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Abstract

Let R be an Artin-Schelter regular algebra and A = o(R)(z1,...,zn) be a
graded quasi-commutative skew PBW extension over R. In this paper we
describe the Nakayama automorphism of A using the Nakayama automor-
phism of the ring of coefficients R. We calculate explicitly the Nakayama
automorphism of some skew PBW extensions.
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Nakayama Automorphism of Some Skew PBW Extensions

El automorfismo de Nakayama de algunas extensio-
nes PBW torcidas

Resumen

Sean R un algebra Artin-Schelter regular y A = o(R)(z1,...,Zn) Una ex-
tension PBW torcida cuasi-conmutativa graduada sobre R. En este articulo
se describe el automorfismo de Nakayama de A usando el automorfismo de
Nakayama del anillo de coeficientes R. También se calcula explicitamente
el automorfismo de Nakayama de algunas extensiones PBW torcidas.

Palabras clave: Extensiones PBW torcidas; automorfismo de Nakayama;
algebras Artin-Schelter regulares; algebras Calabi-Yau.

1 Introduction

There are two notions of Nakayama automorphisms: one for skew Calabi-
Yau algebras and another for Frobenius algebras. In this paper, we focus on
skew Calabi-Yau algebras, or equivalently, Artin-Schelter regular algebras
in the connected graded case (Proposition . The Nakayama automor-
phism is one of important homological invariants for Artin-Schelter regular
algebras algebras. Nakayama automorphisms have been studied by several
authors. Reyes, Rogalski and Zhang in [I] proved three homological identi-
ties about the Nakayama automorphism and gave several applications. Liu,
Wang and Wu in [2] proved that if R is skew Calabi-Yau with Nakayama
automorphism v then the Ore extension A = R[z; 0, d] has Nakayama auto-
morphism ¢/ such that v/|r = o~ !v and /(z) = uz +b with u,b € R and u
invertible, the parameters v and b are still unknown. Zhu, Van Oystaeyen
and Zhang computed the Nakayama automorphisms of trimmed double
Ore extensions and skew polynomial extension R[z; o], where o is a graded
algebra automorphism of R in terms of the homological determinant. Lii,
Mao and Zhang in 3] and [4] used the Nakayama automorphism to study
group actions and Hopf algebra actions on Artin-Schelter regular algebras
of global dimension three and calculated explicitly the Nakayama automor-
phism of a class of connected graded Artin-Schelter regular algebras. Shen,
Zhou and Lu in [5] described the Nakayama automorphisms of twisted ten-
sor products of noetherian Artin-Schelter regular algebras. Liu and Ma in
[6] gave an explicit formula to calculate the Nakayama automorphism of
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any Ore extension R|[x;o,0] over a polynomial algebra R = Klt1,..., ]
for an arbitrary m. In general, Nakayama automorphisms are known to be
tough to compute.

Skew PBW extensions and quasi-commutative skew PBW extensions
were defined in [7] and are non-commutative rings of polynomial type de-
fined by a ring and a set of variables with relations between them. Skew
PBW extensions include rings and algebras coming from mathematical
physics such PBW extensions, group rings of polycyclic-by-finite groups,
Ore algebras, operator algebras, diffusion algebras, some quantum algebras,
quadratic algebras in three variables, some 3-dimensional skew polynomial
algebras, some quantum groups, some types of Auslander-Gorenstein rings,
some Koszul algebras, some Calabi-Yau algebras, some Artin-Schelter reg-
ular algebras, some quantum universal enveloping algebras, and others.
There are some special subclasses of skew PBW extensions such as bijec-
tive, quasi-commutative, of derivation type and of endomorphism type (see
Definition . Some noncommutative rings are skew PBW extensions but
not Ore extensions (see [8],[9] and [10]).

Several properties of skew PBW extensions have been studied in the
literature (see for example [I1],[12],[13],[14],[15],[16]). It is known that
quasi-commutative skew PBW extensions are isomorphic to iterated Ore
extensions of endomorphism type (see [8, Theorem 2.3]|). In [9] it was
defined graded skew PBW extensions with the aim of studying Koszul
property in these extensions.

