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Title in English

Non-commutative differential calculus of some algebras of polynomial type having PBW
bases

Titulo en espaiiol

Célculo differencial no conmmutativo de algunas algebras de tipo polinomial con bases
PBW

Abstract: In this work, we study the notion of differential calculus associated to an as-
sociative algebra, from its origin in manifolds geometry, to some generalizations in non
commutative differential geometry. In particular, we inquire the notion of differentially
smoothness of an algebra, which treats about the existence of differential calculus struc-
tures that satisfies conditions relative to the Gelfand-Kirillov dimension of the base algebra,
a condition of connectedness over the differential, and the existence of a volume form that
allow to construct isomorphisms between the homogeneous sets of forms and the dual of
these sets, such as in manifolds theory. We also study the Brzezinski’s differential calcu-
lus, which is a differential calculus constructed from a finite set of skew derivations, and
the Brzezinski’s integral calculus, that is a pair of a cokernel and a hom-connection that
induces a complex of integral forms over the Brzezinski’s differential calculus. Finally,
we study automorphisms and skew derivations of some 3-dimensional diffusion algebras,
generalized Weyl algebras and skew polynomial algebras, which are objects having PBW
bases.

Resumen: En este trabajo, estudiamos la nocién de calculo diferencial asociado a un
algebra asociativa, desde su origen en la geometria de variedades, hasta algunas genera-
lizaciones en la geometria diferencial no conmutativa. En particular, investigamos la no-
cion de algebra diferencialmente suave, que consiste en la existencia de estructuras de
calculo diferencial que satisfacen condiciones relativas a la dimension de Gelfand-Kirillov
del algebra base, una condicién de conexidad sobre la diferencial, y la existencia de una
forma de volumen que permite construir isomorfismos entre los conjuntos homogéneos de
formas y el dual de estos conjuntos, tal cual como en la teoria de variedades. También
estudiamos el calculo diferencial de Brezezinski, el cual es un calculo diferencial construido
a partir de un conjunto finito de derivaciones torcidas, y el cilculo integral de Brzezinski,
que consta de una pareja de un contdcleo y una conexién-hom que permite inducir un
complejo de formas integrales sobre el calculo differencial de Brzezinski. Finalmente, es-
tudiamos automorfismos y derivaciones torcidas de algunas algebras de difusién, algebras
de Weyl generalizadas y algebras polinomiales torcidas que son 3-dimensionales, las cuales
son objetos que poseen bases PBW.

Keywords: Noncommutative geometry, differentially smooth, integral calculus, Brzezin-
ski’s calculus, diffusion algebra, skew derivation.

Palabras clave: Geometria no conmutativa, diferenciablemente suave, cdlculo integral,
calculo de Brzezinski, algebra de difusién, derivacién torcida.
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Introduction

It is possible to give an interpretation of a phenomenon with the following two objects:
space and change notions; the first one, to fix the place where the objects live, and the
second one, to understand the interaction between the objects in the space. In the mani-
folds geometry, these roles are played by the Euclidean locality of charts, that fix the local
coordinates systems, and the differentiability that allows the existence of vector fields,
and therefore, the notion of movement. Frequently, in the study of this theory, we observe
that these treatments are governed by purely algebraic objects, which let an issue in the
air: how many can we “algebraize” this theory? In the literature, we found many different
options to solve this question, being this one of the bigger problems of the noncommuta-
tive geometry, the non-unanimity. For instance, we found different treatments in Connes
[Con85], Dubois et al. [DV88], [DVKM90] and Schelter [Sch86], in the 80’s, or in Brzez-
inski [Brzl14], [Brz16b], [Brz16a], [BL18], [AB18] or Dubois et al., in [DVKMMO1], in the
latest decades, among many others. In these algebraic descriptions, we have graded alge-
bras such that the homogeneous components modules form a complex of modules which
boundary operator satisfies a graded Leibniz’s rule, that generalizes the set of differential
forms of a smooth manifold. This structure plays the key role of the change notion. In this
work, we are interested in algebras having PBW bases, a set of generators that play the
role of a coordinate system in the noncommutative context, covering the notion of space.
Then, with the aim of studying differential calculus structures related to algebras with
PBW bases, first, we review some constructions of differential calculus over general non-
commutative algebras, and later, we study objects involved in differential calculus such as
automorphisms or skew derivations of noncommutative algebras having PBW bases. We
do this by studying some ideas that we found in literature, and developing original results
that we found in the realization of this work. It is important to say that all these results
have been submitted for publication.

We constructed an extended bibliography in the process of clarify most of the concepts
treated in this document, and we consider that the main texts that we study in the
realization of this work are [DVKMO90], [Brz14], [Brz16b], [BL18], [AB18], [IPR01] and
[Art15].

Next, we present the structure of the thesis:

In the first chapter, we study algebraic generalizations of differential geometry objects
that we can obtain for any K-algebra, like differential operator modules, the Lie algebra
of derivations, the jet modules, the universal and the Chevalley-Eilenberg differential cal-

11



INTRODUCTION IV

culus, among others. All of these objects appear in the pursuit of differential calculus
structures over an algebra that work as well known objects in differential geometry (see
Section 1.1). In order, to describe a complete generalization of the manifolds calculus
situation, we present the Brzezinski’s calculus in Section 1.2, which posses a differential
and an integral part that are constructed from the skew derivations of the algebra. This
Brzezinski’s calculus is a structure that allows us to define the smoothness of an affine
algebra in Section 1.3. As it was mentioned in the Connes’s non commutative differential
geometry [Con85], we close the chapter showing a result that presents an explicit con-
nection between the differential structure of an algebra and trace operators in Section
1.4.

In the second chapter, we study the principal tool of Brzezifiski’s calculus, the skew deriva-
tions, over three types of noncommutative algebras. In Section 2.1, generalized Weyl
algebras, where we present an example of Brzeziniski’s calculus construction and a charac-
terization of o-skew derivations over some extended automorphisms of generalized Weyl
algebras; in Section 2.2, diffusion algebras, where we track their origins from an specific
experiment of stochastic flow of particles. We separate these algebras in two types and we
obtain, necessary conditions of derivations and graded automorphisms of these algebras.
Skew polynomial algebras in Section 2.3, where we present a classification theorem that
splits their in either Ore extensions or generalized Weyl algebras; we characterize some
extended automorphisms of the Ore extensions cases. Finally, in Section 2.4, we study the
skew derivations, objects that we have considered in the previous sections, but in a more
general algebras that involve the diffusion algebras, generalized Weyl algebras and skew
polynomial algebras. We present a counter argument and we discuss about one proposition
established in [Art15].

Our original results are the following: in Section 2.2.2, we describe the inner derivations
of the generators of diffusion algebras in both types, in terms of its PBW bases in Remark
2.2.13 and, to do that, we obtained the Lemma 2.2.9, Proposition 2.2.10 and Proposi-
tion 2.2.12; in Section 2.2.5, in Propositions 2.2.23, 2.2.24, 2.2.25, 2.2.26 and 2.2.27, and
Corollary 2.2.28, we developed conditions of derivations and skew derivations of diffusion
algebras of type 2 of two generators, with aim to obtain conditions to discard skew deriva-
tions, in order to guarantee orthogonal systems of skew derivations when the automor-
phisms are linear; in all the results of Section 2.3.1, we describe extended endomorphisms
and automorphisms of 3-dimensional skew polynomial algebras that are Ore extensions,
and summarized in Remark 2.3.25; also, we point out the differentially smoothness of the
most of 3-dimensional skew algebras in Section 2.3.2, as we do in Examples 1.3.35, 1.3.40,
1.3.43 and 1.3.46, and we close the Section 2.3.3 with a generalization of these ideas in our
Theorem 2.3.39. In Section 2.4, in Proposition 2.4.7, we correct a mistake that we found
in [Art15].

Throughout this document, we use the following notation:

K denotes a field of characteristic zero.

R denotes de the set of real numbers.

e A denotes a K-algebra.

D denotes a diffusion algebra.
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M represents a compact smooth manifold.
o denotes an algebra automorphism.
P is used to denote an auxiliary number in a brief argument.

M,,(C) denotes the algebra of matrix of size n x n with entries in the set of complex
numbers C.

tr(A) denotes the trace of a square matrix A.

sl(n,C) denotes the set of square matrix of size n x n with complex entries and trace
zero.

Homy (B, C) denotes the set of A-linear maps with domain B and codomain C.
Endg(.A) denotes the K-linear endomorphism of A.

0, denotes the inner skew derivation of an element a.

V denotes a connection of an algebra.

Q(A) denotes a differential calculus over an algebra A.

V(A) denotes the homogeneous components of graded j of a differential calculus
over A.

d denotes the differential of a differential calculus.

R[w; 0, 6] denotes an Ore extension of R.



CHAPTER 1

Algebraic calculus

1.1 Differential calculus

In this section, we consider different algebraic treatments of differential calculus over com-
mutative and non-commutative K-algebras. First in the commutative case, we give the
geometrical inspiration of these objects from the study of differential operators. In the
non-commutative case, we present different options of differential calculus such as the uni-
versal differential calculus, the Chevalley-Eilenberg differential calculus (also known as the
cochain complex of a Lie algebra) and the Brzezinski’s differential calculus, among others.
The most of this section was revised from [GMS05] and the geometrical interpretation for
commutative structures was consulted in [Nes03]. We start presenting a key notion into
all this document.

Definition 1.1.1. ([Brzl6b], p. 7) Let A be a K-algebra, © an A-bimodule and d : A — Q
a K-linear map. We say that (,d) is a first-order differential calculus on A, if:

1. For all a,b € A, d(ab) = ad(b) + d(a)b.

2. Q) satisfies the density condition denoted by € = Ad(A): For all w € Q, there exist
finite a;,b; € A such that w =), b;d(a;).

1.1.1 Commutative case

In this subsection, we show how the concept of derivation appears from the study of
differential operators over a commutative K-algebra, and how the A-module of derivations
can decompose the first order differential operators. We finish with the definition of the
universal differential calculus over a commutative algebra.

Let A be a commutative K—algebra (in [GMS05] the treatment is realized assuming K
a ring) and let P and @ be two A-modules. The K—module of K-module homomorphisms
Homg (P, @) can be endowed with two .A—modules structures in the following way:

(a9)(p) :=ag(p), (¢-a)(p) :=d(ap), ¢ €Homg(P,Q), acA peP (111)
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With this, we define for each a € A,

0gp:=adp—¢-a:P — Q.

We have that a¢ — ¢ - a € Homg (P, Q) because a¢ is a K-map, and for all py,ps € P and
all a € K we have that,

(¢ a)(p1 + ap2) = ¢(a(p1 + ap2)) = d(a(p1)) + ¢(aps2))
= ¢(a(p1)) + ¢(aaps)) = (¢ - a)(p1) + b - a)(p2),

which means that ¢ - a € Homg (P, @), and as Homg (P, @) is a K-module, we get that
ap — ¢ - a € Homg (P, Q).

Definition 1.1.2 ([GMS05], p. 24). An element A € Homg (P, Q) is called a Q—wvalued
differential operator of order s on P, if §,, 0 -+ 0 dq,A = 0, for any tuple of s + 1 ele-

ments ag, ..., as of A. The set of (Q—valued differential operators of order s on P is noted
Diff,(P, Q).

Example 1.1.3. If K = R, A = R[z], P = R[z] and Q = R[z,y], a R[z,y]—valued
differential operator of order 0 on R[z] is a A € Homg(R[z],R[z,y]) such that for all
f € R[z] = A, and for all g € Rlz] = P, it satisfies 67(A)(g9) = fA(g9) — A(fg) =0, ie.,
A(fg) = fA(g), i.e., A is an R[z]-linear map. Now, if A is a differential operator of order
2, then, for all f,g,p € R[z|, we obtain that,

0=209700400p(A)
= df0dg(pA—A-p)
=dr(9(pA—A-p) - (pA—-A-p)-g)
= 07(gpA — g(A-p) — (pPA) - g+ A (pg))
= f(gpA —g(A-p) — (pA) - g+ A (pg))
—(gpA —g(A-p)—(pA)-g+A-(pg)) - f
= fgpA — fg(A-p) — f(pA) - g+ fA - (pg)
—(gpA) - f+(g(A-p) - f+((pA)-9) - f — A (pgf).

Then, for all ¢ € R[], we get,
0=[fgpA — fg(A-p) — f(pA) - g+ fA-(pg)
—(gpA) - f+ (g(A-p))- [+ ((PA)-9)- f = A-(pgf)l(a)

= fgpA(q) — f9A(pq) — fpA(gq) + fA(pgq)
— gpA(fq) + gA(pfq) + pAlgfq) — Alpgfq). (1.1.2)

Reorganizing expression (1.1.2), we note that

0 = fgpA(q) — [f9A(pq) + fPA(g9q9) + gpA(fq)]
+ [fA(pgq) + gA(pfa) + pA(gfq)] — Alpgfa)

Remark 1.1.4. In general, the zero order differential operators satisfies,

6a(A)(p) = aA(p) — A(ap) =0, a€ A
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This means that A is an A—module homomorphism, i.e., Diffp(A,Q) = Homy(A, Q).
Then, if P = A, we can describe completely each A € Diffy(A, Q) with A(1) and obtain
an A—module isomorphism between @) and Diffy(.A, Q) such that we identify ¢ € @ with
A € Diffp(A, @) that A(1) = ¢g. Then, we can say that @@ =Diffy(A, Q).

As for any a,b € A, p € P and A € Homg (P, @),

0 © 0a(A)(p) = p(aA — A - a)(p)
= [b(aA — A-a) — (aA —A-a)-b|(p)
= baA(p) — b(A - a)(p) — [(ad) - b](p) + [(A - a) - b](p)
— baA(p) — bA(ap) — aA(bp) + Afabp),

(1.1.3)

we have that a first order differential operator A € Diff; (P, Q) satisfies the following
condition for all a,b € A and for all p € P:

baA(p) — bA(ap) — aA(bp) + A(abp) = 0,
and, if P = A with p = 1, we obtain:
0p 0 0a(A)(1) = baA(1l) — bA(a) — aA(b) + A(ab) =0, a,b€ A.

In this way, we have
A(ab) = bA(a) + aA(b) — baA(1).

Remark 1.1.5. We note in this work that, if in expression (1.1.2), we get that for all

A € Diffy (A, Q), with @ be an A-module, such that A(1) = 0, taking ¢ = 1, then, for all
f.9,p € A,

Alpgf) = f(Alpg) — 9A(p) — PA(9))
—9(pA(f) = A(pf)) +pA(9f)
= fop 0 dg(A)(1) — gop(A)(f) + pA(gf)-
Definition 1.1.6 ([GMS05], p. 25). A @Q—valued differential operator A of order 1 on A
is called a Q—wvalued derivation of A, if A(1) =0, i.e., if A(ab) = bA(a) + aA(b), for all
a,b e A. The set of Q—valued derivations of A is denoted by 9(A4, @), and if Q = A, then
o(A).

Example 1.1.7 ([Fre06], p. 77). If A = Klzy,...,2,], then d(A) = spang{0i,...,0n}
where 0; = B%i is the usual partial polynomial derivation by x;.

Remark 1.1.8. If A is commutative, in the Definition 1.1.1 d is an Q-valued derivation

of A.

The Proposition 1.1.10 is mentioned without proof in [GMS05]. In this work, we
present its proof and the Proposition 1.1.9 for completeness of the document.

Proposition 1.1.9. If A € Diff;(A, Q), then the assignment 3(p) := A(p) — pA(1l) € Q
defines a map B : A — Q such that 5 € (A, Q).
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Proof. We first check that § € Diff;(A, Q). § is K-linear because A and « are K-linear
maps. Also, for a,b € A we have that

00 © 5p(8) = 0a((bB) — (8- b)) = a((bB) — (B - b)) = [((bB) — (6 - b)) - a.

Then, for any p € A, we obtain

a0 8(B)(p) = a —(B-0))(p) = [((b8) — (8- b)) - al(p)
(p) = (B-0)(p)) — (bB)(ap) + (B - b)(ap)
= abB(p) — aB(bp) — bB(ap) + B(bap)

= ab[A(p) — pA(1)] — a[A(bp) — bpA(1)]

— b[A(ap) — apA(l)] [A(bap) — bapA(1)]
(1) — aA(bp) + abpA(1)

(1) + A(bap) — bapA(1)

where the eighth equation is given by the commutativity of A, and the last equation is
due to A is a Q-valued first order differential operator. Then g € Diff; (A, @), and as
B(1) = A(1) — 1A(1) = 0, we have that 8 € (A4, Q). O

Proposition 1.1.10. ([GMS05], p. 25) For any A-module Q, it satisfies that Diff1 (A, Q) =

Proof. If A € Diff;(A, @), for all a € A, we have that A(a) = aA(1) + [A(a) — aA(1)],
and then we can say, by the Proposition 1.1.9, that A = a + 8, where a € Diffy(A4, Q)
and § € 0(A,Q) such that for all a € A, a(a) = aA(1) and S(a) = A(a) — aA(1),
then Diff; (A, Q) C Diffp(A, Q) + (A, Q). Also, if a € Diffy(A, Q) = Homy(A, Q) and
B € 0(A, Q) such that a + 8 = 0, since 3(1) = 0, we have that «(1) = 0 and then o = 0.
Therefore 5 = 0. This proves that Diffy(A, Q) + 9(A, Q) is a direct sum. By the last,
if a € Diffp(A, Q) = Homy4(A, Q) and 8 € 2(A,Q), i.e., for all a,b € A, dp(a) = 0 and
dq 0 0p(B) = 0. Then, we obtain that

dq © (5},(@ + 5) =040 (55(0&) + g © (51)(5) = 0.
Hence a + 8 € Diff; (A, @), which proves that Diff; (A, Q) D Diffy(A, Q) ®o(A, Q). O]

Remark 1.1.11. If Q = A, we obtain that 9(.A) has a Lie algebra structure with the
commutator (Lie bracket) [A;A'] = Ao A’ — A’ o A, for all A;A" € d(A). Also, by the
Proposition 1.1.10, Diff; (A, Q) = Q ® (A, @), we have that Diff; (A) = A& d(A).

Now, we discuss a way to represent any differential operator on a module P of order s
with a differential operator of order 0 on the module of s-order jets of P (see Definition
1.1.12 below).

If P is an A-module, we can consider A and P as K-modules, and therefore to construct
A @k P. We define for each b € A the A—module homomorphisms 6° € End (A ®k P)
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on the simple tensors as 0°(a ® p) = (ba) ® p — a ® bp, and for a fix k € N, we consider the
A—submodule of A®k P generated by the elements 6% o- - -06% (a®p), for all by, ..., b € A,
all p € P and for all a € A; this submodule is denoted by p**1.

Definition 1.1.12 ([GMSO05], p. 26). The A—module J*(P) = (A ®x P)/u*+! is called
the k-jet module of P. The elements of J*(P) are denoted a ®;, p.

For instance, by the computation

§%08°(1@p) =04 bep—1Q bp)

(1.1.4)
=(ab)@p—-bRap—a®bp+1® (abp)

in J(P), then
(ab) @1 p+1®1 (abp) = b®1 (ap) + a @1 (bp).

If we consider the A—module structure o on J*(P) such that for b € A, be(a®yp) = a@bp,
we obtain the A—module morphism:

JE P — THP):p—1@p,

and by this, when we consider the natural A—module structure of J*(P), b(a ® p) =
(ba) ® p, we obtain that J*p, with p € P, generate J*(P) (if we consider the normal
A-module structure on J!(P), then J* is not an A-module map).

Now, we introduce the concept of connection on modules and rings. If P = A, we denote
by J* the s—order jet module J%(A). If s = 1, we can consider the morphisms (which in
real are monomorphisms, c.f. [GMSO05], p. 27):

it A>T iaa®rl, JV AT e 1@ a.
In this work, we present a proof of Proposition 1.1.13, which is only mentioned in [GMS05].

Proposition 1.1.13 ([GMS05], p. 27). J! =i(A)® O! where O C J* is the A—module
generated by the elements of form 1 ®1b—b®1 1, i.e., O = span 4((J! —i)(A)) .

Proof. To prove the direct sum, first, we see that a ®1b=a®1b—ab®@11+ab®;1 =
a[l®1b—b®1]+ab®1 = J'(ab) +i(a), for all simple tensor of a ® b € J*, proving that
J' =i(A) 4+ O'. Now, we have the following exact sequence,

00l 71 L) - o,
where the value of f on a simple tensor is f(a ®; b) := ab®; 1. This map is well defined
because
ab®11=ab®11—ba®ia+ab®;1

fla®1b) = flab@11) = f(b@1a) + f(1 @1 ab)

fla®1b) = flab®11—-b®1 a+1® ab).
Also, f is an A-linear map because the tensor product is linear in the first argument,
cf(a®1b) = clab®1 1) = cab®; 1 = f(ac ®1 b), for all ¢ € A, and we extend from
the simple tensor the definition of f to all J'. We have that this exact sequence splits

because if ¢’ : i(A) < A! is the inclusion map, then f o’ = id; 4y, whence we obtain that
Tt = i(A) @ O, and since J' = i(A) + O it follows J! =i(A) & O O
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The following argument and the Proposition 1.1.14 are presented in this work to fulling
the details of the proof of Corollary 1.1.15 presented in [GMS05].

If b € A, the assignment 6°(a®p), for all a®p € A® P, defines an A-module homomorphism
§® € Endy(A ® P). Also, with the A-module map J : P - A® P : p — 1®p, if
f € Hom4(A® P,Q), it satisfies

o (f o J)(p) =b(f o J)(p) — (f o J)(bp)
=bf(l®p)— f(1®bp)
= f(b@p—1 bp)
= (0’ (1®p))
= fod" 0 J(p),

and since f o 0° is again an A-module map, applying iteratively this argument we obtain,
for each f € Homy4(A ® P,Q), for all ag, ...,a; € A and for every p € P, that

dag © -+ 00q, (fod)(p)=fod%o---00% 0 J(p). (1.1.5)

Proposition 1.1.14. J* : P — J¥(P) : p — 1®1p is a J*(P) valued differential operator
on P of order k. Moreover, If f € Homy(J',Q), then f o J* € Diff(P, Q).

Proof. As J¥ = wo J, where 7 : A® P — J*(P) is the canonical A-module map, by
(1.1.5) we have that

5aoo"'05ak(fOJk)(p):5%0"'05%(-700770‘])(]))
= fopiod™o---08%o.J(p) =0,

since §% o --- 0% o J(p) = 6% o0 --- 0% (1 ®p) € uF*t! = Ker(n). O

Corollary 1.1.15 ([GMSO05], p. 27). If A € Diffy(P, Q) then there exists a unique A-
module map fa : J¥(P) — Q such that fa o JJ* = A.

