-algebra

(3.1)  A=T(g)h/(z®y -y @z —h[z,ylg)eyeq = Ulgn)[h].
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To apply Theorem 1.6(i), we need the following elementary Lemma:

Lemma 3.1. Let A be an algebra of type (1.1) such that all ;; be linear
in {z;}. Then (5o e(A) = 0.

Proof. 1t is clear. ([

Now Theorem 1.6(i) gives the classical PBW theorem (in its k[h]-linear
version). We can specialize it at any h = a as Fj,(A)/Fj_1(A) ~ S*(V)[h] is
a free (and therefore a flat) k[h]-module. It gives the genuine PBW theorem.

3.2. The Etingof-Ginzburg algebras with cyclic cubic potential

Recall some basic definitions on cyclic words.

A cyclic polynomial in variables 1, ..., x, is an element of the quotient-
space A, /[An, Ay, where A,, = T(x1,...,x,) is the free associative algebra
with generators x1,...,Z,. A homogeneous of degree d cyclic polynomial in
Z1,...,Ty is an element of degree d component in A, /[A,, A,], where the
degree of all x; is equal to 1.

Let ® be a cyclic polynomial in z1,...,x,. Here we define the partial

derivatives %. These derivatives are not cyclic polynomials, but elements

of A, =T(x1,...,xy,). By definition, for a single cyclic monomial ®, gTq) is
a sum over all occurrences of x; in ®, for any such occurrence, we remove
the corresponding x; from @, and cut off the cyclic word ® in the place of
removed x;. Then extend it to general cyclic polynomials by linearity. One
can easily see that the partial derivative % vanishes on the commutator

[A), Ay], and defines an operation

0
a:EZ'

(3.2) DAL /[An, An] — A

Let ® be an arbitrary cyclic monomial in A = A3z =T (z,y,2). The
Etingof-Ginzburg algebra with cyclic potential ® is the associative algebra
with generators x,y, z and the defining relations

oP

TRY—-YT = 7,

0z

od

3.3 _ et
(33) yor—zoy=",
0P

2RT—TQ®z=—.

dy

We use the [EG] notation U(®) for these algebras.
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The associative algebras U(®) appeared in [EG] in constructing of “non-
commutative del pezzo surfaces” (loc.cit., Sections 1.2-1.3, see also [G]).
Let h be a parameter. Consider an expression

(3.4) ®p = hdy + PPy + -+,

which is a polynomial in A, all whose coefficients ®; are possibly non-
homogeneous cyclic words (without any restriction on the degrees of homo-
geneity components) in x,y, z.

Define the k[A]-linear associative algebra U(®p) as the quotient-algebra
of the k[A]-linear tensor algebra T'(xz,y, z)[h] by the two-sided ideal, generated
by the following three elements:

[2,y] — 19238

)y 862 )

Dy

(35) [y7 Z] - O 3
(2, 2] 0Py

) ay N

Lemma 3.2. Let @ be as in (3.4). Then the associative algebra Up(Pp)
enjoys the PBW property for the descending filtration {T'y} of Definition

(15).

Proof. Accordingly to Theorem 2.3 and discussion in Section 2.4 there-
after, it is enough to perturb the (—2)-component of the differential in the
Koszul resolution R*(z1,x2,x2) such that the perturbation of the compo-
nent d-Y is

(3.6) AoV () =1 @1y — 1) ©@ 3 — ——p,

or—

i3

where we use the notation 1,2=3, 2,3 =1, 3,1 =2, and assume that

iy T T

That is, the only what we need is to define a perturbation d%ﬁQ) (&ijr)
such that
(3.7) dV o d (&) = 0.

Our solution is do not perturb d(~2) at all. That is, we set

(3.8) dp(&123) = do(&123) = [€12, 23] + [€23, 1] — [€13, 2],
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We need to check that this definition agrees with (3.7).
Lemma 3.3. Within the definitions (3.6) and (3.8), one has d3(£123) = 0.