The Nakayama automorphism has not been studied explicitly for skew
PBW extensions. In this paper we focus on the Nakayama automorphism
of quasi-commutative skew PBW extensions (Section and non quasi-
commutative skew PBW extensions of the form o(K[t1,...,t,]){x) (Sec-
tion . Since every graded quasi-commutative skew PBW extension is
isomorphic to a graded iterated Ore extension of endomorphism type (see
[17, Proposition 2.7]), we have that if A is a graded quasi-commutative skew
PBW extension of an Artin-Schelter regular algebra R, then A is Artin-
Schelter regular (see Proposition [3.1). Now, for B a connected graded
algebra, B is Artin-Schelter regular if and only if B is graded skew Calabi-
Yau (see [1]), and hence the Nakayama automorphism of Artin-Schelter
regular algebras exists. Therefore, if R is an Artin-Schelter regular alge-
bra with Nakayama automorphism v, then the Nakayama automorphism
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1 of a graded quasi-commutative skew PBW extension A exists, and we
compute it using the Nakayama automorphism v together some especial
automorphisms of R and A (see Theorem [3.1)). The main results in Sec-
tion [3] are Theorem [3.1] Corollary Proposition Corollary and
Examples Since Ore extensions of bijective type are skew PBW
extensions. In Section 4| we use the results of [6] to calculate explicitly the
Nakayama automorphism of some skew PBW extensions (Examples

and Proposition .

We establish the following notation: the symbol N is used to denote
the set of natural numbers including zero. If « := (a1,...,a,) € N” then
la] :== a1 + -+ + ap. The letter K denotes a field. Every algebra is a
K-algebra.

2 Preliminaries

In this section, we fix basic notations and recall definitions and properties
for this paper.

Definition 2.1. Let R and A be rings. We say that A is a skew PBW
extension over R, if the following conditions hold:

(i) RC A;

(ii) there exist elements z1,...,z, € A such that A is a left free R-
module, with basis the basic elements

Mon(A) :={z* =z 2% |a = (av,...,0p) € N'}.
In this case, it is said also that A is a left polynomial ring over R with

respect to {1, ,z,} and Mon(A) is the set of standard monomials
of A. Moreover, 29 --- 20 := 1 € Mon(A4).

(iii) For each 1 < ¢ < n and any » € R \ {0}, there exists an element
¢ir € R\ {0} such that

xr — ¢ 2 € R (1)
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(iv) For any elements 1 <4,j < n, there exists ¢; ; € R \ {0} such that
TjT; — G jT;T5 € R+ Rxy+ -+ Rz, (2)
Under these conditions, we will write A := o(R)(z1,...,zp).

The notation o(R)(x1,...,xy,) and the name of the skew PBW exten-
sions are due to the next proposition.

Proposition 2.1 ([7], Proposition 3). Let A be a skew PBW extension of
R. For each 1 <1 < n, there exist an injective endomorphism o; : R — R
and a o;-derivation §; : R — R such that

xir = oi(r)x; + 0;(r), r€R. (3)
In the following definition we recall some sub-classes of skew PBW
extensions. Examples of these sub-classes of algebras can be found in [I5].

Definition 2.2. Let A be a skew PBW extension of R, ¥ := {o1,...,0,}
and A := {d1,...,0,}, where 0; and J; (1 < i < n) are as in Proposition

2T

(a) Ais called quasi-commutative, if the conditions (iii) and (iv) in Defi-
nition [2.1| are replaced by

(iii’) foreach1 <i<mnandallr € R\ {0}, there exists ¢; , € R\ {0}
such that
TiT = G (4)

(iv’) for any 1 <i,j < n, there exists ¢; ; € R \ {0} such that
Tjlg = Cj jTiTy. (5)

(b) A is called bijective, if o; is bijective for each o; € X, and ¢;; is
invertible for any 1 <i < j < n.

(c) If o; = idpg for every o; € X, we say that A is a skew PBW extension
of derivation type.

(d) If §; = 0 for every 6; € A, we say that A is a skew PBW extension of
endomorphism type.
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The next proposition was proved in [9].