Proof. We define fa : J'(P) — Q where a ® p — aA(p), and we extend linearly to
all element of J'. This is an A-module map, and by Proposition 1.1.14, we obtain that
A = fa o J* € Diffy(P,Q). If there is another ¢ € Hom4(J",q) such that A = go J*,
we obtain that for all p € P, f(1 ®; p) = g(1 ®1 p), and since J¥(P) is an A generator of
J¥*(P), we obtain that f = g. O

Remark 1.1.16. We have that the injective assignment A +— fa is an identification that
allows us to think that Diffy(P, Q) — Hom(J*(P),Q). Actually, we have the following
proposition that we present without proof.

Proposition 1.1.17. ([KVL86], p. 13) We have the A-module isomorphism Diff (P, Q) =
Hom(7*, Q).

Now, we can construct a differential on O! as follows: the map h! : 7 — O' : 1 ®; b —
1® b—b®;1is an A—module morphism, and considering the .A—module morphism
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d'=h'oJ': A= O :b— 1®;b—b®; 1, we obtain that for all a,b € A, we have the
following:

d'(ab) =1®1 ab—ab®; 1
=1®ab—ab®11+a®1b—a®1 b
=(a®1b—ab®1 1)+ (1®1ab—a®1b) (1.1.6)
=a(l1b—-b®@1 1)+ (1®a—a®11)b
= ad"(b) + d'(a)b.

With this Leibniz’s rule and with the fact that the elements of the form d'a, where a € A,
are generators of the A—module O!, these play the role of the one-forms of the ring .A.
The k—forms set is the exterior product of the A—module O! k times, OF = /\f:1 O! and
there exists for each k € N, an A—module morphism h* : J1(O¥~1) — OF such that when
we define d¥ = hF o J1 : OF—1 — OF it satisfies that d* o d*~! = 0, for all k € N. The pair
(A O.d) is a kind of a De Rham calculus! over the ring A, where A O = @), O and
d =@y d® (cf. [GMS05] p. 28).

The construction of O is very close to the construction of a relevant structure associated
to any algebra, called the universal differential calculus.

1.1.2 Differential geometric-algebraic dictionary

We summary the algebraic objects mentioned before with their respective geometrical
object. All of them were consulted in [Nes03], Chapter 9, from the theory of smooth
manifolds (see Table 1.1), and the undefined objects are clarified below of the table.

Algebraic object Geometric object
Commutative ring K R
Commutative K-algebra A C>(M)
Al ={h: A—=>K:h(l) =1} M
h, € | A zeM
T A .M
pu, = Ker(h) p ={f € C*(M) : f(2) = 0}
Ty A= pn/uj, TiM = s/
vy T3 A — Ty A surjective v, : T7*M — T, M isomorphism
If F: B— A, then |F|:|Al — |B|:h— hoF f: M — N smooth map
dh|F| 2ThA—>ThOFBZ€0—>€OF dzf:TZM%Tf(Z)N
THA) =KaT A TH(M) =R& p./p2 =R&TyM
o(A) X(M)
V :0(A) — Homg (0(A),0(A)) V:iX(M)xX(M)— X(M)

Table 1.1: Dictionary 1.

In the Algebraic objects, we clarify that:

' A de Rham Calculus is a cochain complex of modules such that the coboundary map satisfies a Leibniz’s
rule.
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1. |A| € Homg (A, K) called the K-spectrum (see [Nes03], p. 110). The reason to define
|A| such as the space of measures is because a state of a classic physical system is
determined by measurements ([Nes03], p. 22).

2. Th A ={e: A—->K:Vfg e Ae(fg) = h(f)e(g) +e(f)h(g)}, for h € |A| (see
[Nes03], p. 110). The reason to define

3. F: B — Ais a K-homomorphism (see [Nes03], p. 112).

In [Nes03], p. 110, it was established that the module of first order jets of a manifold M
is 7'M =J we J-M. We deduce that in the algebraic approach we obtain the first order
jet module.

JA= ] A= KeT;A
he|A| he|A|

On the other hand, in Section 1.1.1, we found the notion of jet module and J! = i(A)®O!
(see Proposition 1.1.13). Since 4 is a monomorphism, we say that J* = A @ O

Remark 1.1.18. We warn that in this remark, we are going to let free the creativity, and
give not rigorous innocent ideas. If we identify the two interpretations of the first order
jet modules, and let a distribution of the union with the sum, we get

AT A= < U K)@(U T;;A> = |JKoTrA= A0 0!

he|A| he|A| he|Al

One of the many problems of this idea is that in the case of A = C°°(M), in the identifica-
tion C*°(M) = J,cpr R, it has been forgotten the continuity of the elements of C*°(M),
but we want to recall the beauty of this idea, because again with a little bit of inno-
cence, we could identify 7% A with the module O'. This is (maybe) an example of the
incompatibility between different algebraic generalizations of the well known manifolds
geometry.

Remark 1.1.19. We point out that in the previous idea of Remark 1.1.18 the continuity
or smoothness of the elements of A = C°°(M) (really, only in the treatment of [GMS05],
see [Nes03], Chapter 4), and this could be a main problem in the splice of the proposals.
The smoothness of M in yields the continuity or differentiability of the elements A and it
is well known that the smoothness of M can be recovered from the algebra C*°(M), such
as is treated in [Nes03], Chapther 7. This justify our interest in the different notions of
smoothness of more generic algebras. In Section 1.3, we list some different definitions of
smoothness of algebras and in particular, in Section 1.3.2, we study the Brzezinski’s notion
of differentially smoothness which is based on the ideas of Connes [Con85] and Dubois et
al [DVKMO0].

1.1.3 Universal differential calculus

Consider Ker(u), where p: A ®g A — A is the multiplication K-map, u(a ® b) = ab, and
let d: A — Ker(u), the K-map defined by d(b) =1®b—-0b®1, for all b € A.
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Remark 1.1.20. If we consider the right and left actions of A over A ®k A given by
z(a®b)y = (za) @ (by), for all a,b,z,y € A,

we obtain that,

1. p is an A-bimodule homomorphism.
2. For all a,b € A, d(ab) = ad(b) + d(a)b.
3. I is is left-generated by d(A), i.e., Ker(u) = Ad(A).

With this, we can define the following.

Definition 1.1.21 ([Bou89], p. 567). The first differential calculus on A, (Q'(A),d),
where Q'(A) = Ker(y) and d(b) = 1®@b—b® 1, for all b € A, it is called the universal
differential calculus of A.

For a non-commutative K-algebra A, the universal differential algebra (Q'(A),d) is
defined such as in the commutative case of Definition 1.1.24. Since d(ab) = ad(b) + (da)b,
for all a,b € A, with a = b =1, we obtain d(1) = 0.

Proposition 1.1.22. ([Lan97], p. 106; [DV88], p. 405) Let P be an A-bimodule. Any
P-valued derivation A of A can be expressed as A = f2 od where f2 : QY(A) — P is an
A-bimodule homomorphism.

Remark 1.1.23. This structure is very useful to characterize the derivations of a non
commutative algebra A, but this cannot be consider as the generalization of the universal
forms of the commutative case because for a,b € A, we have dadb=1® ab—a®@b—-b®
a+ab®1land dbda =1®ba—b®a—a®b+ba® 1. Therefore dadb # —dbda, which it
is true in the commutative case.

Definition 1.1.24 ([GMSO05], p. 56). A graded algebra Q* = @, QF, where Q0 = A, it
is said to be a differential calculus over A, if it is a cochain complex of K—modules

0K—oASat S ok %

for a co-boundary operator ¢ such that for all a, § € , it satisfies that d(af) = d(a)B +
(—1)de(@q§(B) (Leibniz’s rule). It is also known as the de Rham complex of the differ-
ential graded algebra (Q*,9).

Following [Kar87], Sections 1.3 and 1.24, we construct the extension Q*(A) of Q!(A)
considering the direct sum of A-tensor products of Q'(A), ie., Q*(A) = @yey 2F(A),
where,

k
OF(A) = Q1 (A) @4 QY (A) @4 - 24 QN (A) = Q) Q' (A),
i=1

for k > 0 and Q°(A) = A. For an element of Q*(A), we omit the symbol ® and we say
that Q*(A) consists of the elements of the form

agda1 s -dak, a; € .A, k € N.



CHAPTER 1. ALGEBRAIC CALCULUS 10

As we have for all a1,by € A that (dai)by = d(a1by) — a1dby, then we obtain that for all
ap,a1,bg, by € A, it satisfies that (aodal)(bodbl) = aod(albo)dbl — apai1dbodby. Also, we
can extend d for all Q*(.A) defining

d(aoda1 ce dak) = daoda1 s dak.

The pair (2*(A),d) (which can be seen also as a complex QF(A) LN QFF1(A) because
with the extended structure and d(1) = 0, we obtain that d> = 0) is called the universal
differential graded calculus of A, and this structure has also a universal property as follows.

Proposition 1.1.25 ([DVS88], p. 405). Let o : A — Q" be an algebra homomorphism,
where Q' = @ Q"™ is a differential graduate algebra. Then, there exists a unique homo-
morphism of differential graduate algebras ¢ : Q(A) — Q' such that @] = @o.

Remark 1.1.26 ([DV88], p. 405). We can construct a notion of Lie derivative over
the universal calculus as follows. If § € 0.4, the unique homomorphism of bimodules
is : QY(A) = A = Q°(A), such that § = is o d (see Proposition 1.1.22), it is extended
to an antiderivative of Q(A)2, is : Q*(A) — Q*7L(A), ie., is : QL (A) — QF(A). The
Lie derivative for each ¢ € 0.A is defined as Ls = i5 0 d + d o i5. We obtain that, for any
01,09 € 0A, the following relations:

151 O i52 —|— i52 [0} igl = 0, L51 [0} i52 — i52 o L51 = 7:[51752}, L51 [0} L52 — L51 o L52 = L[51752].

These relations coincide with the behavior of interior product between a form and a vector
space ([Mor98], p.72), and the Cartan formula for the Lie derivative in manifolds theory
([Mor98], p. 74 and 75).

Universal property of Proposition 1.1.25 is also useful to construct 2p(.A) in Section
1.1.5, which in the case of A = M,,(C), it is an example of a differential calculus that is
integrable in Section 1.3.2.

1.1.4 Chevalley-Eilenberg differential calculus

In this subsection, we present the Chevalley-Eilenberg differential calculus and show how
it comes from the manifolds geometry. We finish with the definition of the action of the
modules of derivations over the Chevalley-Eilenberg differential calculus.

There is a canonical way to construct a differential calculus over an algebra, which
comes to manifolds geometry as follows (c.f. [GMS05] p. 55). Let g be a Lie algebra over
K such that a K—module P is a g—module, i.e., g acts on P on the left by endomorphism
gxP — P: (g,p) — ep, where for ,&" € g, we denote [e, &']p = (e0e’—&’oe)p. With this, we
can form the g—modules of P—valued k-cochains on the Lie algebra g denoted by C*|[g; P],
which is the set of K-k-multilinear skew-symmetric maps c* : (g x --- x g) — P. If we
define C°[g; P] = P, we obtain the cochain complex Chevalley-Eilenberg with coefficients
in P:

0= P g s kg P

2A K-linear map such that d(ab) = d(a)b+ (—1)4°&@ad(b), for all a,b € B is called an antiderivative
of a graded algebra B (see [Bou89], p. 552).
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We define the Chevalley-Eilenberg co-boundary operators for each k € N, 6% : C*[g; P] —
C*+1[g; P] as follows:

k

SFcF (0, .y er) = Z(—l)isick(eo, N Z (=1) Ik ([4,€5],€0, s Eiy ooy Ej s €8

i=0 i<j<k

With this definition, we can show that a K—algebra A has associated a differential
calculus. As we mentioned before, the A—module 0.A is a Lie K-algebra, and therefore we
obtain the Chevalley-Eilenberg complex over A:

0K AL C*[0A; A,

where the injection of K in A is given by the assignment k — k-1. The Chevalley-Eilenberg
co-boundary d* : C*[0.A, A] — C*1[0.A, A], in this case, works as follows:

o If a € Aand u € A, then da(u) = Z?ZO(—I)iui(a) = u(a).
o If p € C'[0A, Al and ug, u; € d.A, we obtain that

dp(uo, ur) = (=1)%uo(d(ur) + (—1) ur(d(uo) + (—1)"F ([uo, u1])
= ug(p(u1)) — w1 (d(uo)) — ¢([uo, u1]),

and so C°0A, A] = A and C[0A4, A] = Homy(dA, A). As we can show that d(1
(because if u € 9.4 we have that u(l) = u(1-1) = u(1) + u(1l), therefore u(1) =
d(1)(u) = u(1) = 0), then d is a C1[p.A, A]—derivation of A.

We can consider C*[0.A, A] with a structure of a graded .A—algebra with the following
product: If ¢ € C"[0(A), A] and ¢’ € C*[0(A), A], we define

)
0a d

AN G (Ury oy Uprs) = Z sgn’l Tzfsl T DUy s oony i, ) (U oy 15,

i1 <o s J1 < <Y

where sgn is the sign of the permutation. With this product we obtain that,

e dlpN¢) = d(¢) N¢ + (—1)%8@ ¢ A d(¢'). This relation makes the structure
(C*pA, A],d) a differential graded K-algebra.

o pNQ = (—1)dea(@)des(@) g/ A ¢, This relation makes (C*[0.A, A], d) a graded commu-
tative algebra.

Definition 1.1.27 ([GMSO05], p. 58). The structure (C*[0.A, A],d) is called the Chevalley-
Eilenberg differential calculus over a K-algebra A.

The minimal Chevalley-Eilenberg differential calculus over a A is the subcomplex O* A of
A—submodules generated by the monomials agda; A - - - A dag with a; € A.

O—>K—>A$O*A.
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Example 1.1.28 ([Mor98], p. 71). Let M be a C*° manifold and let A = C*°(M) be
the algebra of continuous functions f : M — K. Then, the Chevalley-Eilenberg complex
of A and 9(A) = X(M) is the de Rham complex of M, where § = (k + 1)d is the exterior
differentiation defined, as follows:

k
dw(Xo, ..., Xi) = Z(—l)iXi(w(Xo, oy Xy s X£))

=0
+ Z (_1)Z+j¢k([szX]]7X07 "'75(\1'7 7X]7X/€>7
1<j<k

where w € CF0A, A] = QF(M) is a k-form on M and X, ..., X3 € 0A.

If Ais a graded commutative K-algebra ([GMS05], p. 352), we obtain that 2.4 is a Lie
superalgebra with a superbracket operation; the jet modules are defined in a similar way
as we show before, but using the graded of the elements to define the /s operators, and
the inclusion O*[p.A] C C*[0.A, A] is a bigraded differential algebra, where the coboundary
operator is defined as follows:

dp(u,u') = —u'(u(9)) + (=) u(u/(¢)) + [u', u)(¢).

In Definition 1.1.35, if we choose Q@ = A, we can, as in the commutative case, build the
Chevelley-Eilenberg complex O*[0.A, A], where the co-boundary operator d and the wedge
product A are defined in the same way. Also, we obtain that O'[0.A, A] = Homy ) (0.A, A).

Remark 1.1.29. In this case, we obtain that this algebra is not commutative graded:
if uw € 04 and a,b € A, we have that (a A db)(u) = adb(u) = au(b) and [(db) A a](u) =
(db)(u)a = u(b)a; as A is non-commutative we do not have that au(b) = u(b)a. Therefore,
we cannot ensure that a A db = (—1)1[(db) A a] in general (but if a € Z(A), we obtain
that adb = (db)a).

Remark 1.1.30. For the Chevalley-Eilenberg differential calculus, we can define an anal-
ogous of a Lie derivative as follows. For &,u1,...,ux_1 € 0.4 and ¢ € C*[d.A, A],

iﬁ(d))(ula S uk—l) = ¢(’LL, ULy eeey uk—l)'

The function is : C¥[p.A, A] — C* [d.A, A] is denoted in the literature by (d]), and for
¢ € C*[0A], is(¢) is called the interior product of ¢ by § ([Mor98], p. 73). Then the Lie

derivative is expressed as,

Lu(¢) = d(u]) + u]d(¢).

Remark 1.1.31. We note that, apparently, this construction of L works only if A is a
graded algebra (c.f. [GMS05], p. 357).

With this notion of Chevalley-Eilenberg differential calculus, we can obtain some in-
teresting differential calculus structures, as we will see in the next section.
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1.1.5 Differential calculi associated to Q(.A)

We present some differential calculus structures that arise when we compare the universal
calculus and the Chevalley-Eilenberg calculus over an algebra A. This is found in [DV88],
p- 406.

Considering the universal calculus over A4, Q(.A), we define the following objects that
are graded subalgebras of Q(A) (see Remark 1.1.26 to the definition of i5 and L).

1. Qp(A) ={z € QA) :is(x) =0, for all § € DA} is the set of horizontal elements of
Q(A). This is a submodule of Q(A), because Q% (A) = A.

2. Qr(A) ={z € Q(A) : Ls(xz) = 0, for all 6 € d0.A} is the set of invariant elements of
Q(A). This is a graded differential subalgebra of 2(.A).

3. Qp(A) = Qu(A) N Q(A) is the set of basic elements of Q(A). This is a graded
differential subalgebra of €;(.A), and therefore of Q(A).

By the universal property of (A) (see Proposition 1.1.25), since both complex sat-
isfy Q°(A) = A = C°[dA, A], the identity map is extended to a unique homomorphism
of graded differential algebras ¢ : Q(A) — C*[0A, A]l. In general, this map is not ei-
ther injective or surjective. Imep := Qp is the smallest graded differential subalgebra
of C*[0.A, A] which contains A; Q}(A) is A-generated by the elements apdpay - - dpay,
where dp denotes the boundary operator of C*[0.A, AJ.

Remark 1.1.32. In terms of the previous section, Qp(.A) is the same minimal Chevalley-
Eilenberg differential calculus O*A, and if A = C*(M) is the algebra of continuous
functions of a smooth manifold M, this complex is the classical de Rham differential
calculus of M (see Example 1.1.28).

It is satisfied that for any § € 0.4, we have that i5 0 ¢ = ¢ o ig, where is is defined in
Remark 1.1.30 and 5 is as in Remark 1.1.26. In this way, we obtain that Qp(A) is stable
under all i5. Also, we get that if is(a) = 0, for all § € 0.4, then o = 0.

Example 1.1.33 ([DV88], p. 406). If A = M, (C), since d.A = sl(n,C)? (in this work,
we give a explanation of this fact in Example 1.1.37 and Remark 1.1.38), we obtain that
o' Q(A) — Clsl(n,C), M, (C)] is injective, and since

dimc (Q1(M,(C))) = n*(n* — 1) = dime(C*[sl(n, C), M,,(C)]), (1.1.7)

then Q(A) = C![sl(n,C), M, (C)]. Therefore, the minimal Chevalley-Eilenberg differential
calculus Qp(A) and the Chevalley-Eilenberg differential calculus C*[sl(n,C), M,,(C)] are
the same.

Remark 1.1.34. In [DVKM90], it was presented a deep development of the noncommu-
tative differential geometry of the algebra M, (C) using as a principal tool the differential
calculus Qp(M,(C)). It was established a set of generators of Qp(M,(C)) that are ele-
ments of O (M, (C)). In particular, these elements are identified with the basis {6} of

3sl(n, C) = {C € M, (C) : t(C) = 0}.
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dA* = sl(n,C)* (which is identified with 1 ® si(n,C)* in QL (A)) of dual elements of the
basis {ad(iEx)} of 9.4 = sl(n,C) (see Example 1.1.37 below), where we consider the her-
mitian traceless basis (this means that it is a basis of si(n,C) over C, and over R generate
all the hermitian traceless matrices, i.e., the elements A € M, (C) A = A and tr(A) = 0))
of sl(n,C) {Ey : k=1,...,n? — 1}, where E} is an element of

{Erj‘f‘Ejr:T?éj}U{iErj _iEjr:T7éj}U{Err_Enn:T: 17---777'_1}7

where the set {E;;} is te canonical basis of M, (C). With this basis, we have that for all

1<k, t,m <n?—1, there exists sy, OFy € C such that s7} = sj and O} = —CJ}, and,
. 1
EvEy = grid + (siy — Cip) B, where, git = gik = Etr(EkEt). (1.1.8)

Using the inverse of the matrix § = (gg;), it was constructed a star isomorphism * :
Qp(M,(C)) = Qp(M,(C)), that allows us to define a structure of graded finite dimen-
sional complex Hilbert space, a dual operator of d denoted §, and therefore a Laplacian
operator as in the manifolds theory, that is, A = dd+dd (but in this case *(xa) = (—1)”27’(1,
if @ € QL (M,(C))*). With this, it was constructed a Hodge theory of M,(C) (see
[DVKMO90], p. 319).

Considering the space of harmonic elements KerA (see [Mor98], p. 155), we have that the
map

n:KerA — Hp(M,(C)) : a — [a],

is an isomorphism of graded vector spaces, where Hp (M, (C)) is the cohomology® complex
of Qp(A). KerA is also the set of elements invariant of the subalgebra 1 ® Asl(n,C)*,
which as we say before, it is the wedge generation of the dual basis of 0.4 (see [DVKM90],
p. 319).

Also, it is characterized some connections (see [Con85], p. 326), i.e., V: M — M &, (¢
Q5 (M,(C)), is a linear map, where M is a right M,,(C)-module, and V(¢A) = (V) A +
pRdA, for all € M and all A € M,,(C). This characterization is do it when there exists
a Hermitian form h : M x M — M, (C) such that (M, h) is a Hermitian structure with
M being a free Hermitian module of rank one generated by a gauge element, and with
this, it is described the behavior of any gauge invariant connection V, from the shape of a
particular Hermitian connection V%, As in [Con85], p. 327 it is extended connections to
all the structure M @y, ) 2p(M,(C)), and with this the notion of curvature is discused,
showing that a Hermitian connection V over the simplest Hermitian module M with
vanishing curvature V2 = 0, must be a gauge connection or must be V = V.

1.1.6 Skew derivations

In this section, we present the general notion of skew derivation and a universal property
of the universal differential calculus over these skew derivations.