Proof. 1t is easy to see that
0Py, 0Py, 0Py,
2 _ Z—h
(3.9) dp(§123) = { oy ,xl] + [ O ,$2] + [ 3953’””3] :

We claim that the sum in the r.h.s. is 0 (for any cyclic word ®p,).
Indeed, the first “half” of the sum in the r.h.s. of (3.9),

0P 0% 00
(3.10) T+ @y +
61’3

(91'1 (9.1‘2 ®© 3

is equal to the sum of all possible cuttings (at any place) of the cyclic word
®j, to an ordinary word.
The remaining second “half” of the r.h.s. of (3.9),

é@d 8‘1961 a(I)d
3.11 — -— = —_— = —-—
( ) r1 & 971 T2 & 97y r3 X 92
is equal to the same sum of all possible cuttings of the cyclic word ®4 to an
ordinary word, taken with the opposite sign.
The contributions of (3.10) and (3.11) cancel each other.

Now Lemma 3.2 follows directly from Theorem 2.3.

Theorem 1.6(ii) gives now the following result.

Corollary 3.4. Let @5 be as in (3.4) with degy, ) ®r <3, and let A=
Up(®p). Then for all but countably many a € k the specialization A, is a
PBW algebra in the sense of Definition 1.3, and for all such a € k is the
specialized algebra is isomorphic to UW(P(a)), where ®(a) is the value of ®(h)
at h = a.

We conclude the discussion of Etingof-Ginzburg algebras by an explicit
computation, illustrating the assumption in Theorem 1.6(ii): (), I

(4) # 0.

3.2.1. Example. Consider ®; = hCycl(—zyx) where Cycl(—) denotes the
cyclic word associated to a non-commutative monomial. Then the algebra
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U (@) has the following relations:

[.’E,y] - —hy.’E,
(3.12) [y, z] = —hzy,
[2,x] = —hxz

Its specialization at A = 1 gives the associative algebra with relations:

zy =0,
yz = 0,
zx = 0.

The basis of this algebra as a k-vector space is formed by the monomials:

g My e pha pMs g me
with all m; > 0. It is clear that the graded components of this algebra are
much bigger than the corresponding graded components for S(z,y, z). That
is, this algebra is not a PBW algebra.

It follows from Theorem 1.6(i) that for &5 = —hzyx one should have

(3.13) I(®p) = () TUn(®p) #0.
=0

Recall the Krull intersection theorem:

Theorem 3.5 (Krull). Let A be a noetherian commutative ring, q an ideal
of A, and M a finitely generated A-module. Then m € N,q" M if and only
if there exists d € q such that dm = m. In particular, if N,q"M # 0, there
exist 0 #m € M and d € q such that dm = m.

See, e.g., [M, Theorem 8.9] for a proof.

For some non-commutative rings, the analogous result still holds; see
[MC].

We can apply the result from loc.cit. to A = Up(Py), for & = —hzyx,
and for q = hAUp(Pp), M = A. Tt is instructive to find explicitly an element
m € Up(Pp) in the intersection (N5, I'¢(A4). It turns out that such m can be
found cubic in z,y, z, with d = h - 1.

For this end, consider equations (3.12). We can multiply the first among
them by z from the left and from the right (and thus we get two equations),
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multiply the second one by x from the left and from the right, and multiply
the third one by y from the left and from the right. Overall, we get six
equations listed below.

(Al) zzy — zyx = —hzyx,
(Cl) zyz —yxz = —hyxz,
(C2) zyz —xzy = —hxzy,
(Bl) yzx — zyx = —hzyz,
(B2) yzx —yrz = —hyzz,
(A2) zazy —zzy = —hxzy.

We group these six equations in three groups, labeled A, B and C. Each
group contains two equations, having equal first summands in the l.h.s.
Thus, the lhs of (A1) and (A2) have equal to zzy first summands.

Now we consider three new equations, obtained from these six equations
as (Al) — (A2), (B1) — (B2), (C1) — (C2). They are

(A) —zyz + xzy = h(—zyz + 22y),
(B) —zyz +yxz = h(—zyzr + yzxz),
(C) —yzz+ xzy = i(—yxz + z2y)

(notice that there is 1 linear dependence between these three equations).

Each of these three lines has form 7' = h - T for some cubic T'. Then we
have:

T=h-T=W -T=r-T=--,

which shows that each such T" belongs to (s Le(Un(Pr)).

Notice that any such T is killed under the completion homomorphism,
as the equation (A — 1)T = 0, under formal power series in £, implies T' = 0,
as i — 1 becomes invertible.