Proposition 2.2. Let R = GamZO R,, be a N-graded algebra and let A =
o(R)(z1,...,x,) be a bijective skew PBW extension of R satisfying the
following two conditions:

(i) o; is a graded ring homomorphism and ¢; : R(—1) — R is a graded
oi-derivation for all 1 < i < n, where o; and §; are as in Proposition

2.1
(i) xjz; — ¢ijxir; € Ro+ Rixy + -+ + Ry, as in and ¢; j € Ry.
For p > 0, let A, the K-space generated by the set
{rtxa |t+ |a] =p, 1 € Ry and 2° € Mon(A)}.

Then A is a N-graded algebra with graduation

A=A, (6)

p=>0
Definition 2.3 (9], Definition 2.6). Let A = o(R)(z1,...,2z,) be a bijec-
tive skew PBW extension of a N-graded algebra R = @mzo R,,. We say
that A is a graded skew PBW extension if A satisfies the conditions (i) and

(ii) in Proposition

Note that the family of graded iterated Ore extensions is strictly con-
tained in the family of graded skew PBW extensions (see [9, Remark 2.11]).
Examples of graded skew PBW extensions can be found in [9] and [10].

Proposition 2.3. Quasi-commutative skew PBW extensions with the triv-
ial graduation of R are graded skew PBW extensions. If we assume that R
has a different graduation to the trivial graduation, then A is graded skew
PBW extension if and only if o; is graded and ¢; ; € Ry, for 1 <4,j <n.

Proof. Let R = Rp and r € R = Ry. From we have that x;r = ¢; ,z; =
oi(r)z;. So, 0i(r) = ¢y € R = Ry and §; = 0, for 1 < i < n. Therefore
o; is a graded ring homomorphism and ¢; : R(—1) — R is a graded o;-
derivation for all 1 < i < n. From we have that z;z; — ¢; jz,2; =0 €
Ry+Riz1+---+Rizp and ¢; ; € R = Ry. If R has a nontrivial graduation,
then the result is obtained from the relations , and Deﬁnition ]
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Let B = EBpZO B, be an N-graded algebra. B is connected if By = K.
In [I8, Definition 1.4] finitely graded algebra was presented. B is finitely
graded if the following conditions hold:

(i) B is N-graded (positively graded): B = €D, B;-
(ii) B is connected.

(iii) B is finitely generated as algebra, i.e., there is a finite set of elements
Z1,...,%yn € B such that the set {z; 2, - -2, | 1 <45 < n,m >
1} U {1} spans B as a vector space.

Note that a finitely graded algebra B is finitely generated as K-algebra
if and only if B = K(z1,...,2,,)/I, where I is a proper homogeneous
two-sided ideal of K(x1,...,xy). A finitely graded algebra B is finitely
presented if the two-sided ideal I is finitely generated.

The following properties of graded skew PBW extensions were proved
in [9].

Remark 2.1 (|9], Remark 2.10). Let A = o(R)(x1,...,2z,) be a graded
skew PBW extension. Then we have the following properties:

(i) Ais a N-graded algebra and Ay = Ry.

(ii) R is connected if and only if A is connected.

(iii) If R is finitely generated then A is finitely generated.
)

(iv) For (i), (ii) and (iii) above, we have that if R is a finitely graded
algebra then A is a finitely graded algebra.

(v) If R is locally finite, then A as K-algebra is a locally finite.
(vi) A as R-module is locally finite.

(vii) If R is finitely presented then A is finitely presented.

The following proposition establishes the relation between graded skew
PBW extensions and graded iterated Ore extensions.
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Proposition 2.4 ([I7], Proposition 2.7). Let A = o(R)(z1,...,x,) be a
graded skew PBW extension. If A is quasi-commutative, then A is isomor-

phic to a graded iterated Ore extension of endomorphism type R[z1;61] - - - [zn; On],
where 6; is bijective, for each i; 01 = oy;

03' . R[Zl; 01] e [ijl; 03;1] — R[Zl; 91] e [Z]?l; 93',1]

is such that 6;(z;) = ¢ ;2 (¢ij € Ro as in ), 1 <i<j<nand
0;(r) = oi(r), for r € R.

If M and N are graded B-modules, we use Hom%(M, N) to denote
the set of all B-module homomorphisms h : M — N such that h(M;) C
Nitq. We set Homp(M,N) = @ ., Hom§g (M, N), and we denote the
corresponding derived functors by Ext's (M, N).