“In Hodge theory over a manifold M, if w € QP(M), then (xw) = (=1)" PPy (see [Mor98], p. 151).
SHY(M,(C)) = Kerd"** /Imd*.
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Definition 1.1.35 ([GMS05], p. 493). Given @ an A-bimodule, the set (A, Q) of Q-
valued derivations of A, is the set of K-module homomorphisms A € Homy (A, @) such
that

A(ab) = A(a)b+ aA(b), a,be A.

If A edAQ)and c € Z(A) = {a € A: ab = ba for all b € A}, then we have that
cA € (A, Q), and therefore, 9(A, Q) has a Z(A)-bimodule structure.

Definition 1.1.36. If 6 : 4 — A is an A-valued derivation of A or simply, a derivation
of A, we say that 0 is a inner derivation of A, if there exists a € A such that for all b € A,
0(b) = 04(b) := ab — ba.

The following example was mentioned in [DV88], p. 406, without proof and in this
work we present a detailed treatment of it.

Example 1.1.37. If we consider C and A = Q = M,,(C), we get that any derivation of
A is an inner derivation.

If § is a derivation of A, since M, (C) = CI @ sl(n,C), where si(n,C) = {A € M,(C) :
tr(A) =0}, and 0(1) = 6(I1) = 6(I)I +i0(I) = 2§(I), we get that §(I) = 0. Therefore, §
is completely determined by the restriction d|g,c) := 0’

We also have that ¢’ is an endomorphism of si(n,C): for any pair A, B € M, (C),
tr(6'([A, B])) = tr(6'(AB — BA)) = tr(§'(A)B + AS'(B) — 0'(B)A — B§'(A)) =0,

where the last equation is due to tr(CD) = tr(DC), for any C,D € M,(C). Now,
considering the canonical basis {F;; € M,(C) : 1 < 4,5 < n}, we have that the set
B = {Eij}1<izj<n U {E11 — Eji}a<i<n is a basis of si(n,C). Since for any E,,, and E,,
EpmErs =0if m #r, and B, Ers = Epg if m = r, we get that

Epp—FE,, ifm=rands=p

) —Em ifm#rands=p
[Epm, Ers) = Eps if m=rands#p
0 if m #rand s # p.

Therefore, any element of B is a bracket, and then tr(6'(B)) = {0}, which implies that
8’ (sl(n,C)) C sl(n,C).

From the Lie algebras theory, we have that all the derivations of a semisimple® Lie algebra
are inner (see [Jam72|, p 23), and since sl(n,C) is a semisimple Lie algebra, we get that
0’ is inner. In consequence, § is inner too, as we desired.

Remark 1.1.38. In Lie algebras theory, the inner derivation §, for a an element of a Lie
algebra A is called the adjoint of a, and it is denoted by ad, : A — A : b+ [a,b], where
[-, -] denotes the bracket of A. In fact, if dimg(A) = n, the map ad : A — Der(A) C M, (K)
is called the adjoint representation which is a main object of the study of Lie algebras. In
this case, the set of inner derivations is Im(ad), and if A is a semisimple Lie algebra, we
get that not only ad is onto Der(.A) but it is an isomorphism of lie algebras (c.f. [Jam72]).

SA Lie algebra is called semisimple, if the radical of the algebra, i.e. the maximal soluble ideal, it is the
zero ideal (see [Jam72], p.11).
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In the case of P = A, we can define a more general object than the ()-valued derivations
of A as follows.

Definition 1.1.39 ([Brz16b], p. 4). Let 0 : A — A be a ring automorphism, P an
A-bimodule and A € Homy (A, P). We say that A is a right o-skew derivation, if for all
a,be A, A(ab) = A(a)o(b) + aA(b).

Example 1.1.40 ([Art15], p.2). Let o be a ring automorphism of A and a € A. The
assignment ad,(a)(r) := ax — o(x)a defines a right o-skew derivation ady(a) : A — A.
Let r, s € A, then

[(adsa)(r)]s + o(r)(adsa)(s) = [ar — o(r)a]ls + o(r)(as — o(s)a)
=ars—o(r)as +o(r)as — o(r)o(s)a)
=ars—o(r)o(s)a
= (adya)(rs).

As ad,a is linear and satisfies the o-Leibniz’s rule, adsa is a left o-skew derivation of A.

Remark 1.1.41. The right o-skew derivations ad,(a).A — A are called inner skew deriva-
tions (see [AB18], p. 4).

The following two examples are mentioned in [AB18]. Nevertheless, in this work we
present their proof for completeness of the document.

Example 1.1.42. Let A = K[h] and let ¢ € K such that ¢ is not a n-root of unity, for
a fixed n € N. We define the Jackson’s derivative or the g-derivative Jyn of a polynomial

f(h) € Aas

_ fld"h) — f(h)
(" —1Dh

if n > 1, and as the usual polynomial derivation, if n = 0. If we consider the automorphism
©" : Klh] — K[h] : g(h) — g(q"h), we obtain that the Jackson’s derivative is a right -
skew derivation. The proof of the K-linearity is short. If f(h),g(h) € K[h], we obtain
that

n q"h) — f(h n

Fir (et + 7)== gy 1 e

_ f(g"h)g(q"h) — f(h)g(h)
(¢" = Dh

= (f(h)g(h))gn(h).

Example 1.1.43. If 0 : K[h] — K[A] is a right ¢"-skew derivation of K[h] (¢™ defined as
in Example 1.1.42), then we obtain that 0 = a(h).Jy»: We prove this fact for the K[h]-basis
{h¥ : k € N}, and then the assumption will be hold for all f(h) € K[h] by the K-linearity
of Jyn. We claim that for all positive k£ € N,

g(q"h) —g(h)
(¢" = 1)h

k—1

o) = |ty - 1o(m),

1=0
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By induction, since the case k = 1 is immediate, we suppose the assumption holds for k.
Then

O(WMHY) = a(hM)e™ (h) + hFa(h)

k-1
= [y | o+ o)

Li—

—_ O

k—

= [y ko) + o)

-ZzO |
- ZW] Wha(h),

Li=0
which proves the assumption. Since

k nyk+1 _ ( nh)k+1 _ pkHl
[;(q ) ] ¢ — 1 (q" = 1)h ),

it follows that (h*) = Jyn (h¥)a(h), with a(h) = 9(h).

In the realization of this work, we tried to generalize Proposition 1.1.22 (following
faithfully the proof of this in [Lan97]) to the right o-skew derivations. With this in mind,
we consider the following: as P is an A-bimodule and ¢ : A — A is a ring homomorphism
(isomorphism), we can consider P with the left-A structure x defined as p x f = po(f),
for all p e P and f € A. We denote P? the A-bimodule constructed from take P with its
original right-A4 operation and the left-A . We obtain the following result.

Proposition 1.1.44. Let P be an A-bimodule. Every right o-skew derivation A : A — P
can be decomposed as A = p® od, where p™ : QY(A) — P is an A-module homomorphism.

Proof. We have that the map idp : P — PJ : p > p is a right A-module isomorphism.
Then, if A : A — P is a right o-skew derivation we have that A =idpo A: A — P? is a
P?-valued derivation of A:

A(ab) = idp(A(ab))

idp(A(a)o(b) + aA(b))
A(a) * b+ aA(b).

Therefore, by Proposition 1.1.22, there exists an A—bim(lclule homomorphism pZ :QA) —
P? such that A = p® od, and then A = (id%.)~! o p® o d, where idgy : Q = QY 1 q
q is a right A isomorphism, and p® = (id%.)"!' o P2 Q(A) — P is an A-bimodule
homomorphism. O

1.2 Integral calculus

In this section, we study the Brzezinski’s construction of a differential and integral calculus
over a K- algebra A from a hom-connection, which is an algebraic connection constructed
with twisted multi-derivations of a A.
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1.2.1 Hom-connections

In [Brz08] the hom-connection is motivated as a second part, through the functor Hom
(which is right-adjoint of the tensor product), of a connection (see [Con85], p. 326), which
is a linear map such that V : M — M ® Q'(A), where Q(A) is a differential calculus,
M is an left A-module and V satisfy the condition V(am) = da ® 4 m + aV(m), for all
a € A and all m € M. This non-commutative algebraic definition of connection is a
replace of definitions of of commutative connections that appears in differential geometry
in terms of global sections of vector bundles over a smooth manifold. In [Brz08] the
pairing between connections and hom-connections was established in some cases when M
is a (A, A")-bimodule or a comodule.

Our interest in hom-connections is due to a definition of first order integral calculus
introduced in [Brz16b], where the cokernel of the hom-connection is the space of integrals
of A. These are algebraic objects defined in [Brz16b] as a dual algebraic notion of right
connections on supermanifolds.

Definition 1.2.1 ([BKL10], p. 284). Let M be a right A-module and (2(.A), d) a differ-
ential N—graded algebra with Q°(A) = A.

1. We say that (M, V) is a right hom-connection, if V : Hom4(Q'(A), M) — M is a
K-linear map such that, for all f € Hom4(Q'(A), M) and a € A,

V(fa) = V(f)a+ f(da).

2. We define for n > 0, V,, : Hom4(Q" "1 (A), M) — Homy(Q"(A), M) : f — V,(f)
such that, for all w € Q"(A), V,(f)(w) = V(fw) + (=1)""! f(dw). Considering
n = 1, we define the curvature of (M, V) as the map V o V; and say that (M, V) is
a flat hom-connection, if Vo V1 = 0.

3. If (M, V) is a flat connection, we define the complex (D,,~, Hom4(Q"(A), M), V).
The homology of this complex when M = A is called a complez of integral forms on
A, denoted H,(A, A, V), and the canonical map A : A — coker(V) = Hy(A, A, V)
is called a V-integral on A. Calling ZpA := Hom4(QFA, A), we denote this complex
of integral forms as (Z.A, V).

We say some words about the previous definition.

e The right A-module structure of Hom 4(2!(A), M) is given by (fa)(w) := f(aw), for
each map f € Homy(Q!(A), M) and a € A.

e The right Q(A)-module structure of P,,-, Hom 4(2"(A), M), with the action
fww) = flww'),
for w € Q"(A), f € Hom4(Q"T™(A), M) and w’ € Q" (A).

e The following detail was completed in this work. If we want to see that the chain

of homomorphisms is a complex, we have to verify that V,, o V,,;1 = 0. Let us see.
Vo @ Homy Q"1 (A), M) — Homy (Q7(A), M) and V,1 : Homy(Q"2(A), M) —
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Hom 4 (Q"T1(A), M).
If g € Hom4(Q"2(A), M), then V,11(g) € Hom 4(Q"1(A), M) and therefore
Vin(Vnt1(g)) € Homa(Q"(A), M).

Let w € Q*(A). Then V,11(g)w € Hom4(Q2(A), M) and dw € Q"2(A), whence,

Va(Vi1(9)) (@) = V(Vas1(g)w) + (=1)" Vip1 (9) (dw)
= V(Var1(g)w) + (=1)"(V(gdw) + (~1)"g(ddw))
= V(Var1(g)w) + (~1)"'V(gdw)
= V(Var1(g)w + (=1)""g(dw))

Hence, V,11(g9)w + (=1)""1g(dw) € Homy(QH(A), M). If a € Q(A), we obtain
that,
[Var1(g)w + (=1)" " g(dw)](a)
= [Vas1(g)wl(@) + [(=1)" g (dw))(e)
= Var1(g)(wa) + (=1)"g((dw)a)

)
= V(gwa) + (=1)"g(d(wa)) + (=1)"*g((dw)a)
= V(gwa) + (=1)"g(d(w)a + (=1)"wda) + (=1)" g((dw)a)
= V(gwa) + (=1)"g(d(w)a) + g(wda) + (1) g((dw)a)
= V(gwa) + g(wda)
= Vi(gw)(a),

and 50 [Vy41(g)w + (—=1)"Tg(dw)] = Vi(gw). In this way,
Va(Vi1(9)) (@) = V(Vasi(g)w + (—1)"g(dw)) = V(Vi(gw)) = (V 0 V1)(gw).

If (M,V) is a flat connection, then V,, o V,,;1 = 0, for all n > 0, (where Vo = V)
and we obtain the complex :

- —— Homy (Q3(A), M) —~ Hom 4(Q2(A), M) —~ Hom 4(Q(A), M) ——M

Remark 1.2.2. In the literature, we found the following important facts.

e In [BKL10], Theorem 2.2, a right .A-module M has a right hom-connection with
respect to the universal differential graded algebra if and only if M is A-injective.

e In [BKL10], Corollary 2.3, it was shown that for an injective and finitely cogenerated
A-module M, there exists a right hom-connection (this for any differential graded
algebra).

e In [BKL10], Proposition 2.4, it was proved that a direct sum of .A-modules, such
that each adding up has a right hom-connection, both respect to the same arbitrary
differential graded algebra, has a right hom-connection.
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Remark 1.2.3. We formulate the following questions about hom-connections.

1. In the proof of Theorem 2.2 of [BKL10], it was used the following fact that is not
clear for us: if M is a right A-injective module then Homg (A, M) is injective.

2. Is there some relation between the different hom-connections that we can associate
to an A-module M?

Now, with this notion of hom-connection, we can define a notion of integral calculus
as follows.

Definition 1.2.4 ([Brz16b], p. 9). Let (2,d) be a first order differential calculus. The
pair (V,A) is called a first-order integral calculus on A, where:

1. V:Homy (92, A) — A is a hom-connection.

2. A: A — coker(V) : a— a, where coker(V) = A/Img(V).

In the next section, we present a way of constructing a hom-connection over an affine
algebra using a matrix notion of a skew derivation.

1.2.2 Brzezinski’s calculus

In [BKL10], we found a way to obtain a first order differential and integral calculus of an
algebra A as follows.

Definition 1.2.5 ([BKL10], p. 287). If 0 : A — M, (A) is an algebra homomorphism and
0: A— A™is a K-linear map, we say that the pair (0, o) is a right twisted multi-derivation,
if for all a,b € A,

d(ab) = 9(a)o(b) + ad(b). (1.2.1)
If we denote d(a) = (01(a),...,0n(a)) and o(b) = (04j())ij<n, Where o;; € Endg(A) we

write

o11(b) -+ o1n(b)
(01(ab), ..., 0p(ab)) = (01(a), ..., On(a)) : : + a(01(b), ..., O (b))
on1(b) -+ opn(b)

Then, we have that the expression (1.2.1) is equivalent to say that, for all 1 < i < n, we
have:

di(ab) = { > 8r(a)0m-(b)} + ad;(b). (1.2.2)
r=1

If we begin with (0,0) a right-multi derivation on A, and show that there exists & €
M,,(End(A)) such that the matrix product between o and @ satisfies 06 = o = I (where
o is also seen as an element of M,,(End(A)), having that the composition is the product in
End(A) and I = (6;;) is the identity in M, (End(A))), from Lemma 3.2 it follows that from
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a freely left A-module Aw; @ --- @ Aw;, we have that for the canonical o right structure,
the same left base {w1,...,w;} is a right base with the right action defined by

wia = ZUz‘j(a)Wj- (1.2.3)
j=1

Remark 1.2.6. By [BKL10|, Proposition 3.3, the existence of @ can be ensured when
o € M,(A) is an upper-triangular matrix with non zero diagonal components, if we show
that the diagonal entries oy; are invertible, for all 1 <1¢ < n.

011 012 -+ Olin

0 o2 -+ oo
o =

: 0 .. :

0 - 0 o

If w1 = (1,0,0,...,0), we = (0,1,0,...,0), and so on, we can define w;, for i < n. The
A-bimodule A" = Aw; @ --- @ Aw; will be our first order differential calculus Q'(A),
defining

d:A— QY A):aw d(a) = Zn:ai(a)wi. (1.2.4)
i=1

Since all of these ideas were developed in Brzezinski’s works, in this work we called with
his surname the differential calculus constructed before.

Definition 1.2.7. When the structure (A", d) constructed above is a first order differential
calculus (A", d), i.e., when it satisfies the density condition of Definition 1.1.1, it is called
the Brzezinski’s differential calculus of (9, 0).

The following proposition is very important to our work, because this provides a way to
construct, from a Brzezinski’s differential calculus, an integral calculus on a noncommu-
tative algebra A.

Proposition 1.2.8. ([BKL10], p. 290) Let (0, o) be a right multiderivation on A such that
there exist @,0 : A — My (A) which satisfies o’ =1, o' =1,06. =1 ando' 5 =1. If
(QA),d) is the Brzezinski’s differential calculus of (0,0) and €; : Q(A) — A are the right
A-module maps defined by €;(w;) = 5, fori,j = 1,2,...,n, then there exists a unique
hom-connection V : Hom 4(Q(A), A) — A such that V(g;) =0, for alli =1, ...,n.

Before presenting the proof of the Proposition 1.2.8, in this work we found relevant fulling
some details that we present in the following two lemmas under the same assumptions.

Lemma 1.2.9. ([BKL10], p. 288) For each a € A and all i = 1,2,...,n, then aw; =
Yo wiori(a).

T

Proof. By (1.2.3), we know that w;gj;(a) = >, 01x(d1i(a))wy. As by assumption 0”7 =1,

we have that ), oy, 00 = dy, for all k,7 = 1,...,n. Therefore,

> wiii(a) =Y ow@u(a)wr = [Ealk(("li(a))]wk = drila)w = aw;. (1.2.5)
z Lk kL p

O]
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Lemma 1.2.10. ([BKL10], p. 291) For all f € Hom4(Q'(A), A),

f =Y citin(f(wr). (1.2.6)
ik

Proof. We show that the equality holds when we evaluate on the basic elements w;. We
know from Lemma 1.2.9 that o, (f(wk))w; = >, wior;(0i(f(we))), for all i,k = 1,...,n,
whence

ei(@in(f(wi))wy) = D wir; (@i (f(wi)) = Y eiw)ar; Gur (f(wr))) = Ti; (@i (£ (wr))),
l

l

where the second equation is due the fact that ¢; is a right A-modules map, for all i =

1,...,n, and the last equation follows from the definition of ¢;. Also, as @' & = I, we have

that 32,7 0 Gir = djz. Hence,
[gkj e f(wk))] (@) = e e
| = ikgij(aik(f(wk)))
= Z Gk (f (wr))
= f’an-

By the right A-linearity of the two maps in mention, this equation holds for all w € Q!(A).
Therefore, we conclude the proof. O

Now, we proceed to prove Proposition 1.2.8.

Proof. For each i = 1,...,n, we write 0f = Zj,kakj 0 0; o ok, and define V(f) =
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> 97(f(wi)). For a € A and f € Hom4(Q(A), A) we have:

= Zaf(fa(%))
= Zao flawy))
— Z(Tkj 0 0j 0 0k (f(aw;))
ijk
— Z Gj 0 0j 0 Oki (f(wi)Tui(a))
ivjik,l
= Tk; 0 0;(Gu(f(w))a)
= (1.2.7)
= Z 1 (0r (O (f ))orj(a +ZO'I<;] or(f 9j(a))
kT Jokil
_Zakr (or(f (L+Zf wy) Jl] ( )
klr 5l
= Z O (f(wr))a + Z f(wT15(0(a)))
l Jl

= V(a+ Y f(B(ape
= V(f)a+ f(da),

where the equalities hold by the following reasons:

1. Definition of V.
2. The right A-module structure of Hom4(Q!(A), A).
3. Definition of 97 .

4. First, apply Lemma 1.2.9 and then the equality is obtained by the A-linearity of f
and the linearity of both 7;;,0; and oy;.

5. > 0ki(f(w)d(a)) = 0k (f(w))a: As ¢ is multiplicative, we have that
o(f(wai(a)) =& (f(w))a(a1(a)).

If we denote &(f(wi)dii(a)) = (Gpg(f(wi)Tii(a))) and o(f(wi))o(T(a)) = (Cpg),
where Cpq = > 0ps(f(wi))Tsq(d1i(a)), for all p,g =1, ...,n, then

Ekz( WI Ulz Zaks Usz Ulz( ))

forall i =1,...,n. As 6! = I, we have that > ;0500 =0y, forall 5,1 =1,...,n,
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and therefore, summing on i,

Zﬂkz (wi)ori(a Zaks ))05i(G1i(a))

6. This equation is obtained by the rule (1.2.2) and the linearity of 7; and 9;.

7. First, we have that >, Gy;(0r(0r(f(wi)))orj(a)) = Tk (Or(Or(f(wi))))a: As by as-
T = 1, it follows Ej 0sj 0 0p¢ = Osr. Omn the other hand, as o is
multiplicative, we have that

ki (0r (TR (f(wr)))orj(a Zaks (Ori(f(w1)))Tsi(orj(a))

sumption oo

and therefore, when we sum over j,

Z 71 (0r (@ (f(w1)))orj(a Z ks (Or(Tri(f (w1)))Tsj(0rj(a))
= Zaks (@i (f(wi)))Tsj(orj(a))

= Zaks @w(f ngj orj(a
= Zaks (@r(f )))557"(“)
= Ukr(ar(akl(f(wl))) a.

For the second term, by assumption 516 = I, 80 >, Gs0k = dg1, forall s,l =1,...,n

Also, as ¢ is multiplicative, we have that

T (Gua(f Zaks G (f (w1)))7s(8j(a)).
Therefore, summing on &,
zk: o (G (f Z Z Trs (Ohi (f(w1)))7s;(05(a))
- Z Zaks a(f (1)) (95(a))
= Zésl ))7s;(95(a))

= f(wz)Uz](ay(a))-

8. This is by definition of 97 and the A-linearity of f.
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9. The first term is due to the definition of V(f) and the second term is obtained by
(1.2.9).

10. This equality follows from the linearity of f and the definition of d in the Brzezinski
calculus.

This shows that V is a hom-connection. On the other hand, as 0;(1) = 0, for each
j=1,...,n, we have

) = 0 (e5(w)
- )
= Zﬁkp ) ap ) a\k](l) = 0.
k

Then V(gj) =0, for all j = 1,...,n. Now, if V is a hom connection such that V(e;) = 0,
foralli=1,...,n, then

V(f) =Y V(eiGin(f(wr)))
i,k
=Y V()G (f(wr) + Y ci(ddin(f(wr)))

=0+ £i(0j(0ik (f(wr)))w))
7.k
Z ei(wio1(05(Tir(f(wr)))))
= Z (wl)Ul](a (Uzk(f(wk))))

Il
al
<
Q
G}
=
g
5
b

on

where each equality follows by the following reasons:

1. Lemma 1.2.10 and linearity of V.
2. Definition of hom-connection.

3. By assumption over V for the first term and due to definition of d in the second
term.

4. Lemma 1.2.9 and linearity of ¢;.
5. By the right A-linearity of ;.
6. Due to g;(w;) = ;.

7. Definition of V.
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Then V = V, which concludes the proof of the uniqueness of V. O

Definition 1.2.11. Let A be a K-algebra and (0, o) a free multiderivation on 4. The first
order integral calculi (see Definition 1.2.4) in Proposition 1.2.8 is called the Brzezinski’s
integral calculus of (9,0) on A.