4. The case of general quadratic algebras

4.1.

Suppose we are given an associative algebra of type (1.1) with quadratic
@i;. Here we find a criterion under which this algebra enjoys the property
of Definition 1.5, which guarantees that it is a PBW algebra in the sense of
Definition 1.3, for generic specialization of h = a € k.
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Let
(41) Soij = hz a?}’xa ® Tp,
a,b
where
ab _ _ _ab ab ba
(4.2) af = —aj], but off # «;7, in general.

Our main result here is

Theorem 4.1. In the notations as above, suppose that for Vi, j, k,b,c,d:

(4.3) Cycl; ji Y _(afpafd + aSiail) = 0.
S

Then the associative algebra A in (1.1) enjoys the PBW-like property of
Definition (1.5) for the descending filtration {I'y}, and the genuine PBW
property of Definition 1.3 for generic specialization h = a.

Remark 4.2. Let {af}’} satisfy (4.3). Let 8 = 3;;0; A\ 0;, Bij = Za,b(a?}’ +

afj’?)xaxb, be the corresponding bivector on V = {z1,...,z,}. Then the
bivector § is Poisson: in coordinates, for any i, j, k, a, b, c:
(4.4) > (BB + BB + BBss) = 0,

S

Indeed, (4.4) is obtained from (4.3) by symmetrization in the upper indices.
It is very natural, as the Poisson condition is equivalent to the flatness in
degree 2 in x;’s.

Proof. We prove the first claim, that the corresponding algebra A enjoys
the property of Definition 1.5. The last claim follows then immediately from
Theorem 1.6(ii).

By Section 2.4 and Theorem 2.3, we need to perturb the (—2)-component
of the differential d%_g)(fijk), such that

(4.5) d%ﬁl)(&'j) =2, Qxj —x; QX — PYij,
where ;; is as in (4.1). Then the only property to be checked is
(4.6) doV o d P (gn) =0

for any ¢, j, k.
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We define

(4.7) d%ﬂ) (&ij) = Cycl, j klwi, §i] + hCycl, ;4 Z oz?i(&m ® Ty + T ® &ip)-
a,b

Then (4.6) has the terms of order 0,1,2 in h. The cancelation of A°-
terms is just the condition d?> = 0 for the non-perturbed differential. The
cancelation in order A' is straightforward and does not use (4.3); in fact, the
formula (4.7) was designed especially to maintain this cancelation.

We need only to check (4.6) in order h? then. We have:

(4.8)  di(&ijr) = P*Cycly Y (afpasize ® 14 @ 2y + 0fpafia, @ ze ® 24)
abed

To satisfy (4.6), the coefficient at z, ® x ® x. for any a,b,c (and for any
i,7,k) should vanish. It gives our condition (4.3). O

Remark 4.3. For an algebra A of type (1.1), one has
(4.9) [xi, .’L’j] = h(pij

where by z;’s and by ¢;; is meant their image in the quotient-algebra
T(V)[h]/J. The Jacobi identity

(4.10) Cycl, j k@i, [75, 24]] = 0

holds in any associative algebra. Using (4.9) twice, it gives

(4.11)  Cyel;j, Z (aggajgmc ® Tq @ xp + a?};afgxa QT Q@xq) =0
a,b,c,d

if

(4.12) goij = hz Oé%bLl X Tp,
a,b

where W for an w € T'(V)[h] stands for its image in the quotient-algebra
A=T(V)[h]/3.

That is, (4.11) holds for any {¢;;}. Our condition (4.3) is exactly (4.11)
without the overline sign.
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That is, it says that not only the image w of

(4.13) w = Cycl,y, Z (a?,ﬁafffxc ® Tq @ xp + a?,gafgxa ® T ® xq)
a,b,c,d

vanishes in the quotient-algebra T'(V')[h]/J but, essentially stronger, w itself
is equal to zero in T'(V)[A].

The Etingof-Ginzburg algebras do not obey, in general, the condition
(4.3). Seemingly, the case of dimension 3 is very special for examples of PBW
algebras, due to some “additional symmetries” in dimension 3. When we are
interested in PBW algebras defined over polynomials k[h], this symmetry
makes possible the existence of some “irregular” examples.

See Section 0.4 of the Introduction for comparison with Drinfeld’s
result [D].
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