Definition 2.4. Let B=K& B1 ® By @ - - be a finitely presented graded
algebra over K. The algebra B will be called Artin-Schelter regular, if B
has the following properties:

(i) B has finite global dimension d: every graded B—module has projec-
tive dimension < d.

(ii) B has finite Gelfand-Kirillov dimension.

(iii) B is Gorenstein, meaning that Ext’ (K, B) = 0ifi # d, and Ext4 (K, B) =
K(?) for some [ € Z.

The enveloping algebra of a ring B is defined as B® := B ® B?. We
characterize the enveloping algebra of a skew PBW extension in [12]. If
M is an B-bimodule, then M is an B® module with the action given by
(a ®b)-m = amb, for all m € M, a,b € B. Given automorphisms
v,7 € Aut(B), we can define the twisted B®-module “M" with the rule
(a®b)-m = v(a)mr(b), for all m € M, a,b € B. When one or the other of
v, T is the identity map, we shall simply omit it, writing for example M"
for 1MV,

Proposition 2.5 (|[19], Lemma 2.1). Let v, 0 and ¢ be automorphisms of
B. Then
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(i) The map YB? — ? B’ a + ¢(a) is an isomorphism of B*modules.
In particular,

VBT = BV 7= VB and B =7 B.

(i) B = B? as B°modules if and only if ¢ is an inner automorphism.

An algebra B is said to be homologically smooth, if as a B¢-module, B
has a finitely generated projective resolution of finite length.

Definition 2.5. An algebra B is called skew Calabi- Yau of dimension d if

(i) B is homologically smooth.

(ii) There exists an algebra automorphism v of B such that

Exth. (B, BY) %{ %y ;f?

as B® -modules. If v is the identity, then B is said to be Calabi- Yau.
A graded algebra B is called graded skew Calabi- Yau of dimension d, if

(i) B is homologically smooth.

(ii) There exists a graded automorphism v of B such that

; 0 1 # d;

2 €\ ~v Y )
Exte (B, BY) = { BU(l), i=d
as B¢-graded modules, for some integer [. If v is the identity, then B
is said to be graded Calabi- Yau.

The automorphism v is called the Nakayama automorphism of B. As
a consequence of Proposition 2.5 we have that a skew Calabi-Yau algebra
is Calabi-Yau if and only if its Nakayama automorphism is inner. If B is
a Calabi-Yau algebra of dimension d, then the Hochschild dimension of B
(that is, the projective dimension of A as an A-bimodule) is d (see |20
Proposition 2.2|).
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Proposition 2.6. Let B be a skew Calabi-Yau algebra with Nakayama
automorphism v. Then v is unique up to an inner automorphism, i.e, the
Nakayama automorphism is determined up to multiplication by an inner
automorphism of B.

Proof. Let B be a skew Calabi-Yau algebra with Nakayama automorphism
v and let p be another Nakayama automorphism, i.e., Extflge (B, B¢) = BH,
then Ext%.(B, B¢) = BY = B" as B® -modules. By Proposition (i),
B = BY '#; by Proposition (ii), v~y is an inner automorphism of B.
Let v~ 'y = o where ¢ is an inner automorphism of B, so y = vo for some
inner automorphism o of B. ]

Reyes, Rogalski and Zhang in [I], proved that Artin-Schelter regular
algebras and graded skew Calabi-Yau algebras coincide for the connected
case.

Proposition 2.7 ([I], Lemma 1.2). Let B be a connected graded algebra.
Then B is graded skew Calabi-Yau if and only if it is Artin-Schelter regular.

3 Nakayama automorphism of quasi-commutative skew
PBW extensions

Since graded quasi-commutative skew PBW extensions are isomorphic to
graded iterated Ore extensions of endomorphism type, it follows that graded
quasi-commutative skew PBW extensions with coefficients in Artin-Schelter
regular algebras are skew Calabi-Yau, and the Nakayama automorphism
exists for these extensions. With this in mind, in this section we give a de-
scription of Nakayama automorphism for these non-commutative algebras
using the Nakayama automorphism of the ring of the coefficients.

The following properties of graded quasi-commutative skew PBW ex-
tensions were proved in [17, Theorem 3.6 and Theorem 4.5].

Proposition 3.1. Let A = o(R)(x1,...,25) be a graded quasi-
commutative skew PBW extension of R.