Remark 1.2.12. If we found a set {01, ...,0,} of automorphism of algebras of A, and
a set {01,...,0,} of K-linear maps such that 9; is a o;-right skew derivation of A, for
each ¢ = 1,...,n, we construct a diagonal matrix ¢ such that the diagonal elements are
automorphisms of A. In this way,

oy 0 -+ 0 ol 0 - 0
R 0 o099 -+ 0 B 0 02*21 0
O =0 = y 0 = )
: 0 .. : : 0 . :
0 0 Onn 0 0 Uﬁnl

and hence, we obtain a multiderivation (9,0) on A. Just like in [BKL10], the hom-
connection of Proposition 1.2.8 in this case is defined by

V()= o7 0d;00i(f(wi)) (1.2.8)
=1

Remark 1.2.13. In the strategy of Remark 1.2.12, if we want to show that the Brzezinski
differential calculus of (0, 0) effectively satisfies the density condition, then we have to
prove that there exist two finite subsets {a;}, {bir} C A such that

Zaitﬁk(bit) = 5il<:7 for all i, k= 1, ey N (1.2.9)
t=1

In [AB18], p. 6, we found that this is equivalent to guarantee that there exist sets
{ait}, {bit}, {cit} C A such that

Zaitak(bit)ak(aifl(cit)) = dik, for all i,k =1,...,n. (1.2.10)

As we can see, it is clear that (1.2.9) imply (1.2.10), taking ¢;; = 1, for all pair ¢ and t.
On the other hand, if (1.2.10) holds, then by the twisted Leibniz’s rules,

Zaitak@itai_l(cz't)) — Zaitbitak(gi_l(cit)) = Z ;O (bit)or (o7 (cit)) = di,
¢ 1 5

and we obtain that {a; —asbi }, {bito; 1(%), o; 1 (cit)} are the required two sets. A twisted
multiderivation (9;, 0;) as in Remark 1.2.12 is called an orthogonal system of skew deriva-
tions (see [AB18], p. 5).

The following theorem gives us sufficienty conditions to guarantee the existence of an
ortogonal system of skew derivations.
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Proposition 1.2.14 ([ABI18], p. 18). Let (0;,0:) be a family of skew derivations on a
ring A. If there exists {by,...,b,} C A such that,

A{0i(b;) ri=1,...,n}A= A, Ik(b;) =0, for all i # k,

then (0;,04)1 is an orthogonal system of skew derivations.

Proof. The fact that the bilateral ideal generated by {0;(b;) : i = 1,...,n} is equal to A is
equivalent to the existence of finite subsets {a;}, {cit} C A such that

1_Zazta czt
= " 4 cﬁ[zanba ew) — S anbidi(o} (cue))}

t

= |:Z aitai(bi)ai U Czt + Z aztb 8 ; Czt :| Z aztb a ; C'Lt))
t
= Z aitai(biai cit)) Z a;b;0;(0o; clt)).
t

This gives us the condition (1.2.9) with ¢ = k, considering the subsets {a;} U {ai:b;} and
{bio; (ci)} U{o; (cit)}. With these sets, we check the case when i # k:

Z aztak b U Czt Z aztb ak Czt))

t

=[Zaitak<b@-)aka (@) + S ahdulor <czt>>]zanbak< ew))

t

= Z a;t 0 Uk Czt |:Z aztb ak: Czt Z aztb ak Clt)):|
= Z aithiOk (o) (cit)) Z aithiOk (0} (cit)) = 0,
t

which completes the proof. ]

The idea of Remark 1.2.12 will be our principal tool in the next chapter to verify the
smoothness of some PBW algebras, as it was observed in [Brz16b] (see Example 2.1.16).

1.3 Smoothness

There exist multiples notions of smoothness of an algebra A; for instance, in Remark
1.3.1, we list some of them. In this section, we study the notion of differentially smooth-
ness, an algebraic structure that, without topological tools, guarantees the existence of an
analogous of the star Hodge isomorphism (see [Brzl4], p. 2).

Remark 1.3.1. The following are some notions of smoothness of an algebra that we can
found in literature.
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e A K-algebra A is said to be smooth (see [Sch86], p. 678), if for all nilpotent ideal N
of A, and for all C of the same nature of A7, such that for all ¢ : C — A that allows
construct exact sequences (see [Bou89], 197)

0%N—>C£>A—>O,

then, we obtain that these exact sequences splits, i.e., exist ¢’ : A — C, such that
¢ o ¢ =idy (see [Bou89|, p. 211). We want to remark that in [Sch86], p. 678, it
was established that the smoothness of A is equivalent to that (A) (see Definition
1.1.21) it is a projective module as an A° := A ®k A°P-module.

e If K is algebraically closed, a K-algebra A is said homologically smooth, if as a
A-bimodule, there exists a finite length projective resolution of finitely generated
A-modules (c.f. [B*14]).

e In [DVKMMO1], p. 3, there is an approach to the notion of smooth x-algebras: a
C*-algebra A is called smooth-*, if there exists a set of functionals S with some norm
conditions that is Hausdorff under a special topology, also a special condition over
a subset of derivations P of A and a completeness of a topology on A constructed
from the pair (S,P) with the A.

In this section, we present a notion of smoothness of an algebra, called the differen-
tially smooth, which treats about the existence of a particular differential graded structure
associated to an affine algebra A that satisfies integral and connectivity conditions. This
differential graded structure, as in manifolds theory®, must satisfy that there exists some
minimal non negative integer such that the elements of higher degree vanish. In this al-
gebraic approach, that minimal integer is obtained using the Gelfand-Kirillov dimension
of the algebra.

1.3.1 Gelfand-Kirillov dimension

Let V be generating subspace of a finite generated or affine algebra A, i.e., V C A, is a
K-subspace such that

(o.9) n

UAn:A, where An:K—G—ZV”,

i=0 =1
where V" denotes the K-subspace of A spanned by all words in generators of A of length
at most n.

Definition 1.3.2 ([KLO00], p. 5). For any pair of functions f,g : N — R such that there
exist n/,m’ € N for which fIn.,, and g|n_ _, are monotone and positive valued functions,
where N>,y ={neN:n > n’_}, we say that f and g have the same growth, if there exist
¢, c,m,m’ € RT such that f(n) < cg(mn) and g(n) < ¢ f(m/n), for almost all n € N. If
we have that f(n) < cg(mn) for almost n € N where ¢,n € RT fixed, we say that f has
minor growth than g and we denote it by f <* g.

“In [Sch86], A and C must satisfy the same operations properties of M, (K).
8For a n-dimensional manifold, we have that for all n’ > n, any n/-differential form is vanish (see
[Mor98], p. 64)
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Example 1.3.3 ([KL0O], p. 6). If f,g : N — R are polynomial functions such as in the
Definition 1.3.2, f and g have the same growth if and only if deg(f) = deg(g).

For a K-algebra A and V' a generating subspace, we define the map dimy : N — R with
dim,(n) := dimg(Ay). The algebra A is said to have polynomial growth, if dimy and n”
have the same growth for a fixed v € N, i.e., if there exist ¢ € R and v € N such that
dimg (Ay,) < en” for all sufficiently large n.

Definition 1.3.4 ([KL00], p. 14). The Gelfand-Kirillov dimension of an algebra A is the
real number defined as

GKdim(A) = lim log, (dim,(n)),

9

where lim the upper limit of a sequence”, or equivalently

GKdim(A) : = inf{v € R : dimg(4,) <n",n >> 0}
= inf{r € R : dimy(n) <" n"}.

In the case of commutative affine algebras with polynomial growth, the Gelfand-Kirillov
dimension coincides with the dimension of the underlying affine space (the Krull dimension
of its coordinate algebra).

Example 1.3.5. For K[z1, ..., z,]|, GKdim(K]z1, ..., z,]) = n.

Example 1.3.6. In the case of M, (K), we have GKdim(M,(K)) = 0, because V = M, (C),
a generating finite dimensional vector space, satisfies V¥ = V, for all k¥ € N, due to
1 € M, (K). Therefore, lim log,(dim,(k)) = lim logy(n) = 0.

The following result is very useful to compute the Gelfand-Kirillov dimension.

Proposition 1.3.7 ([KL00], p. 13). If f,g are as in Definition 1.5.2, then f and g have
the same growth if and only if lim log, (f(n)) = lim log,,(g(n)) = lim log, (g(n)).

1.3.2 Differentially smoothness

We proceed to give preliminaries to the differentially smoothness. First, given a left A-
module X with action a - x, for all a € A, x € X, and an algebra automorphism v of A,
the notation ¥ X stands for X with the A-module structure twisted by v, i.e., with the
action a ® x — v(a) - z.

Definition 1.3.8 ([BS17], p. 416). We say that a differential calculus (Q2A,d), where
QA = @, VA, with QA = Nj=1 ' A and Q°A = A, it is of dimension n, if Q"A # 0,
and Q™ =0, for all n < m.

Definition 1.3.9 ([BL18], p 2). We say that Q" A admits a volume form, if Q"A is

isomorphic to A as a right and left module (not necessary as a bimodule). If this is the
case, and w is a right generator of Q" A, we say that w € Q" A is a volume form.

We call a first order differential calculus (€2, d) connected, if Ker(d|qo) = C.

For a sequence (5 )nen, the upper limit is defined as lim 2, = lim,,— co SUPgs.,, T
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Remark 1.3.10. For a differential calculus that admits a volume form, we define for each
right generator w € Q" A, the algebra automorphism v, : A — A such that for each a € A,
aw = wy,(a).

Definition 1.3.11 ([BS17], p 417). An n-dimensional differential calculus QA is said to
be integrable, if QA admits a complex of integral forms (ZA, V) (see Definition 1.2.1) for
which there exist an algebra automorphism v of A and A-bimodule isomorphism Oy :
OFA =Y T, LA, k = 0,...,n, rendering commutative the following diagram, for each
k=0,....,mn—1:

kA 4, Qktlg

i@k iekﬁ—l

v
In-kA ——= I, (41 A
The n-form w := ©,,}(1) € Q" A is called an integrating volume form.

Remark 1.3.12. In [BS17] there are some examples of integral differential calculus con-
sidering M,,(C) (see Remark 1.1.34).

We present the following theorem of equivalence with the proof for just one direction, only
with the aim of understanding a construction of it.

Theorem 1.3.13 ([BS17], p 417). QA is an n-dimensional integrable differentiable cal-
culus over A if and only if QA has a volume form w such that all left multiplication maps
lfrw VA ST, AW W, fork=1,...,n— 1, are bijective, where m,, is the right
A-module isomorphism Q" A — A corresponding to the volume form w with m,(wa) = a.

Proof. (<) : This proof has four steps:

1. For each k =0, ...,n, we define O from lfrw and show that are bijective:

We define for each k = 0,...,n the map O, = (—1)(”_1)kl§w :OFA - T, 1 A. Since
llﬁw is bijective for k = 1,...,n—1, then Oy is a bijective map for k = 1,...,n—1. Also,
since n(n —1) € 2Z, for all n € N, we have that O, (w') =17 (W) = 7, -w' = my (),
ie.,, ©, = m,, then ©, is bijective too. Rest to verify the bijectivity of ©9. We
Define O : Z,A — A : ¢ — v, (6(w)), where v, is the automorphism of Remark
1.3.10. By definition, for any a € A we get

Op(a)(w) = (~1)" % (a)(w) = (my - a)(w) = my(aw).
Then, for any a € A, we have
05" (00(a)) = v5 ' (Bo(a)(w)) = v (mw(aw)) = v (mu(wr(a))) = v, (u(a)) = a,
which implies that ©,' 0 ©g = id. On the other hand, for all ¢ € Z,,.A and a € A,
00(0y'(9))(wa) =13 (65" (¢))(wa) = [m, - (O5"(4))](wa)
= [m - (1, (B(W)](wa) = T (1, ($(w)) (wa))
= my(wo(w)a) = ¢p(w)a = ¢(wa).

Since w is a right generator of Q™A, then @0(961@))) = ¢, for all ¢ € 7,4 and
therefore, ©g o @al = id. Thus, we get that O is a bijection.
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2. To show that O, (W Aw”) = (=1)*D™ @y (w')-w”, for all W' € QFA, " € Q" A:

(=1) (=D lktm) lk“"(w Aw") = (1) DEEM) (W A W)
(10D (o) - f = (~1)EDE I (11)) o
(71)(n—1)m Gk(w/) N

Oprm (W AW

3. To show that ©y are right A-maps and left .4-maps by an automorphism v : 4 — A:

By the previous step, if m = 0, i.e., for all w”’ = a € A, and all W’ € QF A, we get
Ok(w'a) = Ok(w') - a. Therefore, O is an A-module map, for all £ = 0,...,n. In
other words, since 7, is a right A-map and for all W’ = wb € Q" A, we get that

To(aw”) = T, (awd) = 7, (wr,(a)b) = v, (a)b = v, (a)Tu(W”).
With this, we obtain that for all a € A, o’ € QFA and " € Q" F A,

Op(aw) (") = (=) IE (aw')(W") = (=1)" D (- aw') (")
(=)= Dk 7 (a0’ Aw') = (—1) Dk, (a)ﬂw(w AW
Vi k(W

(a)(= 1)( DR (@)(0") = v(@)Or(w) ("),

ie., O(aw’) = v,(a)O(w'), we have that Oy : Q¥ A =¥ 7,,_,.A are isomorphisms of
bimodules, with v = v,,.

4. Define Vg, for each k = 0,...,n, and show that Vi is a extension of Vg which is a
hom-connection:

We define for each k£ = 0,...,n, the map Vi, = ©,,_rodo @;ik—l c Tpi1 A = T A
In this way, by definition, we have that Vy 00, 1 1 =0, _rod, forall k=0,...,n

Since dod = 0, we get that forall k =1,...,n

V10V = (Op_tt10d00.',)0(Op_0do0, ", )
=0, pr10(dod)o @;ik—l =0.

First, we prove that V := V( : Z; 4 — A is a divergence (or a hom-connection). For
all a € A and ¢ € Z; A, we have that

= 0,(d(6,,(¢-a)))

= 0,(d(6,,(¢) - a)

= 0,(d(0,1,(¢)) Na+ (—1)"'0, 1, (¢) A da)

= 0,(d(0,1,(¢)) Aa) + (—1)"'0,(0,11(¢) A da)
= 0,(d(©,,(¢))a) + (-1)"'0n(0,,(¢) A da)
=0,(d(0,1(¢)))a+ (-1)*" V¢ - da

= V(¢)a+¢-da,
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where the sixth equality is by the second step, because we have that

®n(@n 1(¢) Nda) = @(n—l)—l-l(@; 1(¢) A da)
(_1)(n71)1®(n 1)(@71}1((1,) .da
(=) Vg . da.

This proves that V(¢ - a) = V(¢)a + ¢ - da, i.e., that V is a hom-connection. Now,
we are going to prove that V,, is a extension of V in the way that for all ¢ € Z,,,41.4
and w” € Q™A V,,(¢)(w") = V(¢ - ") + (=1)™1p(dw). To do it, we first note
that since O (w' A w”) = (—1)"VmO, (W) - ", fixing v’ = ©,'(¢), and using
that Oy, is an isomorphism, we get

Optm (- w") = (D) me (g) AW,
Then, we can show that for all ¢ € Z,,11.4 and w” € Q™ A,
V(¢-w") =0n0do0, (¢ ")

= (O 0 d)(@(n Ly (@ @)
od)((-1)mIme L (8) AW

M, (O, () Aw")
MO, (O (8) AW+ ()T (6) Adw)
1D)"ImE,, (O, (6) Aw”)

1)
)

)
1) n—1)m+n—1— m@ (@(—nl . m)(¢)/\dw”)
)%

)

(

(

1

+

120, (d(O, () - "

1 (m+1)n— 1( 1)(”* )(erl)@n—m—l(@(nl 1— m)(¢>) - dw"
_ m ¢> ( 1>m¢ . dw//

_ m ¢>( ) ( 1)m¢ . dw//,

as we desired.

= (On
(=
(=
(=
(=
(=
(=

_l_

With this in mind, we can present the notion of smoothness of an algebra as follows.

Definition 1.3.14 ([BS17], p. 421). An affine algebra R of integer Gelfand-Kirillov di-
mension m, it is said to be differentially smooth, if there exists a connected, m-dimensional,
integrable differential calculus on R.

The following example is obtained in [BL18]. In this work, we make explicit its differ-
entially smooth structure, because this is useful in the next chapter.

Example 1.3.15 ([BL18], p. 6). The algebra Clz]| is differentially smooth. Since we
have that GKdim(C[z]) = 1 (see Example 1.3.5), considering the Remark 1.2.12, we need
one skew derivation 0 such that there exists b(z) € Clz| which satisfies C[z]b(z) = Clx].
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If we choose o : Clx] — Clz] : f(z) — f(¢~!), with C\ {0}, by the Example 1.1.43
we have that 0 = a(x)J,-1 where J, -1 is the Jackson’s derivative (see Example 1.1.42).
To guarantee that the Brzezinski’s differential calculus satisfies the density condition,
we need that a(x) = a € C, and in that case, if b(x) is a linear polynomial, we get
that the left ideal generated by 9(b(z)) is all Clz]. Then, we define the Brzezinski’s
differential calculus (Q(C[z]),d) Q'(C[z]) = C[x]w, where the right action is defined by

wf(z) =o(f(z))w = f(¢ 'z)w, as in equation (1.2.3), and with
d: Cla] = QN (Cle)) : f(x) = O(f (1),

like in (1.2.4). We verify the Leibniz’s rule:
d(f(z)g(x)) = O(f(x)g(x))w

[0(f(x))a(g(x)) + f(2)0(g9(x))]w
O(f(x))[o(g(x))w] + f(2)0
[0(f (x))wlg(z) + f(2)[0(g
= d(f(x))g(x) + f(z)d(g(x))-

Now, in order to prove the differentially smoothness, we check that the differential calculus
Q(C[z]) = C[z] ® Q}(C[x]) satisfies the following conditions:

1. 1-dimensional: Since Q!(C[z]) is a bimodule generated by w, it is finitely generated,
and so the exterior product QF(C[z]) = AFQ1(C[z]) = 0, for all k& > 1 (see [Bous9],
p. 511).

2. Integrablility: Since o is an automorphism, Q!(C[z]) is a C[z]-free bimodule of
dimension 1. Then, we have that w is a volume form of Q!(C[z]). In language of
Theorem 1.3.13, we have that v, = o= : C[z] — C[z] : f(z) = f(qz). Note that
the map ler are bijective, for k = 0,1, because I} (f(z))(wg(z)) = f(qz)g(z) =
12 (f(z)w)(g(x)), but this is not necessary to apply Theorem 1.3.13 because n = 1,
and the Theorem requires the revision of bijectivity of lﬁw, for k =1...,n — 1; since
Q' (C[z]) admits a volume form, we get that this is an integrable differential calculus.

3. Connecteness: If f(x) € C[x] such that d(f(z)) = 9(f(z))w = 0, we get that
aJ,~1(f(z)) =0. Thus f(z) = f € C, which means that Q'(C[z]) is connect.

Example 1.3.16 ([BS17], p. 16). The noncommutative pillow algebra O(Py) is differen-
tially smooth, which is a subalgebra of the coordinate algebra of the noncommutative torus
O(T32). The algebra O(T%) is a complex C*-algebra'’ generated by unitaries elements U
and V (i.e., |[U| = |V| = 1) such that UV = AVU, with A\ = €™ where 6 is an irrational
number. The operator * is an isomorphism and O(IPy) is the set of fixing points of *, that
are generated by U + U* and V 4+ V*.

Example 1.3.17 ([BS17], p. 22). For a positive N € N, the coordinate algebra of the
quantum cone (’)(Cévk) is a complex *-algebra generated by a,b and b*, such that a* = a,
which satisfies the relations,

N-1 N
ab = ¢"ba + k[N] ("' +k[=1ly), bb=]](d'a+ k),
=0 =1
10A complex algebra A is called C*, if there exists a norm || - || that makes A a Banach algebra and a

map * : A — A such that (z +y)* = z* +y*, (\x)* = Az*, (vy)* = y*2*, (z*)" =z and ||z*z|| = ||=||?,
for all z,y € A.
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where, ¢ > 0, k € R, are parameters and, for all n € Z, [n], = (1 —¢")/(1 —¢q). If kK # 0,
the quantum cone algebra O(Cévk) is differentially smooth.

Remark 1.3.18. The differentially smoothness of quantum cones was established in
[AB18], p. 21, proving the integrable condition of a differential calculus which was used
in a previous document to prove that these algebras are also homologically smooth (see
Remark 1.3.1). This with the aim to saying that the notions of smoothness of algebras
are not necessarily exclusive.

Example 1.3.19 ([BS17], p. 8). The algebra A = Clz,y|/(xy) is not a differentially
smooth algebra. Since in this case V = Cx + Cy is a generator subspace, we get that
dimc (V") = dimc(Cz™ 4+ Cy") = 2, and therefore, dimy(n) = dimc(A,) = 2n — 1.
Since the functions f(n) = 2n — 1 and g(n) = n have the same growth, we obtain that
GKdim(A) = lim log, (n) = 1. If we suppose that A is differentially smooth, then there
exists a one dimensional integrable, connected differential calculus on A. By the integral
condition we can assert features over the maps ©; and v, but these implies also the non
connected of the differential calculus.

Remark 1.3.20. We want to remark that although in [BS17], the algebra M, (C) is used
as an example for the integrability definition, for the differentially smooth is not a good
example because GKdim(M,,(C)) = 0 (see Example 1.3.6).

We found in [BL18| a way to obtain information about the differentially smoothness
of a tensor product R® S, if R and S are differentially smooth algebras and satisfy some
additional conditions as follows.

Remark 1.3.21. In [BL18], p. 4, we found that if R and S have n and m-dimensional
differential calculi (QR,dg) and (QS,ds) with QR = Y} _,Q*R and QS = S_j, QFS,
respectively, then we can define

n+m k
QUR®S)=0R20S=F (RS), RS :=> RS
k=0 i=0

By Definition 1.3.8, if i > n or k —4 > m, we have that Q'R ® Q71§ =0. Q(R® 9) is a
graded differential algebra with graded multiplication defined over homogeneous elements
w,w € QR and v,V € QS,

(w@ V)W @) = ()" @ v/ (1.3.1)

We can extended the derivations to a derivation d of Q(R ® S) defining, for w € Q'R and
ves,

dwev)=w®ds(v)+ (-1)dr(w) @ v. (1.3.2)
The density conditions of (QR,dr) and (€5, dg) are guarantee if,

w= ZrédR(ri) cdp(rh), v= Zs ds(sy) - ds(s}). (1.3.3)

t
Then, by (1.3.1) and (1.3.2) we get

wev=Y (fesf)dri©l)--drf e dlest) - d1es)).

t,u

Thus, we obtain that (QR ® Q.S,d) is a differential calculus for R® S.
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With this structure in our hands, we obtain the following useful result that we present
without proof.

Theorem 1.3.22 ([BL18], 4). Let R and S be algebras with integrable differential calculi
(QR,dR) and (2S,dg). Suppose that QR is a finitely generated projective right R-module
and that QS is a finitely generated projective right S-module. Then (QR ® QS,d) is an
integrable differential calculus for R® S.

Corollary 1.3.23 ([BL18], p. 5). If R and S are differentially smooth algebras with
respect to calculi which are finitely generated projective as right modules and

GKdim(R ® S) = GKdim(R) + GKdim(S5),
then the tensor product algebra R ® S is differentially smooth.

The differentially smoothness of the polynomial ring Clzy,...,z,] is mentioned in
[BS17], p. 8, and concluded in [BL18], p. 6. In this work, we want to get the explicit
differential calculus following Remark 1.3.21, Theorem 1.3.22 and Corollary 1.3.23.

Example 1.3.24. By Example 1.3.15, we have that C[z] and Cly] are differentially
smooth, with 1-dimensional integrable connect differential calculus Q(C[z]) = Clz] &
QY(C[2]) free C[z]-right modules, for z = z,y. Since these differential calculus are right-
free, then these are right-projective too. We have that the canonical map

¢ : Clz] ®c Cly] — Cla,y) : 2" @37 = 2¥y7,
is an isomorphism of C-algebras (see [Bou89], p. 469). Therefore
GKdim(C[z] ® Cly]) = GKdim(C[z,y]) =2 =14 1 = GKdim(Clz]) + GKdim(C[y]).

By Corollary 1.3.23, we get that C[z, y] is differentially smooth, and the differential calculus
is, following Remark 1.3.21, given by

Q(Clz,y]) = Q°(Clz,y]) ® V' (Clz,y]) ® Q*(Clz, y))
- (m(uxn ® QO(Qy]))@([QO(C[x]) © Q'(Cly))] + [2(Cla)) ®Q°(C[y])]>
@(m”(cm) © Q(Cly))] + [ (Cla)) © Q1 (Cly))] + [22(Cla]) © ﬂ%@[y])])
- (cm ®@[y])®([©[:c] © QL (Cly))] + [2!(Cla]) @C[yn)
@([«:m 0] + [24(Cla)) ® 2 (Cly))] + 0® C[yn>.
In a more explicit way, we have
Q(Cl. ) = (cm ® C[y])ea(@[x1 ®w,Cly] + w:Cla] ®<C[y])@(wz<cm @wyC[yJ),

where all tensors are over C, and the derivative d : C[z,y] — Q'(C[z,y]) = C[z] @w,C[y] +
w;Clz] @ C[y], it is described in simple tensors as
d(a*y’) = d(z" © ) = 2" @ 0, (y )wy + 9y (" )ws @ ¢,
d(f(z) @ g(y)wy) = f(z) @ d(g(y)wy) + Ou(f (z))wz @ g(y)wy = Ou(f (z))wa @ g(y)wy,
d(f(2)ws @ 9(y)) = f(@)we @ 0y(g(y))wy — d(f(2)ws) @ 9(y) = f2)ws @ Oy(g(y))wy-
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Now, we present the definition of an Ore extension (also known as skew polynomial
rings), which was introduced in [Ore33|, and it is used in the next chapter.

Definition 1.3.25 ([GWJ04], p. 34). If Ris aring, 0 : R — R a ring endomorphism and
0 : R — R aleft o-skew derivation, we define R[x,0,d], as the quotient algebra of the free
algebra R{z} subject to the product zr = o(r)x + d(r), such that {z7 : I € N} forms a left
R-basis of R[x,0,d]. The R-algebra R[z;o,d] is called an Ore extension of R or a skew
polynomial ring.

Remark 1.3.26. In [GWJ04], we found that for any ring endomorphism o of R and ¢
a left o-skew derivation, there exists an Ore extension R|x;o,d] in Proposition 2.3, and
by Proposition 2.4 is established that if we consider A the quotient algebra of the free
algebra R(x) such that xr — o(r)z = d(r), then there exists an unique ring isomorphism
¢ : Rlx;0,0] — A such that ¢|r = id. Therefore A is an Ore extension (cf. [GWJ04] ,
Corollary 2.5).

Now, we present without proof some results that guarantee the differential smoothness
of particular Ore extensions.

Theorem 1.3.27 ([BL18], p. 6). Let R be an algebra with an integrable differential
calculus (QR,d) such that QR is a finitely generated right R-module. For any automor-
phism o of R that extends to a degree-preserving automorphism of QR, which commutes
with d, there exists an integrable differential calculus (A, d) on the skew-polynomial ring
A = R[z;o0]. If R is differentially smooth with respect to (QR,d) and GKdim(A) =
GKdim(R) + 1, then A is also differentially smooth.

For an illustration of this theorem, see Example 1.3.38.

Theorem 1.3.28 ([BL18]|, p. 13). Let R be an algebra with an integral differential calculus
(QR,d) such that QR is a finitely generated right R-module. Let o be an automorphism
of R that extends to a degree-preserving automorphism of QR, which commutes with d. If
R is differentially smooth with respect to (R, d) and GKdim(R|[z;0]) = GKdim(R) + 1,
then R[z;o][t;o4] is also differentially smooth, where

oq: Rlz;0] = Rlz;0], wf(z) = o(w)f(qz), foralweR, f(z)eK[z].

Example 1.3.29. The C-algebra generated by z1,...,x, such that, for all pair 1 < i <
J <, there exist ¢;; € C\ {0}, it is differentially smooth (see [BL18], p. 13).

Remark 1.3.30. Let us show the differential calculus used in the proofs of Theorems
1.3.27 and 1.3.28. If (2R, d) is the GKdim(R)-dimensional, integral, connect differential
calculus of R, for R[z;0| we build the structure Q(R][z;0]) = (QR[z;6]) ® (QR[2;6])7 in
the following way:

1. 6 : QR — QR must be a degree-preserving automorphism that commutes with d
and such that 6|r = 0.

2. Construct the Ore extension (2R)[z; ], and define the automorphism

7 : (QR)[z;6] = (QR)[2;6] : w2" = F(wz") = (—1)“l5(w)z", for allw € VR,
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3. Consider ((2R)[z;6])7 the (2R)[z; 6]-bimodule (QR)[z; 6] with the actions ww'w” :=
ww'a(w"), for all w,w’,w” € (QR)[z; 6].

4. Construct the trivial extension (see [BL18], p. 6) ((QR)[z;6]) @ ((2R)[z;6])7, which
is that direct sum of bimodules with the product,

(w2, v2"™) (W' 2" V2™ = (w22 w2 2 4 e (W 2Y)).

we can check ((QR)[z;6]) @ ((QR)[z;6])7 is a grading algebra, with the grading is
given by
[(Wz",0)] = |wl,  (0,wz")] = [v] + 1,

for all homogeneous w,v € QR.

5. The differential d : ((QR)[z;6]) @& (QR)[2;6])° — ((QR)[2;6]) ® ((2R)[2;6])7, is
defined, for all homogeneous w,v € QR, by

d(wz",vz") = (d(w)z", (—1)“lwd, (z") + d(v)z™)

Now, we present a treatment of differentially smoothness of Ore extensions R[z;0, ]
where R = C[z] and ¢ # 0. First, we present the Lemma 1.3.31 without proof, and later
we consider Theorem 1.3.32 following the proof given in [Brzl4], filling the details that
are omitted in that document.

Lemma 1.3.31 ([AB18], p. 9). Let Q(A) be an n-dimensional calculus over A admitting
a volume form w. Assume that, for all k = 1,...,n — 1, there exists a finite number of
forms wF @t € QF(A) such that, for all ' € QF(A),

W =Y whm @AW =) v (W AWl )T, (1.3.4)
i i
then, w is an integrating form and all the QF(A) are finitely generated and projective as
left and right A-modules.

Theorem 1.3.32 ([Brzl4], p. 4). If A = C[z][y;0,6] is an Ore extension satisfying one
of the next conditions

1. 0 =id and p(z) € Clx].

2. o(x) =x+r, and 0(x) = p(x) = ¢, with r,c € C and r # 0.

3. 0(x)=qr+r, and 0(z) = p(x) = c(z+ (r/(¢ — 1))), with q,r,c € C and q # 1,
then A is differentially smooth.

Proof. We work with the general description o(z) = gz + r for a,r € C. Since in this case
GKdim(.A) = 2, we have to construct a 2-dimensional differential calculus. We do that in
the following steps:
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1. The following assignments define two automorphisms of A,

va(z) =, ve(x) =qy+p(2) and vy(z) =0 (x), v(y) =y,

where p/(z) is the usual derivative of p(x), and [v,, 1] =0, if ¢ = 1 (see [Brzl4], p
3).

2. Construct the homogeneous component of degree 1 as the free right .A-module with
generators d(z) and d(y), i.e., Q' (A) = d(z)A+d(y).A. Following the action defined
in expression (1.2.3), define the left A-module structure by

ad(z) = d(z)vg(a), ad(y) =d(y)vy(a), forallac A, (1.3.5)
which, by definition of automorphisms v, and v, it turns to

zd(x) = d(z)v,(x) = d(x)x,

(z)
zd(y) = d(y)vy(z) = d(y)o~ " (z) = d(y)g 'z — d(y)g~'r,
yd(z) = d(z)va(y) = d(z)qy + d(z)p'(z),
yd(y) = d(y)vy(y) = d(y)y. (1.3.6)

3. Define the differential map d : A — Q!(A) such that x — d(z) and y — d(y). By
relations (1.3.6) and the Leibniz’s rule of d, we have that d respects yr = (¢gz+7)y+
p(x), as follows

d(yx) = d((gz + 1)y + p(z))
d(y)z + yd(x) = qd(z)y + qzd(y) + rd(y) + d(p(z))
d(y)z + d(z)qy + d(x)p'(z) = qd(2)y + d(y)z + (—d(y)r + rd(y)) + d(z)p'(x)
d(y)x + d(x)qy + d(x)p'(x) = qd(2)y + d(y)= + d(x)p'(x)
0=0

where, since zd(z) = d(x)z, by an application of Leibniz’s rule, we have that for

any h(z) € Clz], d(h _( )) = W (x)d(xz) = d(z)h/(z), in particular d(p(x)) = d(z)p'(x).
Then (Q!(A),d) is a first order differential calculus of A.

4. Define linear maps 9., 0, : A — A, such that
d(a) = d(2)0x(a) + d(y)0y(a), forall a € A.

Since A is right free with generators d(x) and d(y), the maps 0, and J, are well
defined.

5. (Q'(A),d) satisfies Ker(d) = C: since Q'(A) is right free with generators d(x) and
d(y), then, d(a) = 0 if and only if 9,(a) = 0y(a) = 0. Using relatlons (1.3.6) and the
definition of v, and vy, since d(z*y!) = d(x)d,(x*y") + d(y)9,(z*y!), and

daty') = d(a*)y + 2 d(y)

(z)kxk~ 1yl + 2Fd(y)ly' !

(x)ka" 1y +d(y)o " (")l

(2 Lyt + d(g)o (2F)iy !

(@)ka* "y + d(y) (g e — ¢ )My,
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10.

we obtain, 9,(z*y!) = ka*~ly! and 9,(z*y!) = (¢ 'z — ¢~ r)*y'~1. In particular,
c%(ZM ckakyl) = Zk,l cka:xk Lt =0 if and only if ¢;; = 0, whenever k # 0, and
for y* € A, we have that 9,(y') = o~ 1(1)ly'~! = 0 if and only if [ # 0. Therefore,
d(a) =0 if and only if a € C.

. Considering the universal extension of d to higher forms compatible with relations

(1.3.6), we obtain the following rules for Q?(A) = Q'(A) A Q'(A), where d(a A b) =
d(a) Ab+ (=1)38@g A d(b),
d(wd(w)) = d(d(w)w)
d(w) A d(w) +w A d*(w) = d?(w) Aw — d(w) A d(w)
d(w) N d(w) = —d(w) A d(w).

Therefore, d(w) A d(w) = 0, for w € {x,y}, since d* = 0. Also, due to that zd(y) =
d(y)g 'z — d(y)q~'r, we have that

d(zd(y)) = d(d(y)q 'z — d(y)qg'r)
d(z) Ad(y) + = A d2(y) g 'd*(y) Az —q Hd(y) Ad(x) — ¢ rd?(y)
d(x) Ad(y) = —q’ld (v) /\d( )
d(y) Nd(x) = —qd(x) A d(y). (1.3.7)

Note that the last of the necessary equations (1.3.7), does not induce any additional
constraints, since (v, 1] =0, for all a € A,

a(d(y) Ad(z) + qd(x) A d(y)) = ad(y) A d(z) + qad(x) A d(y)
)

a) A d(z) + qd(z)vy(a) A d(y)
vy(a)d(z) + qd(z) A vy(a)d(y)

. We have that w := d(x) A d(y) freely generates Q?(A) as a right A-module (see

[Bou89], p. 511), and also,
aw = w(vy oyy)(a), foralla e A,

and since both v, and v, are automorphisms, w is a volume form with v,, = v, o v/;.

. As a matter of fact, since Q%(A) = wA, and d(d(z) A d(y)) = d*(z) A d(y) — d(z) A

d%(y) = 0, we have been obtained that (€2(A),d) is a 2-dimensional connect differ-
ential calculus with volume form w = d(z) A d(y).

In order to apply the Lemma 1.3.31 with the aim of obtaining the integrable condi-
tion, we define,

w1 =d(z), @ =—q td(y), and wy =d(y), @o = d(z).
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Then, for all W’ = d(z)a + d(y)b,

W1, (@1 A w') + wemy, (Wa A W)
)mw(—¢ " d(y) A (d(z)a +
)7, (—q _1d( ) (w)a +
)
)

Furthermore, using relations (1.3.5), we compute

ygl(ww(w' Aw )@t + vy (T (W A ws))w2
o (mw((d(z)a + d(y)b) A d(x)))(~ q_ld( ) + v (o ((d(z)a + d(y)b) A d(y)))d()
S (o (d(y)b A d(2))) (=g d(y)) + v (rw(d(z)a A d(y)))d(@)
le(m d(z) A d(y)vs(b)d(y) + v ( w(d(z) A d(y)vy(a)))d(x)
1(Vz(b))d(y o (ry(a))d()
( )+Vz ( )d(l’)

By Lemma 1.3.31, we obtain that w is an integrating form, i.e., that (Q(A),d) is
integral.

Then, since (2(A),d) is 2-dimensional, integral, connect differential calculus for A, then
A is differentially smooth, which concludes the proof. O

Remark 1.3.33. About the proof of Theorem 1.3.32, we want to say some things.

1. The reason that these algebras have Gelfand-Kirillov dimension 2 is because these
algebras are isomorphic to Hopf algebras that have this Gelfand-Kirillov dimension
(see [Brzl4], p. 1).

2. By the Lemma 1.3.31, we obtain that each homogeneous A-module Q¥(A) is right
and left projective. Therefore, since Q(A) is a direct sum of projective modules, we
obtain Q(A) is a right and left A-projective finitely generated module.

3. We note that the maps 0, and 0, are left v, and vy-skew derivations, respectively,
this because, for all pair a,b € A
d(x)0z(ab) + d(y)0y(ab) = d(ab)
= d(a)b + ad(b)
— (d(@)2 (a) + d(y)D,(@))b + a(d(@)ds (b) + d(y)d, (1))
— d(2)D.(a)b + d(y)y ()b + ad(x)d. (b) + ad(y)d, (b)
)02 (@)b + d(y)D, (@) + d(2)v2 ()5 (6) + () (a)D (1)
)[02 (@b + v (@) ()] + d()[Dy (@)D + v, (a)3, (b))

Since d(z) and d(y) form a right A-base for Q'(A), we obtain the assertion.

xT

(
=d(z
=d(z

4. Since for all left p-skew derivation 0, if ¢ is an algebra automorphism, we get that

¢~ 100 is aright p~!-skew derivation, this because for all pair a,b € Dom(9),

¢ o d(ab) = ¢~ (d(a)b+ ©(a)d(b))
=0 1(0(a)p~ " (b) + ap~ 1 (9(b)),
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we conclude that v, ! o 8, and vy 1o 9, are right v, ! and V; Lskew derivations,
respectively. If we consider the set of right skew derivations {v; ! o d,, l/y o 0y} in
Remark 1.2. 12 we note that the Brzezinski’s differential calculus constructed from
{v;1o0,, Vy o 0y} is precisely the calculus constructed in the proof of Theorem
1.3.32, as it was mentioned in [Brzl4], p. 6.

We want to pointing out the following about the hom-connection intrinsic used in the
proof of Theorem 1.3.32, and its Brzezinski’s integral calculus.

Remark 1.3.34. In Lemma 1.3.31, it was established the hom-connection (see [BS17], p
10) as

VA= A fe (1) IZM Flwh))@r1,

which, in this case V(&) = V(&) = 0, where, &, and §, are the dual basis of d(z) and
d(y), i.e., for all d(z)a + d(z)b € Q1 (A),

&(d(x)a+d(z)b) =a, &y(d(x)a+ d(x)b) =b,

then, {&;,&,} is an A-right basis of Z;.4 = Hom4(!(A), A). Therefore, by linearity and
the definition of a hom-connection (see Definiton 1.2.1), for all &, -a+ &, - b € 71 A,

V(€ a+8&-b)=V(&-a)+ V(- b)

V(&)a + & (da) + V(&y)b + &y (db)
&x(da) + §y(db)

Oz(a) + Oy(a)

where 0, and 0, are the skew derivations defined in point 6 of proof of Theorem 1.3.32,
and treated in point 3 of Remark 1.3.33. We have that V is surjective: because 0, it
is surjective (see point 5 of Theorem 1.3.32), then, if a,c¢ € A such that 0;(a) = ¢,
V(& -a) = 0y(a) = ¢ € Im(V). This implies that coker(V) = 0. Hence, the Brzezinski’s
integral calculus (see Definition 1.2.11) in this case is zero, as it was observed in [Brzl4],
p. 6.

The following examples correspond to algebras that will be used in the next chapter.

Example 1.3.35. Consider the Ore extension C[z][z;01,d1] such that o1(x) = Sz and
01(x) = 0, with 8 € C\ {0}. Then, by Theorem 1.3.32, we get that C[z|[z;01,d1] is
differentially smooth.

Example 1.3.36. Considering the Ore extension C[z][y; o1, 01] such that o1(7) = o 'z

and &1 (z) = —a~!(asx + b3), where a € C\ {0} and a3, b3 € C, then, by Theorem 1.3.32,
we get that C[z][y; o1, 1] is differentially smooth.

Example 1.3.37. The Ore extension C[z][y; 01, 1] such that 01(z) = z and §;(z) = z. By
Theorem 1.3.32, C[z][y; 01, 1] is differentially smooth. As we see in the proof of Theorem
1.3.32,

LI, 1) = A 4014 d(s)A) D) A )
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where the two automorphisms are defined by

v(2) =z () =y+1l ni) =z nl) =y,

and the left module structure is defined by ad(w) = d(w)vy(a), for all a € A, for w €
{z,y}, where,

2d(z) = d(2)z, yd(z) =d(z)(y+1), =zd(y)=d(y)z, yd(y)=dy)y.

For a € A, d(a) = d(2)0.(a)+d(y)9y(a), where in this case, J,, represents the usual partial
derivative respect to w, for w € {z,y}. In degree 2, we have that d(z)Ad(y) = —d(y)Ad(z).
Therefore, for a,b € A,

d(d(z)a + d(y)b) = d(d(z)a) + d(d(y)b)
=d(z) Nd(a) + d(y) Ad(b)
= d(2) A (d(2)0:(a) + d(y)9y(a)) + d(y) A (d(2)0=(b) + d(y)Dy(b))
= d(2) A d(y)0y(a) + d(y) A d(2)0-(b)
= d(z) A d(y)[0y(a) — 0x()]. (1.3.8)

Also, since w = d(z) A d(y) is the integrating volume form, d(Q?(A)) = 0.

The following example is due to a direct application of Theorem 1.3.27 to the Exam-
ple 1.3.36, and it is obtained in this work. The Gelfand-Kirillov dimension condition of
Theorem 1.3.27 is from [Rey13], Theorem 14.

Example 1.3.38. The iterated Ore extension C[z][y; o1, 01][z; 02, 62 such that o;(z) = z,
81(2) = 2z, 02(y) =y, d2(y) = 0, 02(2) = B~z and 62(z) = 0, for B € C. Since, by Example
1.3.37, the first iteration C[z][y; o1, 1] is differentially smooth, and since by Remark 1.3.33,
Q(C[z][y; 01, 61]) it is finitely generated as right C[z][y;o1,01]-module, we can apply the
Theorem 1.3.27. We only we have to check that there exists an automorphism o of
Clz][y; o1, 61] such that it can be extended to an automorphism of Q(Clz][y; o1, d1]), 7,
that [6,d] = 0. We show that for the identity map of C[z|[y; o1, d1] there exists only one
extension of this type. We call B = C[z|[y; 01, 61]. For o = idp,

6 od(a) =d(idg(a)) = d(a), forall a€ B,

Yo(a) + 6(d(y))o(b) = d(z)a + d(y)b, which means,

hence, 6(d(z)a + d(y)b) (d(2)
a+d(y)b € QY(B),

6"91( ZdQ1( B)- NOW fOI“ Cl( )
&(d(d(z)a+ d(y)b)) = d(6(d(z)a + d(y)b)) = d(d(z)a + d(y)b)-

Since d(d(z)a + d(y)b) = d(z) A d(y)[0y(a) — 0;(b)] (see expression (1.3.8)), with a = z
and b = 0, we obtain that &(d(z) A d(y)) = d(z) A d(y), which implies that &|q2z) =
idg2(p)- Therefore, the unique extension of the identity map of Cl[z][y; 01,d1] to a graded
automorphism of Q(Clz][y; o1, d1]), such that it commutes with d, is the identity map of
Q(C[2][y; o1, 61]). Therefore, as such automorphism exists, by Theorem 1.3.27, the iterated
Ore extension C|z|[y; 01, 61][x; 02, d2] is differentially smooth.