(i) If R is Artin-Schelter regular, then A is Artin-Schelter regular.
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(ii) If R is a finitely presented graded skew Calabi-Yau algebra of global
dimension d, then A is graded skew Calabi-Yau of global dimension
d+n.

As a consequence of Proposition [2.7] and Proposition [3.I] we have the
following property.

Corollary 3.1. Let R be an Artin-Schelter regular algebra of global di-
mension d. Then every graded quasi-commutative skew PBW extension
A=0(R)(z1,...,x,) is graded skew Calabi-Yau of global dimension d+n.

Liu, Wang and Wu in [2, Theorem 3.3| proved that if R is a skew
Calabi-Yau algebra with Nakayama automorphism v then the Ore exten-
sion A = R[z;0,0] has Nakayama automorphism ¢/ such that v/|gr = o~ 1v
and v/(z) = ux + b with u, b € R and u invertible. If § = 0 then they

deduced the following result.

Proposition 3.2 (|2], Remark 3.4). With the above notation v/'(z) = ux
if 9 =0.

In the next theorem we show a way to calculate the Nakayama auto-
morphism for a graded quasi-commutative skew PBW extension A of an
Artin-Schelter regular algebra R.

Theorem 3.1. Let R be an Artin-Schelter regular algebra with Nakayama
automorphism v. Then the Nakayama automorphism p of a graded quasi-
commutative skew PBW extension A = o(R)(z1,...,x,) is given by

p(r) = (o1 - "Un)_lv(r), for r € R, and

n
() = uy Hci_jl:ci, for each 1 <17 < n,
j=i

where o; is as in Proposition ui,ci; € K\ {0}, and the elements ¢; ;
are as in Definition 2.1]

Proof. Note that A is graded skew Calabi-Yau (see Corollary and there-
fore the Nakayama automorphism of A exists. By Proposition [2.4] we have
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that A is isomorphic to a graded iterated Ore extension R[z1;61] - [xn;0,],
where 6; is bijective; 01 = o7q;

0; : Rlz1;01] - - [xj-1;0j-1] = Rlz1;61] - [2j-1;05-1]

is such that ;(x;) = ¢; jx; (¢;; € K as in Definition , 1<i<j<n
and 60;(r) = o;(r), for r € R. Note that

9]71(:1,‘@-) = c;jlxi. (7)
Now, since R is connected then by Remark 2.1} A is connected. So, the
multiplicative group of R and also the multiplicative group of A is K\ {0},
therefore the identity map is the only inner automorphism of A. Let u; the
Nakayama automorphism of R[xy;61] - - [z;;6;].
By Propositionwe have that the Nakayama automorphism g1 of R[z1; 0]
is given by pi(r) = o7 v(r) for r € R, and py(z1) = wiay with uy €
K\ {0}; the Nakayama automorphism s of R[xi;61][x2;62] is given by
pe(r) = o5 tpui(r) = oytoytv(r), for r € Ry pa(w1) = 05 u(zr) =
051(u1x1) = u1951($1) = ulciéxl and po(xe) = wugzg, for ug € K\
{0}; the Nakayama automorphism puz of R[xi;6][xe;02][xs; 03] is given
by p3(r) = o3 pa(r) = o3 toy toy w(r), for v € R; pa(x1) = 03 pa(a1) =
Hgl(ulciéxl) = ulciéﬁgl(xl) = ulci%cl_éxl; ps(xe) = 051u2(x2) = 93_1(11,21'2) =
uscy 3o and pz(x3) = uzws, for uz € K\ {0}.
Con‘éinuing with the procedure we have that the Nakayama automorphism
of A is given by

p(r) = pn(r) = o5 -0y toy w(r) = (o1 0n) TH(r),
for r € R, and

S 1.
pn (1) = U1€Cy 9C1 3" C1 ;s

=
—~
8
—
I

=

—~
=

>z
I

In general, for 1 < i <n, we have that
p(xi) = uicii,il-s—lc;,;a e c;’ixi, for u; € K\ {0}.

Note that ¢;; = 1. O
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From Theorem the following corollary is immediately obtained.