Remark 1.3.39. We want to clarify that not always it is possible to extend an au-
tomorphism such that commutes with the differential, even when we try to extend the
automorphism that defines the Ore extension (see Remark 2.3.29).
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The next example is an original product of this work, following the ideas of the proof
of Theorem 1.3.32.

Example 1.3.40. Consider the Ore extension, A = Cly, z|[x; 0, 4], such that o(y) = v,
5(y) = 0 o(2) = 'z and with 3,5(z) € C. From [Reyl3], p. 101, we have that has
GKdim(.A) = 3. Hence, following the ideas developed in the proof of Theorem 1.3.32,

1. We set the right free A-module Q'(A) = d(y) AP d(z) AP d(z)A.

2. We establish the C-algebra automorphisms v,,v,,v, : A — A, defined by,

Vét(x) = _1$a Vm(y) =Y, VI(Z) = Bz,
Vy(x) =, Vy(y) =Y, l/y(Z) =2z,
vi(z) = s, v:(y) =y, vu(2) =Bz
We want to note that v, = v,, vy = ida and [vy, vy = [Vg, V2] = [vy, 1] = 0.

3. We define the left A-action over Q'(A), ad(w) = d(w)vy(a), for all a € A and
w € {x,y,2}. Since the v,’s are automorphisms, then Q!(A) is also left free, with
the explicit relations

zd(z) = d(z)p 'z, yd(z) =d(z)y, zd(z)=d(z)pz,
zd(y) = d(y)z,  yd(y) = d(y)y, zd(y) = d(y)z, (1.3.9)
zd(z) = d(z) e, yd(z) =d(2)y, zd(z)=d(z)pz.

4. With these objects, we can extend to a derivation d : A — Q(A) that satisfies
yz = 2y, vy = yx and xz = B lzx + §(2),

d(yz — zy) = d(y)z + yd(2) — d(2)y — zd(y) = d(y)z + d(2)vz(y) — d(2)y — d(y)vy(2)

1)z + d(2)v=(y) — d(2)y — d(y)vy(2)
W)z — vy(2)] +d(2)[v:(y) —y] =0,

S

and in the same form, d(zy — yz) = 0. Also,

d(zz) = d(B 2z 4 6(2))
d(z)z + zd(2) = B d(2)x + 7 zd(x)
A2z + d(2)va(x) = BNd(2)a + 5 d(x)v(2)
0=0.

With this, we have that (Q!(A),d) is a first order differential calculus.

5. For w € {z,y,z}, we have that v, (w) = 0w, with 6,, € C. In this way, for all
ie N\ {0},
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and with this, we define maps 0y, 9,,0, : A — A, such that d(a) = d(z)0,(a) +
d(y)0y(a) + d(2)0.(a), for all a € A where, for all y'ziz* € A,

o) = 9 Oy oy = B,

Oy (y' 2 ak) = iyt

These maps satisfy that d(a) = 0 if and only if d,(a) = 9y(a) = 0;(a) = 0, and this
is equivalent in this case to Kerd = C.

6. With this, we extend the structure of (Q2'(A),d) to the 2-degree homogeneous cal-
culus applying the operator d to elements of Q'(A), following the rules d*> = 0 and
d(ab) = d(a) A b+ (—1)%&@g A d(b), for all a,b € Q'(A). Then, applying d to the
relations 1.3.9, for § # —1, d(w) A d(w) = 0 for w € {z,y, 2}, and

d(z) Ad(y) = —d(y) Ad(z), d(x) Ad(z) = =B 'd(z) Ad(@), d(z) Ad(y) = —d(y) Ad(2),

as in the proof of Theorem 1.3.32, these relations do not impose conditions over the
algebra due to the fact that [vy,v,] = 0, for all pair w,w" € {z,y,2}. Then it was
established that Q%(A) = d(y) A d(2)A@ d(y) A d(z)A@ d(2) A d(z).A.

7. Now, we consider Q3(A) = d(y) Ad(z) Ad(z).A, where by the relations in the previous
item,

d(x) Ad(y) Ad(z) = B~ d(y) Ad(2) Ad(x)
d(y) Ad(z) Ad(z) = =B d(y) Ad(z) Ad(x)
d(z) ANd(y) Nd(xz) = —d(y) Nd(z) Ad(x)
d(z) Nd(x) Nd(y) = d(y) Nd(z) Ad(x)

d(z) Nd(z) Ad(y) = =B d(y) Ad(2) Ad(z),

we have that w := d(y) A d(z) Ad(z) is a volume form of Q(A) = @?:0 Q(A), with
Vi = Vg O U3 O Iy,

8. With the aim of applying Lemma 1.3.31, we set the elements,
Wi =dy) Ad(z), @3 =d(2)
wi, = Bd(y) Ad(z), w3 =d(2)

wi=wl=d@), w=wy=dy), w=u;=dQz)
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A w))ws + vyt (i (w

d(x)b+ d(z) A d(x)c)

d(x)b+d(z) Nd(z)e) Nd(y)))d(z) A d(z)
ANd(z)b+d(z) Nd(z)e) Ad(z)))d(y) A d(x)

v (mo (W A wh))@? 4 v (e (W
((d(y) A d(z)a + d(y) A
+ v, (m, ((d(y) A d(2)a + d(y) A
- ﬁv;l(m«d(y) A d(z)a + d(y)
(y) Nd(z)a A d(x)))d(y) A d(z)
d(z)c Ad(y)))d(z) A d(x)
) A

=v, (7,

+
Et
—
N~
N
£ &
—~
==
\‘B/S
Af\

—ﬁvwl(%(d(y) Ad(z)b A d(z)))d(y) A d(z)

= v, (mu(d(y) A d(z) A d(x)ve(a)))d(y) Ad(2)

+ v, (o (d(y) A d(2) Ad(@)y()))d(z2) Ad(x)

+ v (mu(d(y) A d(2) Ad(a)v2(0)))d(y) Ad(x)

= vy (ve(a))d(y) A d(z)

+ v (vy(e))d(2) Ad(x)

+ v, (v2(0))d(y) Ad(x)

=d(y) Nd(2)a +d(z) ANd(z)c+ d(y) Nd(z)b = .

Hence, by Lemma 1.3.31, we obtain that the differential calculus €2(.A) is integrable.

Then, since GKdim(.A) = 3 and 2(A) is a 3-dimensional integrable and connect differential
calculus, we get that A is a differentially smooth algebra.

Example 1.3.41. The Ore extension A = Cly, z][z; 0,0], such that o(y) =y, é(y) =0
o(z) = B~'zand 0 # 6(z) € Cy, with 8 € C, it is not differentially smooth. The problem is
that, since 2z = 8712z — cy, with ¢ € C\ {0}, if we define a differential calculus (Q(A), d),
we need that,

Fd(2x) — cd(y)
Brd(2)x + B zd(2) — cd(y).

Hence, since cd(y) = B 'd(2)x + B~ zd(x) — (d(x)z + zd(z)), by the density condition
of Q(A), we have that d(z) and d(z) form a set of generators of Q'(A), and therefore,
Q3(A) = 0. This means that, there is no exist a GKdim(A) = 3-dimensional calculus, and
therefore the differentially smoothness of A is impossible.

d(xz) =
d(x)z 4 xzd(z)

If Clz,y][z; 0,0] is an Ore extension of derivation type, i.e., o = idg|,,), in this work
we obtained the following result.

Theorem 1.3.42. If A = Clx, y|[z;idc(y), 6] is an Ore extension, 6 = f()0r + g(y)0y,
where f(x) € Clz] C Clz,y], g(y) € Cly] C Clz,y], and 0, and 0, are the usual partial
derivations, then A is differentially smooth.

Proof. Following the ideas in the proof of Theorem 1.3.32 and Example 1.3.40 in the case
of R = C[z,y|, we have the following:
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1. The following assignments determine C-algebra automorphisms v,,v, and v, of A,

vp(z) =z, va(y) =y, va(2) =2+ 0:(f(2)),
v() ==z, )=y, wrlz)=2+09(9)),
v.(x) =z, v.(y)=vy, v.(z)=z2

These automorphisms satisfy [v,, 1] = [y, V2] = [y, 1] = 0.

2. We define the free right A-module Q'(A) = d(z) A d(y) AP d(z)A, and also we
define the left structure in the generators as ad(w) = d(w)vy,(a), for all a € A and
w e {z,y,z}.
If we extend the assignments w — d(w), for w € {z,y, 2z}, to a C-derivative over the
algebra A, d : A — Q!(A), since v, (w) = w, we have d(w*) = d(w)kw*~1, for all
k € Nand w € {z,y,z}. By Leibniz’s rules,

d(zy? 2%) = d(z)iz' Lyl 28 + 2ld(y)jyd L2k + 2yl d(2)kF !
= d(z)iz' Yy 2P 4+ d(y)jaty? LR 4 d(2)katyl 2L, (1.3.10)

where the last equation is due to the fact that vy(z) = z,v,(x) = = and v,(y) = v.
Therefore, if we define the maps 0,0y, 0, : A — A, such that

d(a) = d(x)0x(a) + d(y)0y(a) + d(2)0.(a), forall a € A,

then, by the right free structure of Q'(A), d(a) = 0 if and only if 9,(a) = 9,(a) =
0;(a) = 0. By relations (1.3.10), we have that 0, is a left 1,,-skew derivation, for
w € {z,y,2}, and that over the PBW basis {z'y/2* : i,j, k € N}, the map 0, acts
as the usual partial derivation respect w. With this, we conclude that for a € A,
Oyz(a) = 0y(a) = 0.(a) = 0 if and only if a € C, which means that Ker(d) = C.

3. Extending the differential graded structure to Q%(A) = d(y) A d(2)A@d(z) A
d(z)A@d(x) A d(y)A, we have that d(w) A d(w') = —d(w') A d(w), for w,w’ €
{z,y, z}. Since the automorphisms v, commute between them, the relations d(w) A
d(w') = —d(w') Ad(w) do not disturb the structure of free right A-module of Q?(A).

4. For Q3(A) = d(z)Ad(y)Ad(2)A, we define v, = vyov,ov, where w := d(z)Ad(y)Ad(2)
is the volume form. If we define the assignments,

1 1
1 2
_ 2 2 _ 2 _ 2 _ 2 _
=wi=d(y) Nd(z), w;=wy=—d(x)Ad(z), wi=w3=d(zx)Ad(y),
by Lemma 1.3.31, we have that (©2(A), d) is integrable.
We have shown that (£2(A),d) is a 3-dimensional, connect and integrable differential cal-

culus of A, and since GKdim(.A) = 3, from [Rey13], Theorem 14, then A is differentially
smooth. O

The following algebras will be useful in Section 2.3.2.

Example 1.3.43. By Theorem 1.3.42, the algebra Cly, z|[x, 0, ], where o(y) =y, 0(2) =
z, 0(y) = b and 6(z) = 0 is differentially smooth.
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Example 1.3.44. The algebra C|z,y][z,0,0], where o(z) = z, o(y) =y —a, d(z) = =
and d(y) = 0.

We close this section with the following examples for which the differentially smooth-
ness was obtained in the realization of this work.

Example 1.3.45. Let A be the C-algebra generated by z,y and z, with relations
zy—yz=uay, yr— Pry=0, xz—zx =z, withaeC.

For this algebra, we can conclude that A is differentially smooth as in proof of Theorem
1.3.42 with the following tools:

1. Consider the automorphisms v,,vy,v, : A — A, that commuting each other and
these are defined by,

vp(z) =z, vz (y) = By, vp(2) =2 — 1,
Vy(x)zﬂilxv Vy(y) =Y, Vy(z)zz+a7
vy(x) =z, v.(y) =v, vy(z) = 2.

2. We define Q'(A) = d(z) AP d(y) AP d(2)A, where ad(w) = d(w)vy,(a), for all
a € Aand w € {z,y,2}. Since v,(w) = w, we have that d(w') = d(w)iw' ", for
w € {z,y,z} and i € N. Also, we define d : A — Q1(A), and since v,(z) = g1z,
v.(r) = x and v,(y) = y, we define the maps 0,,0,,0. : A — A as the right
proyections of d over the right basis d(z), d(y), d(z), where

d(a'y’2") = d(2)ds («" v 28) + d(y)9y 2"y’ 2¥) + d(2)0:(a"y 2")
= d(w)[iz" 'y’ M+ d(y)[B ey’ AR+ d(z) [Raty? 2.
Since Ker(d) = C, the 3-dimensional differential calculus (2(.A), d) is connect.

3. We obtain that the volume form w := d(x) A d(y) A d(z) € Q3(A) = wA, with
U, = U O Uy O Uy, is an integral form by Lemma 1.3.31 applied to the choices,

wi =i =d(z), wy=wy=dy), wy =w} = d(2)
wi =d(y) Nd(z),  wi=—Bd(@)Nd(z), wi=d(z)Ad(y),
Wi = Bd(y) Nd(z), @5 =—d(x)Ad(z), @5 =d(x)Ad(y).

Then, (©2(A), d) is integrable, which completes the proof of the differentially smooth-
ness of A.

Example 1.3.46. Consider the C-algebra A generated by z,y and z under the relations,
yz —azy = Az, zx—pPrz=0b, zy—ayxr=_Cr,

in the following two particular cases: (a) when « = A = C = 1; (b) when o € C\ {0} is
of free choice and A = C' = 0. Following the technique of Theorem 1.3.42 and Example
1.3.35, if we consider in each case the following objects we guarantee the differentially
smoothness of A.
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(a) 1. The automorphisms v,, v, and v, defined by the assignments

ve(x) = 1, ve(y) =y —1, w.(2) =0z,
vy(z) =z, vy(y) = v, vy(z) = z,
v.(z) = g ta, v.(y)=y+1, rv.(z2)=pz

2. To guarantee the integrableness of the differential calculus with volume form
d(xz) Nd(y) ANd(z):

wi =y = d(x), wy =Wy = d(y), wy = w3 = d(2)
wi = d(y) Ad(z), w3 = —d(z) Nd(z),  wi=p""d(z) Ad(y),
wi=p"ld(y) Nd(2), @W5=—d(z)Ad(z), @=d(z)Ad(y)

(b) 1. The automorphisms v, v, and v, defined by the assignments

Vz(x) = 5_1377 Vz(y) = a_lyv Vac(z) = Bz,
vy(z) = ax, vy(y) =y, vy(z) = a 'z,
v,(z) = f 1, v.(y) = ay, v,(z) = Bz.

2. To guarantee the integrableness of the differential calculus with volume form
w:=d(z) Nd(y) A d(z):

wi =1 = d(x), wy = wh = d(y), w3 = w3 = d(2)
wi = d(y) Ad(2), wh = —ad(@) Nd(z),  wi=aB " d(z) Ad(y),
Wi =af ld(y) Nd(z), ©5=—ad(@)Ad(z), ©F=d(z)Ad(y).

1.4 Cycles

In this section, we present a transcription of some pages of [Con85], fulling details that
are omitted in the original manuscript and we point out some understood facts. In this
treatment, we found another construction of a differential-integral calculus called cycle,
which is key on noncommutative differential geometry. In Proposition 1.4.7, we find a
strong relation between cycles and traces operators.

Definition 1.4.1 ([Con85], p. 97). A cycle of dimension n is a triple (2,d, [), where Q
is a graded C-algebra, d is a graded derivation of degree 1! with d? = 0, i.e., (,d) is a
differential calculus and [ : Q" — Cis a closed!? graded trace.

Remark 1.4.2. This triple fulfill characteristics of a graded differential calculi is as fol-
lows:

14 is a graded derivation, if d = >~ d;, where d; is a homogeneous linear map of grade |d;| such that for
all a € Dom(d;) homogeneous and any b € Dom(d;), we have that d(ab) = d(a)b+ (—1)1*1%lad(p). If d is
of degree 1, which means that d2' C Q! we have that d(ab) = d(a)b + (—1)"*lad(b).

12Closed means that f od = 0, and graded trace means that f vanish on supercommutators, see [Pit09],
p. 233.
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1. (Q9(Y) C QI for all 4,5 € {0,....,n}, i +j < n. This by definition of graded
algebra and 2 being a graded algebra.

2. dY C Q! d(ww') = d(w)w' + (—1)9°8wd(w’), because d is a graded linear map of
degree 1, and d?> = 0 by hypothesis.

3. [dw =0, for all w € Q"~!, by definition of closed, and [ w'w = (—1)deswdess” [y,
by definition of graded trace.

From two cycles, we can form new cycles with the direct sum and the tensor product.

1. If Q, Q' are two cycles of dimension n, their sum Q@€ is defined by the homogeneous
component (2”)! = Q!GO the component product (wy, w)) (w2, ws) = (Wiws, wiws).
If (w1,w]) € (") and (we,wh) € (") as wrwrrr € 277, we have that Q7 is a
graded algebra. If we define d(w,w’) = (dw,dw’) and [(w,0') = [w+ [/, we
obtain a graded derivation of degree 1 and a closed graded trace. Then (Q® (Y, d, [)
is a cycle of dimension n.

2. If Q,€) are two cycles of dimension n and n’, respectively, their tensor product
Q" =Q® 2 is the cycle of dimension n + n’ which as a differential graded algebra,
it is the tensor product of (,d) by (?',d) and [(w®w') = (=1)" ' [y [ for all
w e Q" and W' € Q. In this way, we have (Q")" = Drsj- l(Qk O, d"=dxd
(see Remark 1.3.21).

For the next example, we need the following definition.

Definition 1.4.3 ([dR84], p. 34 and 79). A closed current of degree p and of dimension
dim(V) —p on a smooth manifold V' is a linear continuous'® map 7' : Q4™(V)=P _ C, such
that bT = 0. If v is a form in Q™(V)=P the value of T at a is denoted T(«) or (T, ).

Example 1.4.4. Let V be a smooth closed'® manifold, let C' be a closed current of
dimension ¢ < dimV on V, and let Q% i € {0,...,q} be the space C®(V,A'T*V) of
smooth differential forms of degree . With the usual product structure and differentiation,
Q = PL,Q is a differential algebra, on which the equality [w = (C,w), for w € QY,
defines a closed graded trace.

Remark 1.4.5. In Example 1.4.4, the fact that [ is graded, i.e., (C,dw) = 0, for all
differential form w, it is a consequence of the Stokes theorem (see [Mor98], p. 109).

Before to state the key proposition of this section, we recall the construction of the
universal algebra Q(A) (see [Pit09], p. 216). Even if A is unital, let A = A ® C with the
usual sum and the following product: if (a, \), (b, ) € A then (a,\)(b, ) = (A\b+ pa +
ab, \p). With this structure, A is an associative unital algebra'S with unit (0,1). The
elements (a, \) € A will be denoted a4 A. With this notation, the product (a+\)(b+p) =

13This continuity is given in terms of local uniformly convergence of forms, see [dR84], p. 34 for details.

YpT is the boundary of a current, such that, for all w € DomT, bT'(w) = T(dw) (see [dR84], p. 45).

15 A smooth manifold is closed if it is compact and without boundary.

16 4isa C— algebra, but also A has structure of A—algebra saying that (a+A)b=ab+ b= (a+A)(b+0),
foralla+ X € Aand b€ A, ie., we make the identification b= b+ 0 € A.
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ab+ aX + bp + Ap coincides with a distribution law. For each n € N, n > 1, let Q" (A) be
the linear space Q"(A) = A ® @] A. The differential d : Q" — Q"*! is given by

d((ag+X)®a1®@ - Qap) =1Qa @ - ®a, € Q"L (1.4.1)

By construction, d?> = 0. Let us now define the product Q' x QF — Q7. One first defines
a right A-module structure on 2" by the equality

n
(@@ ®ap)a=» (~1)"(ag® - @ajaj4 @ Da). (1.4.2)
j=0

This right action of A on Q" extends to a unital action of A saying that w(a+\) = wa+w:
we know that (wa)b = w(ab), if w € Q" and a,b € A. Now, we have to prove that
(w(a+ )b+ p) = w((a+A)(b+ p).

e We have

(wla+ )b+ p) = (wa+wA)(b+ p)
= (wa + wA)b + (wa + wA)p (1.4.3)
= (wa)b+ (wa)p + (WA)b + (wA)p.

e On the other hand,

w((@+A)(b+ p) = wlab+ ap + bA + Au)

(1.4.4)
= w(ab) + w(ap) + w(bX) + w(Ap)

Then, we have that both expressions are equal because 2" is an A-module and A and Q"
are C—algebras.

We define the product: Qf x 0/ — Q*J by considering
w(l~)0®bl®"'®bj)= (wgo)®bl®"'®bj Vw € O (1.4.5)

More explicitly, using the notation agda; - - - da, = Gg ® a1 ® - - - ® a,, we have

(apday - - - dayp)(apt1danya - - - day,) = Z(—l)"_jaodal ~-d(ajajyr) - dapdangs - - - da,
j=1
+(—=1)"apardas - - - day,.
(1.4.6)

It is immediate that the product is associative. With w = ag® a1 ® - - - ® a,, € Q", for
a € A,

d(wa) = Z(—l)"_jl Ray® - Qaja ®- - Qa, (1.4.7)
j=0
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n+1
(dw)a=> (-1)"" 1@ ®aj10;® - ®a
7=0
= (-1)"'wda + d(wa).

(1.4.8)

If Q(A) = P, cn " (A), we obtain that (2(A),d) is a differential graded algebra.

Remark 1.4.6. The previous construction of the universal differential calculus Q(A) is
quite different from that one we present in Section 1.1.3, but, by the universal property,
both are isomorphic graded algebras.

Proposition 1.4.7 ([Con85], p. 98). Let 7 be an (n + 1)—linear functional on A. Then
the following conditions are equivalent:

1. There exists an n-dimensional cycle (Q,d, [) and a homomorphism p : A — 0V such
that:

(a0, - an) = /p(ao)d(p(al))---d(p(an)) Vao, oy an € A. (1.4.9)

2. There exists a closed graded trace T of dimension n on Q(A) such that

7(ag, ..., an) = T(apday - - -day)  Vag,...,an € A. (1.4.10)

3. One has 7(ay, ..., an,a9) = (=1)"7(ag, ..., an), for ag,...,an € A, and for ag, ..., ant1,

n

D (=1)'7(ag, oy @iis1, oy angr) + (=1)" 7 (ang100, ... an) = 0. (1.4.11)
=0

Proof. The equality agday - - - da, = 4y ® a1 ® - -+ ® a,, shows that (2(A),d) is generated
by A. One checks that any homomorphism A — Q" of A in a differential graded algebra
(V,d'), d”? =0, extends to a homomorphism p : (Q(A),d) — (€', d") with

plag day -+ day) = p(ao) d'(p(ar)) d'(p(az)) -+ d'(p(an)) + Ao d'(p(a1)) -+~ d'(p(an)),

(1.4.12)
for a; € A, ag € A, ao = (ag, \o) = ao + Ao. Then, we have that 1 implies 2 saying that
T = [op and 2 implies 1 taking (2, d) = (Q(A)), [ =T and p: A — A:a+s a+0, where
A =00 We have now that 1 and 2 are equivalent. Let us show that 3 implies 2. Given
any (n + 1)-linear functional ¢ on A, we define ¢ as a linear functional on Q"(A) by

S((ap+A) ® - ® an) = p(ag, ai..., an). (1.4.13)

By construction, one has ¢(dw) = 0, for all w € Q""1(A) because, if w = (a + \) ® 0 we
have

Pdw) =@(d((a+N)®0)=¢(0+1)®a®0) =p(0,a,a1...,ap-1) = 0. (1.4.14)

Now, with 7 satisfying 3, let us show that 7 is a graded trace, i.e., that 7 vanish in
commutators. We have to show that

#((aoda - - - dag)(ars1dar s - - - dani1)) = (=) "M 2(api1darss - - - dansi)(aodas - - - day)).  (1.4.15)
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Using the product in Q(A), we found that
(aoday - - - dag) (apsrdanss - - dansr) = ((aodar - - - dag)apsr )dap s - - dansr) (1.4.16)
= Zk:(—l)kfj (ao---aj—1d(ajaj11)ajr2 - - dardagyy - danya).
(1.4.17)

Then,

k
?((aodth e dak)(ak+1dak+2 e dan+1)) = Z(fl)kijT(ao7 veey (ajaj+1), vy Ak, QK41 ...,an+1). (1.4,18)

3=0
Also,
(ak+1dak+g e dan+1)(aoda1 s dak) = (ak+1dak+2 e dan+1)ao)da1 cee dak
e (1.4.19)
= (—1) (ak+1 e d(ajajH) e dan+1dao e dak)
=0

Therefore,

(—1)k(n7k)7c((ak+1dak+2 --dapy1)(aoday - - - day))
n—=k

= (=1)PO RN DRI (g, o (@5G541)s s Gt G0, ey Q)
JZ(:) 7 (1.4.20)

n—k
_ (_1)k(n—k‘)+n—k—j7_(

A1y ey (ajaj_H), ey A1, G0y -1y ak).

[
Il
o

Now, we use the permutation A such that A(i) = k+1+4. This permutation has signature
e(A\) = (=1)™k+D " and since by hypothesis 3 we have that

T(ak+17 ey Gj—1, (ajaj+1)7 Q542 -5 Ant1, A0, -+ ak)
= (_1)n7-(ak7 Q415 -+ Aj—1, (aja‘j+1)7 Aj425 o5 An41, Q05 -0y ak’—l)a (1421)

then, we have that 7% = £(\)7. We also have

kn—k)+n—k—-Xj)=k(n—k)+n—k—(k+1+})
=k(n—k)+n—k—(k+1+5)=kn—k*+n—2k—1—j
(1.4.22)
We obtain that (1.4.20) turns to
n+1 ) '
Z (—1)’”17’C JrniQkilf]Jrn(kJrl)7'(@0, vy Oy At 15 -y (ajaj_H), vy Q1) (1.4.23)
j=k+1

Like kn—k2+n—2k—1—j+n(k+1) = k—j—1(mod2), then (—1)kn—F+n—2k—1—jtn(k+1) _
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(—1)*=3=1. Therefore,

C—l)mﬁ_k%f«ak+ldak+2"'dan+1)(aoda1~~-dakx

n+1 .
= Z (_l)k_]_lT(a07"'aakvak-i-l’"'7(ajaj+1)7"'aan+1)
. (1.4.24)
= — Z (=) 7 (ag, ey Ahy ot 1y ooy (@A) ey Gnp1)
Jj=k+1

+ (—l)k_nT(an+1a0, c an).

By hypothesis 3, we have that

J

Multiplying by (—1)* and clearing the last right side of (1.4.24), we obtain

n
(=1 7(ag, .-, ajajs1, oy any1) + (=1)" 1 (aniag, ..., an) = 0. (1.4.25)
=0

k
Z(—l)ki]’T(ag, ey (ajaj+1), ey Qs Qg 1y oeey an+1), (1426)
=0

and hence we have proved that
#((aoda - - - dag)(ars1dan o - - - dani1)) = (=) "M 2(api1darss - - - dansi)(aodas - - - day)), (1.4.27)
which conclude this part of the proof.

Let us show now that 1 implies 3. We can asume that A = QY (and p = id4). By
hypothesis, we have 7(ao, ...,an) = [ p(ag)d(p(ar)) ... d(p(an)) = [ao da; ... da,,. Then

T(ag, ..., an) = /(ag day) day... day,

_ (_1)"1/da2..- day (ao day) (1.4.28)

= (—1)”/(da2... day, dag) aq

= (=1)"7(a1,...,an,ap).

The first equality is due to the associativity of the product in A. The second and fourth
equalities are by definition of graded trace, i.e., by the rule [ww’ = (—1)deg‘”degw/ [ ww.
With the aim of showing the third one, since [ d =0 we have that!”

A= /dag -+ day (ap day)
= Z(—l)"fzf(jfl)dag - d(ajajy1)dapdagday + /(—1)"1a2da3 -~ dapdagday
j=2
= (—1)”71 /agdag - dapdagday
(1.4.29)

17Note that daz cee d(ajaj+1)dandaoda1 = d((az + 1)da3 s d(ajaj+1)dandaoda1).
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By the same way, we can also see that
B =: /(da2 -+ day, dag) a1 = (1)"/a2da3 -~ dapdagday . (1.4.30)

Therefore, we have (—1)""!A = (—1)"B, which proves the third equation. If we want to
show the second property, we shall only use the equality

/aw = (—1)des(@)deg(w) /wa = /wa forwe Q" aec A, (1.4.31)
because deg(a) = 0. In particular,

/anH(aodal eday) = /(aodal e dap)any- (1.4.32)

Hence, we have to prove that

n

Z(—l)i/agda1...d(aiaiH)...danH + (—1)n+1 /(an+1a0)da1...dan =0, (1.4.33)
=0

and this is by the last affirmation and by the definition of the product on 2 as follows:

(—1)n*! /(an+1a0)da1...dan = (1)t /(aodal...dan)anﬂ

_ (_1)n+1/ZO(_l)nJriaOdal...Cl(ajaj+1)-~-dan+1 (1.4.34)
‘7:

n

= (—1) Z(—l)i/aoda1...d(ajaj+1)...dan+1.

J=0

O]

We consider that Proposition 1.4.7 shows that the trace operators posses very impor-
tant information about the (noncommutative) geometrical structure of general algebras

A.



CHAPTER 2

Noncommutative algebras and their calculus

As we noted in the first chapter, such like in didderential geometry, we know that the skew
derivations of an algebra play a key role in the description of their geometry, in particular,
they are the main tool for the Brzezinski’s calculus. Therefore, we are interested in looking
for descriptions and features of the skew derivations for noncommutative algebras. In this
chapter, we consider three classes of noncommutative algebras and study objects associ-
ated to them with the aim of obtaining differential calculus structures. We present in the
first section, the generalized Weyl algebras, and include some examples of them just as the
hyperbolic algebras. We also study some skew derivations of the quantum plane, a partic-
ular example of these algebras. In the second section, we consider the diffusion algebras.
First, we study how these algebras appear from the study on stationary states of proba-
bility in a stochastic flow of particles problem. Later, we present two types of diffusion
algebras, some properties about them such as a description of their commutation laws in
the 3-dimensional case, which allows us to describe, in terms of the PBW basis, the inner
id-derivations of each generator; we finish with a study of their automorphisms and skew
derivations. The third section is dedicate to study the 3-dimensional skew polynomial al-
gebras, their classification, their structures either of Ore extensions or hyperbolic algebras.
In this work, in Section 2.3.1 we establish some extended automorphisms in the Ore ex-
tensions, this with aim to investigate the skew derivations related to these automorphisms
in a future work. All of these algebras are particular cases of a class of noncommutative
algebras called skew PBW extensions. For these objects, several properties have been
studied (Noetherianity, K-theory, ACCP-condition, McCoy’s condition, Kothé’s conjec-
ture, among other properties), by some people in [LR14], [RS16],[RS17b],[RS18],[RR19]
and [RS19a]. In the fourth section, we close the chapter with a brief revision of [Art15],
where the author partially characterizes derivations for skew PBW extensions. We re-
mark some mistakes and questions of the treatment presented in that article and propose
answers to some of that questions.

2.1 Generalized Weyl algebras

We are going to recall the generalized Weyl algebras, which were defined by Bavula [Bav92].

o6
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Definition 2.1.1. ([Meil6], p. 123.) Generalized Weyl algebra. Let K be an alge-
braically closed field of characteristic zero. Fix a unital associative K—algebra R that is a
Noetherian domain. Given n nonzero elements t = (t1,...,t,) in R and n pairwise com-
muting algebra automorphisms o = (o01,...,0,) € Aut(R) such that o;(t;) = t;, for all
i # j, define the corresponding generalized Weyl algebra A = R(o,t) of rank n as follows:
it is the K—algebra generated over R by 2n generators z° azi, 1 < ¢ < n, with relations
given by the following;:

° xla:@ =1;.

o 'zt =o;(t;).

o rir= O’iﬂ(r)x"i, for all r € R.

o [z ,2)] = [:L‘Sr,xﬂr] = [:Ei_,:vi] =0, for all ¢ # j.

Next, we present some remarkable examples of generalized Weyl algebras.

Example 2.1.2 ([Ros95], p. 46). Quantum plane. If we consider n = 1, R = K[h],
o(h) = gh with ¢ # 0 and t = h, we obtain the generalized Weyl algebra R(o,t) =
K[Ah](gh, k), which is isomorphic to the quantum plane K(z,y | zy = qyx).

Example 2.1.3 ([Cou95], p. 8). Weyl algebra A, (K). If we consider R = Klh1, ..., hy],
oi(hj) = hj—0i;, where d;; is the Kronecker’s delta, and ¢; = h;, for all 4,j € {1,...,n}, we
obtain that K[hq, ..., hy](o,t) is isomorphic to the nth-Weyl algebra K(z,d | z0—0z = 1).

Example 2.1.4 ([Bav93], p. 88). Factor Algebras of Usi(2). Let U = Usl(2) be the
universal enveloping algebra of the Lie algebra sl(2) over a field K of characteristic zero
generated by =,y and h, with the relations:

[h,z] =z, [h,y] = —y, [z,y] = 2h.

If C = h(h+1)4yz (the Cashimir element), we have that the universal enveloping algebra
of sl(2), Usl(2), it is isomorphic to the generalized Weyl algebra K|h, c|(o,t = ¢—h(h+1))
where 0 : h — h — 1,¢ — ¢. Moreover, for any A\ € K, the factor algebra U(\) =
U(sl(2))/U(sl(2))(C — A) is also a generalized Weyl algebra with U(\) = K[h](c,a =
A—h(h+1)).

Remark 2.1.5. The usual relations of s/(2,C), and therefore, of U(sl(2,C)), are given by
[0, x] =2z, [W oyl =2y, [o,y]=F,

which are the same relations of the Example 2.1.4, with the identification A = 2h/. Also,
it is well known that over C, the Lie algebra si(2,C) is isomorphic to so(3,C), that is, a
Lie algebra C-generated by Bio, Bis and Bes with the relations

[Bi2, Big) = — B3, [Bi2, Bos] = B3, [Bi3, B3] = —Bia,

by using the identification

) 1 —
Big — ih’ Big— §($—y) Bog — 7(:E—|—y)
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If we consider another identification, defined by B, = —B12, B, = —Bs3 and B, = B3,
the bracket in so(3,C) turns to

(B, Byl = B., [By,B.|=B,, [B.,B;]=DB,.

These last relations result in commutation laws of some basis for U(sl(2,C)), and all of
them are useful in Section 2.3.

Example 2.1.6 ([Bav96a], p. 1985). Woronowicz deformation. V is generated by
Vo, V4 and V_ subject to the following relations:

VoV —s2ViVo =V, sV Vo —s2VVo =V, s W Vo —sV_ V. =V,.

The algebra V' is isomorphic to the generalized Weyl algebra Klu,v](o,t = v) where
Vi < 24, Vg <> uand V.V, < v, and where o : u +— s?(s?u — 1), v — s%v + su is the
automorphism of the polynomial ring Klu, v].

Remark 2.1.7. In [Ros95], p. 100, we found an algebra called the Woronowicz defor-
mation of Usl(2), which is the K-algebra generated by x,y, z such that

zz—vize =1+ 1)z, zy—rviyr=vz, z2y—viyz=(1+1z,

where v € K\ {0} is not a root of unity. We note the similarity of both Woronowicz
deformation of Example 2.1.6, however we do not found yet an isomorphism between
them.

About generalized Weyl algebras, we found in literature the following facts:

1. Generalized Weyl algebras have a PBW basis ([Bav92], p. 76).

2. The weak dimension is known for some generalized Weyl algebras that have enough
flat extensions with a well behavior of their weak dimensions ([Bav96b], Theorem
1.2).

3. The global dimension' of generalized Weyl algebras of degree 1 is computed, obtain-
ing that this belongs to {1,2, 00} ([Bav96b|, Theorem 1.6).

4. For some particular generalized Weyl algebras of degree one is established the groups
of Hochschild homology and cohomology ([SSAV13], Theorem 1.1, Theorem 1.2).

5. A criterion of simplicity of generalized Weyl algebras with base ring without zero
divisors is constructed ([Bav96a], Theorem 4.5).

6. If A is a simple generalized Weyl algebra of degree n, then GKdim(A) = 2n
([Bav96al, Corollary 4.8).

7. The group of automorphism is computed for some generalized Weyl algebras of
degree one ([SAV15]).

1 The global dimension of A is the supremum of the minimal lengths of projective resolutions of all
A-modules.
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Remark 2.1.8. In this work, we note that the Woronowicz deformations of Example 2.1.6
and Remark 2.1.7, both denoted by A, cannot be differentially smooth, because, such as
we see in Example 1.3.41, since one of the defining commutation rules in their definition
relations need three generators, where one of the generators appears only in one lineal
term, if (Q(A),d) is a differential calculus, we conclude that Q!(A) is generated by two
elements as an A-bimodule, and therefore Q3(A) = Q1(A) A Q1(A) A QY(A) = 0. Hence,
(©(A),d) cannot be 3-dimensional, where GKdim(.A) = 3 by [Rey13], Theorem 14. This
implies that A is not differentially smooth.

Remark 2.1.9. In 1995, it was defined by Rosenberg the notion of hyperbolic ring, which
is the generalized Weyl algebra of rank n = 1 (c.f. [Ros95], p. 61). In [Ros95], it was
studied the left spectrum? of hyperbolic rings and exhibited for particular cases such as the
quantum plane, the quantum torus, the first Weyl algebra and the ¢-differential operators,
among others (c.f. [Ros95], p. 64). Rosenberg denotes an hyperbolic ring R{6, £}, which
in the sense of Definition 2.1.1, means the algebra R(o,t), where 0 = 0, t = &, x = =4
and y =x_.

2.1.1 Hyperbolic rings

In [Ros95], p. 63, we can find a way to construct an hyperbolic ring (a generalized Weyl
algebra) from another algebra, denoted by A(1J, p,u). Let us see the details.

Definition 2.1.10 ([Ros95], p.63). The algebra A(¥, p,u), where ¥ is an automorphism
of the ring A, p is an invertible of A an u € A, it is the algebra generated by the elements
x and y satisfying the relations,

za=49Y(a)r, ya=19 '(a)y, foranyac A
TY — pYT = U.

Remark 2.1.11. From an algebra A(?J, p, u), we can construct a hyperbolic ring as follows:

1. Fixing t = xy, we obtain that t is a central element of A.
2. The algebra generated by A and ¢t is isomorphic to AJt].

3. Defining 6(t) = ¥(p)t + ¥(u) we obtain an endomorphism 6 : A[t] — A[t] which is an
extension of the automorphism . This endomorphism 6 is an automorphism with
inverse given by

0'(t)=p tt—u), 60()=09a), forallacA.

4. A[t){0,t} is a hyperbolic ring.

Remark 2.1.12. In fact, we can construct an algebra A(¢, p,u) from a hyperbolic ring
R{6,t}, and we obtain a one to one correspondence between some of these two types of
algebras (cf. [Ros95], 64).

The Remark 2.1.11 will be useful in the classification of 3-dimensional skew polynomial
algebras (see Section 2.3). Now, we study a specific class of hyperbolic algebras that
appears in a few documents about differential calculus.

2The left spectrum in this case is the set of left ideals p C A such that ((p : 2) : w) C p, for some
x € A — p and some finitely generated Z-submodule w C A (see [Ros95], p. 5).
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2.1.2 A degree one generalized Weyl algebra

We are going to present a particular class of generalized Weyl algebras that are basic
objects in the next sections.

Definition 2.1.13 ([Brz16b], p. 2). Let K be a field of characteristic 0, p € K[z] and
q € K\ {0}. Define the following algebras:

e B(p,q) as the affine algebra over K generated by x,y, z, where

vz =q’zx, yr=q 2y, wy=q’zp(¢®2), yx=zp(2).
e A(p,q) as the affine algebra over K generated by z,,z_, zy, z_ satisfying the rela-
tions

_ _ ,—1 —
gz =2z, Ti2d =q Z£Ty, T2y = (2T,

cpxo =p(zyz), xxy =p(¢*z-z1).

e We say that any of these algebras is regular, if p(z) and 2J,2(p(2)) (see Example
1.1.42) are coprime? in K|[z].

Considering R = K[z], z_ = y, 2y = x, t = zp(2) and o(z) = ¢*2, we obtain the
generalized Weyl algebra structure of B(p, q), and with R = K[z_, 21 ], z_ = z_, 24 = x4,
t = p(¢’2_zy) and o(2+) = ¢ 'z, the generalized Weyl algebra structure of B(p,q) is
found.

Example 2.1.14 ([Brz16b], p. 3). If we consider K = C, ¢ € [~1,1] and p(2) = 1 — ¢ 2z,
we obtain that A(p, q) is the coordinate algebra of the quantum SU,(2).

Remark 2.1.15. From [Maj95] and [Brzl6a], we have that A(p, q) is a strongly Z-graded
algebra with coacting Hopf algebra the group algebra of Z, that is K[t,t71] = K[z, 2] (it
is the coordinate algebra that describes the circle) when deg(z4+) = 1 and deg(x4) = £1,
and the degree-zero component is equal to B(p, q). Then we can consider to A(p,q) as a
circle principal bundle.

In the following example, we present a differential and integral calculus computed for
the algebra A that appears in [Brz16b].

Example 2.1.16. For a regular A = A(p,q), in [Brz16b], p. 7, it was constructed a
left .A-module with basis wj,ws and ws, using the ideas presented in Section 1.2, (see
Remark 1.2.12). To do this, since A is a graded algebra, we consider the automorphism
o1(a) = o3(a) = ¢”la and o2(a) = ¢*%a, for all @ € A. Now, consider the maps defined
by

Oo(xy) = agry, Op(x_) = —q 2apr_, Oo(zy) = anzy, Os(zy) = —q 2azz_,

d(z4) =01(z4) =0, Oi(z-) = arc(2)z4, di(z4) = arzy,

3In a DIP R, two elements a,b € R are coprime, if gcd(a,b) = 1.
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O3(x_) =03(2-) =0, 0O3(xy) = azc(2)z—, 3(24+) = azx_,

where o; € K\ {0} and ¢(2) := q[p(¢®z+2_) — p(24+2-)]/(¢*> — 1)z; z_. The map 0; is an
o;-skew derivation of A. Define

wia = oi(a)w;, fori=1,2,3,.

If ¢ # 1 or deg(p(z)) < 1, we obtain that (€,d) is a first order differential calculus
on A (the Brzezinski’s differential calculus of (0;,0;), see Definition 1.2.7), where =
Awy & Aws & Aws and

3
d:.A—>Q:a»—>28i(a)wZ
i=1

The density condition of (€2, d) is guaranteed by the Bézout identity* applied to p(z) and
z in K[z].

A hom-connection V : Homy4(€2, A) — A is defined by the assignment
€ = 201 (E(w1)) + Do (E(w2)) + ¢°5(E(w3)),

for all £ € Hom (2, A). In this case, the cokernel A/Im(V) is n = deg(p)-dimensional
with basis v; := A(2%), for i = 0,...,n — 1, where A : A — A/Im(V) is the canonical map
(see Definition 1.2.11). We have that A is zero in all the elements of A \ K, and that for
all k € N,

n—1 2N\l
+k) [i+1] g 1= (¢) 2 212
P E n_|_k—|- 6”2, Where[l].—m—l+q + .- 4q .

Also, it is known how to find the values of B¥ as follows. Let p(z) = lc(p)~'p(2) be the
monic polynomial associated to p(z). Then, we can write

n—1
p(z) =2" — Zmzi
=0

1=

In this way,
n
o
BE = pn1B 7 + ik,
=1
where, if [ < 0, y; = B! = 0.

2.1.3 Skew derivations of the quantum plane

Now, we present a description found in [AB18] of some skew right derivations related to
an automorphism of a generalized Weyl algebra of degree one, which is a natural extension
of his base subalgebra.

“If R is a DIP, the Bézout identity says that for all a,b € R, if d = gcd(a,b), then there exist z,y € R
such that ax + by = d.
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Given R(a, ) a generalized Weyl algebra of dimension 1, let ¢ be a ring automorphism
of R such that 0 o p = poo, and o(a) = a. Then, for any central unit p in R, the map o
extends to the automorphism o, of R(a, ) by o,(z) = p~ 'z and o,(y) = yu = ¢~ (p)y.