Corollary 3.2. Let A = o(R)(z1,...,2,) be a graded quasi-
commutative skew PBW extension of an Artin-Schelter regular algebra
R with Nakayama automorphism v. Then A is graded Calabi-Yau if and
only if o1 -0, = v and u; = H?:l ¢ij, for all 1 <4 < n, where u; is as in
Theorem Bl

Let K[t1,...,tn] be the polynomial algebra and o : K[t1,...,t] —

K[t1,...,tn] an algebra automorphism. We define
Oo(t1) Oo(t1) . Oo(t1)
ot Oto Otm,
aa(tz) 8a(t2) . 80’(t2)
7 B A ©
80'('tm) 8:7(.25”) . : . aa(.tm)
oty Oto Otm

Remark 3.1. Liu and Ma proved in [0] that if A = K[ty,...,t,][z; 0] is
an Ore extension then the Nakayama automorphism v of A is given by
v(t;) = t; and v(z) = det(M)z, where det(M) is the usual determinant
of the matrix M in (§). Note that A = K[t1,...,tm][x;0] is a quasi-
commutative skew PBW extension and if ¢ is a graded automorphism then
A is a graded quasi-commutative skew PBW extension.

Let h € K\ {0}. The algebra of shift operators is defined by S;, :=
K[t][xp; on], where op,(p(t)) := p(t — h). Notice that zpt = (t — h)xp, and
for p(t) € K[t] we have z}p(t) = p(t — ih)z}. Thus, S, = o(K[t])(xy) is a
quasi-commutative skew PBW extension of K][t].

Proposition 3.3. The algebra of shift operators is a Calabi-Yau algebra.

Proof. Since xpt = (t— h)xp, then oy, (t) :== t— h, then det(M) = % =1.
By Remark [3.1] we have that the Nakayama automorphism v of S, is given
by v(t) =t and v(xp) = det(M)x = 1, i.e., the Nakayama automorphism
of Sy, is the identity map. Therefore S}, is Calabi-Yau. O

Corollary 3.3. Let A = K[t1,...,tn][x;0] with o be a graded algebra
automorphism. Then u = det(M), where w is as in Theorem [3.1| and M is

as in .
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Proof. Note that A = K[t1, ..., ty][x; 0] is a quasi-commutative skew PBW
extension of the graded Calabi-Yau algebra K[t1, ..., t,,]. Since o is graded
then A is a graded quasi-commutative skew PBW extension. By Theorem
we have that the Nakayama automorphism p of A is given by

w(t;) = t;, for 1 <i <m, and
p(z) = ux, for some we K\ {0}.

By Remark we have that the Nakayama automorphism of A is given by

Since K[t1,...,ty] is connected, then by Remark A is connected, so
the multiplicative group of A is K\ {0}. Therefore the identity map is
the only inner automorphism of A. As by Proposition [2.6] we have that
the Nakayama automorphism is unique up to inner automorphisms, then
v must be equal to p. So u = det(M). O

Example 3.1. Let R be an Artin-Schelter regular algebra of global dimen-
sion d with Nakayama automorphism v. Let

A=R[z1,...,Tn;01,...,0n)

be an iterated skew polynomial ring (see |21, Page 23|), with o; graded. A
is a skew PBW extension of R with relations z;r = o;(r)x; and z;x; = x4,
forr € Rand 1 < 4,5 < n. As R is graded and ¢;; = 1 € Ry,
then by Proposition 23] we have that A is a graded quasi-commutative
skew PBW extension of R. Therefore, A is a graded skew Calabi-Yau
algebra (Corollary [3.1)). By Proposition Rlxi,...,xp;01,...,05] =
Rx1;01] - - - [xp; 0y], where 0;(r) = 0(r) and 0;(x;) = x; for i < j. Apply-
ing Theorem we have that the Nakayama automorphism p of A is given
by p(r) = (o1---0,) tw(r), if r € R and u(z;) = u; J C;jlfl'i = wu;x;,
u; € K\ {0},1<i<n.

Example 3.2. For a fixed ¢ € K — {0}, the algebra of linear partial
q-dilation operators H, with polynomial coefficients, is the free algebra
K(t1,...,tn, H§q), e, Hﬁ?)% n > m, subject to the relations:

tjti:titj, 1 <1<y <nmy

|17O Ingenieria y Ciencia



H](q)Hi(q) _ HZ(Q)HJ(Q) 1<i<j<m.

The algebra H is a graded quasi-commutative skew PBW extension of
K[t1,...,t,), where K[t1,...,t,] is endowed with usual graduation. Ac-

cording to Proposition we have that

oj(ti) =tifori#j, 1<i<n, 1<j<my

oj(ti) = qti fori =3, 1<4d,5<m
0; =0, for 1 <j<m.

By Proposition H is isomorphic to a graded iterated Ore extension of
endomorphism type

Klt1, .t [H500) - [H 35 0 1) [HSD: 6],
with
0;j(ti) =tifori#j, 1<i<n, 1<j<my

0j(t:;) = qt; for i =j, 1<i,j<m;
Hj(HZ-(Q)) = Hi(Q) for 1 <1i,j <m.

Since K[t1,...,t,] is a graded Calabi-Yau algebra, then its Nakayama au-
tomorphism v is the identity map. Applying Theorem we have that

the Nakayama automorphism u of H is given by

1 1 .
N 1 gy o () =gt 1<i<m;
:U‘(tz) =0y 0q (tZ) - { ti, m <1 < n,
M(HJ(.Q)) = ujHj(q) for uj € ]K\ {()}7 1<j<m.
Ifm = 1, thenH = K[tla e 7tn][H£q)’91] Wlth el(tz) = { ti? 1 < Z é .
qg 0 -0
01 --- 0
Therefore M = ) _ .
0 0 1
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So, det(M) = ¢q. By Corollary we have that the Nakayama auto-
morphism p of H is given by

-1 .
N gt i=1
“(tl)_{ t, 1<i<n,

w(H{?) = g},

Therefore, the Nakayama automorphism of H is completely determined by
the parameter q.

4 Nakayama automorphism of some specific skew PBW ex-
tensions

Liu and Ma in [6] computed the Nakayama automorphism for Ore ex-
tensions over a polynomial algebra in n variables. Since Ore extensions
of bijective type are skew PBW extensions, in this section we use these
results to calculate explicitly the Nakayama automorphism of some skew
PBW extensions of the form A = o(K[t1,...,ty])(x), which are not quasi-
commutative.

Next we present [0, Theorem 4.2], but using the notation of skew PBW
extensions.

Theorem 4.1. Let A = o(K][t1,...,tn]){x) be a skew PBW extension
of derivation type. The Nakayama automorphism v of A is then given
by v(r) = r forall r € Rand v(z) = 2+ > 1, 6%&;"), where 0 is as in
Proposition 2.1]

Next we calculate the Nakayama automorphism of a skew PBW exten-
sion of derivation type using Theorem [I.1] This automorphism had already
been calculated by other authors using other techniques (see for example
[2] or [22]).

Example 4.1. Let A = K(z,y)/(yx — vy — 2%) be the Jordan plane. Note
that A = K[z][y;d] is a graded skew PBW extension of K[z] of deriva-
tion type, with d(x) = 22. By Theorem we have that the Nakayama

|172 Ingenieria y Ciencia



automorphism of A is given by

0) _ 0y
or YT o TYTEN

viz) =z and v(y)=y+

If the Nakayama automorphism of a skew Calabi-Yau algebra A is the
identity then A is Calabi-Yau. Thus, from Theorem [4.1] the following are
obtained immediately.

Corollary 4.1. Let A = o(K[t1,...,tn])(x) be a skew PBW extension.

Then A is Calabi-Yau if and only if ¢ = id and )" , ag(tii) =0.

Example 4.2. The first Weyl algebra A;(K) = K[t][z;0/0t] is a skew
PBW extension of derivation type which is not graded. Note that zt =
tx + 1, then 6(t) = 1 and %(tt) = % = 0. By Corollary we have that
A1(K) is a Calabi-Yau algebra, which was already known but using other
techniques (see for example [23]).

Liu and Ma in [0, Lemma 4.4] proved that for the Ore extension K[t1, ..., t,,][x; 0, ]
with o # id, there is a unique k in the quotient field K[t1,...,ty][x; 0,0],
of K[t1, ..., tm][x;0,0] such that

d(h) = k(o(h) —h) for all h € R. (9)

Next we present [6, Theorem 4.5, but using the notation of skew PBW
extensions.

Theorem 4.2. Let A = o(K[t1,...,tn]){x) be a graded skew PBW ex-
tension with o # id. Then the Nakayama automorphism v of A is given

. o 1(r) r € R;
v(r) = { ! ’

det(M)z + det(M)k — o ' (k), r=az. '

where M is as in , k is as in @D and o, is the extension of o to
Klti,. .. tmlg-

Li, Mao and Zhang in [3] calculated the Nakayama automorphism for
the following classes of algebras:
A(1) = K(t1, ta, t3) /(tat1 — pratita, tsts — pistats, tsta — pastats),
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A(Q) = K<t1, to, t3>/<t1t2 — tot1, t1ts — t3t1, t3lo — plols — t%>,

A(3) = K<t1, ta, t3>/<(t2 + t1>t1 — t1te, t3t1 — qtils, l3te — q(tg + tl)t3>,
A(4) K<t1, tQ, t3>/<(t2 + tl)tl — tltz, tgtl — ptltg, t3t2 — pt2t3>,

A(5) = K(t1,ta,t3)/((ta + t1)t1 — tita, (t3 + to + t1)t1 — tits, (t3 +t2 +

t1)ta — (to + t1)ts),

where K is an algebraically closed field of characteristic zero and p19, p13, p23, p, q €
K\ {0}. Notice that these algebras are graded skew PBW extensions. In

the following proposition we calculate the Nakayama automorphism of A(2)

using Theorem [£.2]

Proposition 4.1. The Nakayama automorphism v of A(2) is given by
v(ty) = t1, v(ta) = p~'ta, v(t3) = pt.

PT’OOf. Since tgtl == tltg; t3t1 == t1t3 and tgtg = pt2t3 — t%, then A(Q)
is a graded skew PBW extension of Klt, t2], i.e., A(2) = o(K[t1,t2])(t3).
Note that o(t1) =t1, o (tg) = pto, 6(t1) = 0 and &(t2) = —t3, where o and
¢ are as in Proposition [2.1] Thus,

ot oty 1 0
M=\ §h & | = ( > , and det(M) = p.

ot1 Oto 0 p
2
Note that k = pt2 5 0q(k) = thz) and 0*1(14;) = pm Then
by Theorem 4.2 v(t1) = o~ (t1) = t1, v (tg) (tg) p~ o and v(t3) =
det(M)t3 + det(M)k — o, (k) = pts — pptZ — er(pt2 5y = Pts. O

The Nakayama automorphism of Proposition coincides with the
Nakayama automorphism in [3, Equation (E1.5.2)].

5 Conclusions

There are some special subclasses of skew PBW extensions such as bijec-
tive, quasi-commutative, of derivation type and of endomorphism type (see
Definition . Some noncommutative rings are skew PBW extensions but
not Ore extensions (see [§],[9] and [10]). We illustrate each one of the prop-
erties studied here with some of these examples of skew PBW extensions.
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From Proposition if A is a graded quasi-commutative skew PBW
extension of an Artin-Schelter regular algebra R, then A is Artin-Schelter
regular. Now, for connected graded algebras, an algebra is Artin-Schelter
regular if and only if this is graded skew Calabi-Yau (see . Therefore,
if R is an Artin-Schelter regular algebra with Nakayama automorphism
v, then the Nakayama automorphism p of a graded quasi-commutative
skew PBW extension A exists, and we compute it using the Nakayama
automorphism v together some especial automorphisms of R and A (see
Theorem . As a consequence of Theorem we have that if A =
o(R){x1,...,2zy) is a graded quasi-commutative skew PBW extension of
an Artin-Schelter regular algebra R with Nakayama automorphism v, then
A is graded Calabi-Yau if and only if o1---0, = v and u; = H;L:Z Cijs
for all 1 < i < n (see Corollary . Another consequence of Theorem
is the fact that for A = K[ty,...,ty][z; 0] with o be a graded algebra
automorphism, u = det(M), i.e., the element u is calculable (see Corollary
53).

Most authors give a description of the Nakayama automorphism of some
specific Artin-Schelter regular algebras in terms of some parameters that
can not be calculated explicitly (see for example [2],[5] and [24]). Since
Ore extensions of bijective type are skew PBW extensions, in Section []
is calculated explicitly the Nakayama automorphism of some skew PBW

extensions (Examples and Proposition [4.1]).
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