Theorem 2.1.17 ([AB18], p. 7). Let R(a,y) be a generalized Weyl algebra and let o
be an automorphism of R commuting with ¢ and fizing a. Let o, be the degree-counting
extension of o of coarseness u, and consider the following data:

1. skew derivations on R(cay;, 0" o 0)icz, such that, for all i € 7, a; o p = @' (1) o a,
and there exists ¢ € RE such that ap(a) = ap~'(c);

2. elements c; € Rgiog ={c€R:Vp€ R,pc=c(ooc)(p)} and b; € (R\Rgioa) u{0},
1 € 7L

3. a set I of positive integers such that, for all r € R, the sets {i € I : ax(r) # 0} are
finite and the sequences (¢;)+icr, (bi)+ier are finitely supported.

Given above data, we define,

)= (am(r) +bmp™ 0 o(r) — rby)a™

melu{0}
+ Z(a_n(r) +b_pp "oo(r)—rb_pn)y",
nel
Ox)= > (cm—@lbm)+ @™ (o)™
melu{0}
+) lan(a) + 7" () (T bon)e M (@) — ac_p) — bopa)y™ !
nel
Oy) = (con+ @ ™ (Wb — @ (b-n))y™ ™ + (¢~ (e — bo) + @~ (1)bo + Co)y
nel
+ > @™ () (am(a) — @ (em + @™ (1 bm)a + bme™ (@)™,
mel

where Co € RE is a solution to the equation (Co + ¢ ' (uco))a = 0. Then O estends to a
skew derivation (0,0,) on R(a,p).

Definition 2.1.18 ([AB18], p. 12). The assignments 0(z),0(y) and 9(r) in Theorem
2.1.17 are split in the following way:

1. The zero component:
do(r) = ao(r) + boo(r) — rbo
() = (co = p(bo) + " bo)a
(y) = (¢ (ne —bo) + ¢~ (1)bo + Co)y.

2. The positive degree case (m > 0):

o
o
Om (1) = (am (1) + bp™ 0 o (r) — b)) ™

8m(x) = (Cm - So(bm) + (pm<:u’71)bm)xm+1
Om(y) = @™ (1) (m(a) = 7 (em + @™ (1 bm)a + by™ (a))z™ .
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3. The negative degree case (n > 0):
O—n(r) = (@—n(r) +b_np " 00o(r) —rb_n)y"
O-n(x) = pla—n(a) + " (™ (b-n)p (@) — ac—n) = bna)y™
O—n(y) = (con + ‘P_n—H(M)bfn - ‘P_l(bfn))ym_l-

Each 0; splits in three components 9; = 9% + d? + 95, where:

e 0¥, (called a — type) is obtained from 0; with b; = ¢; = 0.
° 8%’ (called inner — type) is obtained from 0; with a; = ¢; = 0.

e 0f (called ¢ — type) is obtained from 0; with a; = b; = 0.

In this section, we reproduce the first part of the proof of Theorem 2.1.21 presented
in [AB18], fulling the details, and whose content is a direct application of Theorem 2.1.17
to obtain a complete description of the o,-twisted skew derivations of the quantum plane;
we review the description of the classification, omitting the verification that all these skew
derivations follows that forms.

First, we present the following two necessary lemmas.

Lemma 2.1.19. ([AB18], p. 9) An additive map 03, : R(a, ) — R(a, ) is a o,-twisted
skew derivation of positive standard degree m and such that 0% (x) = 0 if and only if there
exists a skew derivation (u,, ™ o ) of R such that auy, o @ = @™ (u)p © auy, and, for all
r € R,

u(r) = (2™, Fu(y) = ¢ (Wam(@)z™ " = pag(a)e™ " (2.1.1)

An additive map 0 : R(a,p) = R(a,p) is a o,-twisted skew derivation of standard degree
0 and such that 0§ (x) = 0 if and only if there exists a skew derivation (ag,0) of R and
c € RE such that ag o o = pp o ag, and ag(a) = ap~'(c) and, for all r € R,

96 (r) = ao(r), 9 (y) =" (uc)y. (2.1.2)

An additive map 0%, : R(a,¢) — R(a,p) is a o,-twisted skew derivation of negative
standard degree —n and such that 0%, (y) = 0 if and only if there exists a skew derivation
(—p,p "0 0) of R such that c—p, 0 o = @ ™ () o a_p, and, for all v € R,

02, (r) = a_n(r)y™,  0%,(x) = p(a_n(a))y"". (2.1.3)

Lemma 2.1.20. ([AB18], p. 11) An additive map 0 : R(a,¢) = R(a, ) is a o,-twisted
skew derivation of standard degree i and such that Of(R) = 0 if and only if there exists
c € Rg such that,

iog
O () = '™, 9(y) =~ H(we H(e)az' T
if © is positive, or
O (x) = =" Wy~ Hac)e™ ™, O(y) = ey,
if © is negative, or
%(x) =coz,  O5(y) = Cy,
where C € RE is a solution to the equation (C + ¢! (ucy))a = 0.
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Now, we present a classification of skew derivations for the quantum plane in the
following theorem that is a consequence of Theorem 2.1.17.

Theorem 2.1.21 ([AB18], p. 24). Assume that a non-zero q € K is not a root of unity,
and let A be the quantum plane K[z, y] :== K(x,y)/(xy — qyx). Set h = yz, and let p be
a non-zero element of K.

1. for all f(h) € K[h], the map O on generators of A given by

d(x) = f(M)z,  Ay) = —pfla"" hy, (2.1.4)

extends to a skew derivation (0,0,) of A. These are the only opm,-derivations such
that O(h) = 0. They are inner if and only if there is no d € {0, ...,deg(f)} such that
p=q % and the coefficient fy in f(h) = >, frh* is not zero.

2. If there exists d € N such that v = ¢~ then:

(a) for all a(z) € K[z] and b(y) € Kly|, the map given by d(z) = h%(zx) and
A(y) = hb(y), extends to a skew derivation (9,0,) of A. All these derivations
are inner if d # 0, and they are not inner if d = 0.

(b) If d > 1, then for all X € K*, the map given by O(z) = 0, d(y) = A\hi 1y,
extends to a non-inner skew derivation on K[z, y].

3. The (combinations of the) above maps together with the inner-type derivations ex-
haust all o,-skew derivations on A contained in Theorem 2.1.17. Ewvery o,-skew
derivation on A is of this type.

Proof. First, we study all possible o,-skew derivations on A that satisfy the assumptions
of Theorem 2.1.17. Since in our case o = id, we first determine ("-skew derivations of
the polynomial algebra K[h]. The action of ¢™ on any element of K[A] results in rescaling
the h by ¢" (h — ¢"h). Thus, any ¢"-skew derivation 0, of K[h| takes the form of a
multiple of an appropriate Jackson’s derivative (see Example 1.1.42 and Example 1.1.43)
(understood as the ordinary derivative in case n = 0),

Fla"h) — f()

On(f (1)) = an(h) fgn(h) = an(h) (¢" — 1)h

As ¢"(u) = p, for all n € Z, because p € K, requesting that 9, o ¢ = up o 9, (i.e.
Op 0@ = @"(p)p o 0y), and evaluating it at h, yields the constraint qa,(h) = pan,(qh),
which has the following solutions: either

1. an(h) = 0 and there are no restrictions on u, or else,

2. there exists d € N such that u = ¢~4t!. In this case qa,(h) = ¢~ a,(gh), i.c.,
q%an(h) = ay,(gh) which implies that there is no zero degree term in a,,(h) and that all
terms of a,,(h) are divisible by h%. Then a,(h) = p(h)h?, and since ¢%a,,(h) = a,(qh),
this implies that ¢?p(h)h? = p(gh)(¢h)? = q*p(gh)h?, whence p(h) = p(qh), which is
equivalent to assert p(h) is constant. Therefore ay,(h) is a scalar multiple of h%.
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Actually, we obtain that 9, 0 o(f(h)) = ppodn(f(h)), for all f(h) € K[h]: note that
forall j > 1,

On 0 p(h) = 0,(¢’h) = 9, (W) = ¢ ph™H 1 = g~ pgtHi—tpd+i=1
= ¢ M p(ph™i=t) = g (0, (1)).

Therefore, we obtain by K-linearity, that 9, o ¢(f(h)) = pp o 9,(f(h)), for all
f(h) € K[h], and 0, 0 p = pp o Oy, as we desired.

These skew derivations provide us with only choices of maps «; in Theorem 2.1.17. In the
case ap(h) = 0, all elementary a-type derivations 05, i € Z\{0} are trivial, and we are thus
left with dy. To do this, first, we declare the values of by, ¢y € K[h]|. We are free to select any

co = f(h) € K[h] = K[h] 4, and by € {0} = K[h]\ (K[A]52,,) U{0}. Since a = h, we have
that ag(a) = 0 = ap~1(c) then ¢ = 0, and as (Co + ¢~ (uco))h = (Co + pe~ 1 (f(h)))h =0

we have that Cy = —u@~1(f(h)). Therefore,

0o(r) = ap(r) + boo(r) — rbg = ap(r)
Bo(z) = (co — p(bo) + p~ 'bo)z = f(h)x
Ao(y) = (¢~ (ne —bo) + o ()b + Co)y = —pe~ ' (f(h))y = —pf(a h)y.

Then, by the Theorem 2.1.17, we obtain the skew derivation of the first part of the
statement 1.

In the case of a,(h) = ph? with p € K and d € N, we have that ¢ € K[h] such that
aog(h) = ph? = hp~'(c). Then, if d > 1, we have that ¢ = pp(h?!) = pgd¢~thd~1
and if d = 0, then ¢ = p = 0. Since for all ¢ # 0, K[h]gh} = {0} because K[h] is

Abelian, we have that ¢; = 0, for all ¢ € Z \ {0} and in the case i = 0, we obtain that

by =0 € {0} = K[h] \ (K[h] ") U {0}. Then,
Oy (1) = o ()™ =p rqm(h)hdazm,
O (z) =0,
O (y) = ¢ () (am(a)z™ " = pphtz™
0%, (r) = (a—n(r)y" = p rimn (A",
0%, (x) = pla—n(a)y" " = o(ph®)y" " = pg~*h%y" ",
0%, (y)=0.

Hence, by Lemma 2.1.19, we obtain that in this case Jf* is an a-type elementary o,-
twisted skew derivation, for all i € Z\ {0}. Considering the o,-twisted skew derivation
0= 0% + 0%, for any pair m, —n > 0, we obtain the first part of the statement 2.(a). If
d > 1, then the monomial ph? contains factor h, and so gives rise to the a-type weight
zero elementary derivation on A,

95 (r) = ao(r)
() = 0
98 (y) = (¢ (ue) + Co)y = (up'(c) + 0)y = ph™ 1y,
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because Cy = —¢p 1(ucg) = 0. By Lemma 2.1.19, we obtain that d = 9% and A\ = p
establish the first part of statement 2 (b).

Since in this case ¢; = 0, for all ¢ € Z \ {0}, then there are no non-trivial elementary
c-derivations of non-zero weight; in the weight zero case, since by = 0, taking ¢y = f(h)
and as 0 = ap~!(c), we obtain

9 (r) =
9(x) = (co)x
9(y) = (¢~ (ne = bo) + Co)y = (0 — puf(q~'h))y = —pf(a "My,
because Cy = —p~(uco) = —puf(g~th) and ¢ = 0. These derivations are the only deriva-
tions which vanish on K[h] by 2.1.20 (it is sufficient that vanish on h). This proves the
second part of statement 1. Skew derivations (2.1.4) are inner, provided there exists
j(h) € K[h] such that f(h) = p~tj(h) — j(qh); this, because in that case,
0(w) = F()e = () — Jlah)e = J)"x = (W)
= j(W)aula) — j(h) = By (@)
O(y) = —pfla h)y = —ulp™"3(a h) = j(R)]ly = pi(h)y — (a~ h)y
= i(Mou(y) — ¢~ (1(M)y = §(M)ou(y) — yi(h) = O (v),
and then 0 = 0j(;), but we need to satisfy the next conditions. In order to guarantee
the existence of j(h), since f(h) = u~tj(h) — j(qh), if f(h) = deg P fxh* and j(h) =

deg( )]khk we have

deg(/) deg(f)
S fhF =)0 (ot = d)kht
k=0 k=0

Therefore, if fyz0, we need that p=! # ¢*, and we obtain that j, = fi/(u~' — ¢*). This
proves the third part of statement 1. For the derivations defined in 2. (a) since the
polynomials b and a are mutually independent, we can treat the cases a = 0 and b = 0
separately. In the case a = 0, we define

deg(b

g1 Z b nt

where b(y) = >, bpy™. If d > 0, then
¢RI () — 2h ™ (y)

deg(b) deg(b)
_ g 1pd-t |:qd+1 3 —nl—)rll 1yn+1:|x _ pdl |:qd+1 3 —nl—)rll 1yn+1:|
n=0 q N n=0 q N
deg(b deg(b
_ hd—l §(:) bn —-n—1_, n+1| d—lhd—l —d+1 §(:) bn, n+1
= prre s U q ar pETS—
n=0 n=0

deg(b

deg(b) b deg(b) b,
:hd[z nTIL_lq—n—lyn:|hd|:Z ? ]_hdzbny

n=0 q
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R (y)y — yht T (y)

deg(b) deg(b)

_ 1| - b 4| = b
=q d+1hd 1 I:q d+1 Z _n_gb 1yTL+1:| y — yhd 1 |:q d+1 Z _n_711 1yn+l:|
n=0 q B n=0 q N
deg(b) b deg(b) b
_—2d4+23d-1 n +1 1-dyd—1 —d+1 n +1
=q¢ "h [Zq_nl” ]y h y[q Zmyn }
n=0 n=0
deg(b) deg(b)
B q —2d+2pd— 1bn n+2 B q2 2dpd— 1bn nia] 0
- g T —n—1_ 1 1 —n—1_1 [ —— o
n=0 n=0

Thus, as Opa-1j)(z) = ¢ hiL(y)z — 2h? 15 (y) = hib(y) = O(x) and Opa—1jn)(y) =
¢RI (y)y — yh? 15 (y) = 0 = O(y), we obtain that 0 is the inner derivation Opa—1j(n)
in case d < 1. If d = 0, i.e., d(x) = b(y), then all combinations of x with polynomials in
y produce a polynomial in h of degree at least one, hence they cannot be equal to b(y).
The other case, b(y) = 0, it is dealt in a similar way. This proves the second statement in
2. (a).

Finally, we look at derivations 2. (b). Since d(x) = 0, if j(h) € K[h] such that 9 = 9;),
we obtain that 0 = d(x) = ;4 (x) = j(h)ou(z) — xj(h) = j(h)u 'z — e(j(h))z =
[(R)u~' — j(gh)]z, whence j(h)u~! — j(gh) = 0, which is equivalent to ¢?~'j(h) = j(qh),
and this implies that j(h) = jgq_1h% ! with j;_; € K. In this case, however, we would
have,

Ay) = j(h)ou(y) —yi(h)
= j(h)e~ (wy — o~ (i(h)y
= ja1h™ py — 7 (Garh Ny
= ja—1h" ' py — pja—1h®ly = 0.
Therefore Ah9~1y = (y) = 0, which is an absurd. In this way, d(z) = 0 and d(y) = A\h? 1y

with d < 1 and A € K* defines a o,-twisted skew derivation which is non-inner. This
completes the proof of statement 2. (b). O

Now, we present, without proof the following proposition that allows us determine
orthogonal pairs of skew derivations (see Remark 1.2.13) of generalized Weyl algebras of
degree one.

Proposition 2.1.22 ([AB18], p. 19). Let R(a,¢) be a generalized Weyl algebra and let
o, @ be automorphisms of R commuting with ¢ and fizing a. Let 0,05 be their degree-
counting extensions with respective coarseness u, i. Choose a positive integer N such that
a is coprime with ¢'(a), for alli € {1,2,...,2N — 1}, fit m,n € {0,1,..., N} and consider
the following data:

1. A oo™ skew derivation o of R such that

(a) afa) is a central element of R,

(b) ala) is coprime with ¢/ (a), where j € {—m—1,—m,...,0,m+1,m+2,...,2m},
and with o~ (a(a)),
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m+1(

(c) aop =" Hu)poa.

2. Aoy " skew derivation @ of R such that

(a) @ is in the centre of R,

(b) ©"TY(@) is coprime with @’ (a), where j € {~n—1,-n,....0,n+1,n+2,...,2n}
and with p(a(a)),

(c)@op=p " Hupoa.

Then the elementary a-type skew derivations (see Definition 2.1.18) 0 of o, and 0 of O
of R(a, ) associated to o and @, form an orthogonal pair.

Remark 2.1.23. In [AB18], p. 29, we can find that Proposition 2.1.22 is applied to obtain
pairs of orthogonal skew derivation on the quantum plane. The only skew derivations that
allow the application of Proposition 2.1.22 are the skew derivations 2 (a) of Theorem
2.1.21, and then, with ¢’(a) = ¢'h, the only skew derivations that we obtain in this case
are such that d(x) =0, d(y) =¢, d(z) =¢, d(y) = 0.

2.2 Diffusion algebras calculi

In this section, we study the diffusion algebras and present some results about them. First
we track step by step the origin of the definition of these algebras in the study of stationary
states of probability in stochastic flow of particles, and we present their deduction using
probability and matricial language. Next, we give the two types of diffusion algebras, we
list some facts we can found in literature about them and present a classification in the
3-dimensional case of diffusion algebras of type 1. Also, we describe the commutation
laws in each class of this classification in terms of the PBW basis, and we describe the
inner derivations of the generators. We finish this section by studying conditions of their
derivatives and graded preserving automorphisms.

2.2.1 Origin of diffusion algebras

In [DDM92], it was studied the stochastic flow of particles® (of the same type/species)

through a discrete linear lattice®. The different cases between a cell 4 and the next cell

1+ 1, this in a time t to the time ¢ + 1, are expressed by the following tables:

Ti | Ti4+1 Ti | Tit+1 Ti | Tit+1 Ti | Tit+1
t 0 0 t 1 0 t 0 1 t 1 1 (2.2.1)
t+11]0 0 t+11]0 1 t+11]0 1 t+1] 1 1

Here, 7;(t) = 1, if in the cell i there is a particle at the time ¢ and 7;(¢) = 0, if it is empty.
The tables information can be summarized with the equations 7;(t + 1) = 7;(¢)7;4+1(¢) and

5The particle’s motion is not described by a evolution expression but using a probability map on the
possibles configurations on the space.
5This is the space where the particle’s motion happens, a totally ordered set that has a discrete topology.
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Tir1(t+1) = 7101 (t)+(1—7;41(t))7:(t); this corresponds to a Markov process” with the only
not quiet transition is from (1,0) to (0, 1). This case corresponds to a current toward right.

If the lattice length is N (N cells) and in the time ¢ it has the occupations (ri(¢),... 7 (t)),
we have that the probability Px(71,...,7n) is a function of ¢. If the first cell is empty, a
particle can enter to the lattice on this cell with a probability «, and if there is a particle
at the last cell, it can leave the lattice with a probablhty (5. The interest of this treatment
is to find a probability function Py such that PN(Tl,TQ, .., Tn) = 0; this is called the
stationary state of probability. In [DDM92], it is affirmed that for the statlonary state we
have the following:

PN(’Tl,TQ, ...,TN)

11—« «
PN(Tl,TQ, -~-7TN) +

Tl[PN<O,T2, ...,TN) + PN(LTQ, ...,TN)]

= N1l N+1
+%H[PN(T1,TQ,-~-’TN)+(T2_Tl)PN(l’O’T3""’TN)]

+- +ﬁ[PN(Tl,TQ,..., ™) + (T8 = TN-1) PN (71, T, -y TN =2, 1, 0)]

+ ]1\7_+I6;PN(T177'2,..., N) + m(l = TN)IPN (71572, 0o TN =15 0) + Py (71,725 000, TN -1, 1))

(2.2.2)

In this work, we illustrate this with the following brief example.
Example 2.2.1. If N =2, we have that (2.2.2) turns to

(a+ B)P2(11,m2) = at1[P2(0,72) + P2(1,72)] + (72 — 71) P2(1,0) + B(1 — 72)[P2(711,0) + P2(71,1)].
Therefore, for each element of {0,1} x {0,1}, we obtain that,

(0,0) : aP(0,0) = BP2(0,1),

(1,0): Py(1,0) = aP(0,0) + BP(1,1),
0,1): (a+B)P(0,1) = P( 0),

(1,1): BPy(1,1) = ab,(0,1),

which is a homogeneous linear system of equations, with solution set

((8%/a®, (82 /) + B, /e, 1)) = (8%, Ba + Ba, Ba, a?)),

obtaining that P5(0,0) = 32, P»(1,0) = B2a+ pa?, Py(0,1) = Ba and P3(0,0) = o? define
the stationary state of probability.

Also, in [DDM92] there is an inductive construction of Py® as follows:
We can define f1(1) = a and f1(0) = S, and for N > 2:

fN(TlaTZa ~~,TN) = OCTNfol(TlvTQmaTNfl)
+aB(l —7n)TN_1[fn=1(T1, T2y TN =2, 1) + fN—1(T1, T2..., TN —2,0)]
+ P
+aB(l—7n) 1 —71n-1) - (I —7m)T[fn—1(L, 72, Tv—1) + fN—1(0, T2, TN 1))
+ ﬁ(]. — TN)(l — TN,1) cee (1 — Tl)fol(Tl,TQ...vTNfl)

7A Markov process is a stochastic process such that the behavior of the immediate future only depends
on the actual situation and not on the past.
8In the paper [DDM92], the authors consider fx = Px/Zn but we are going to explain using only Py .
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Later, they defined Zy = Z(n)KNE{O,l}N fn(11,...,7n) and finally,

Pn(T1y ey 7N) = fN(T1, s TN) /2N

Following the inductive formula of fx in the case of N = 3, we obtain

(73)i<3 f3(T1,72,73)
(0,0,0) 33

(1,0,0) | o?B?*(a + B) +aB?
(0,1,0) a?B% +aB?
(0,0,1) af?
(1,1,0) | a?B+ a?p%(a + B)
(1,0,1) a?B(a+ p)
(0,1,1) a’p
(1,1,1) a’

In [DEHP93|, the authors gave a matrix formulation of the problem. First, they
summarized the base information in the following three intensity matrices:

we (2 (3 2)

0 0 0
0 0 1 O
h= 0 0 -1 0
0 0 0 O

Note that h = (hqp.c,q) such that (a,b),(c,d) € {0,1} x {0,1}, and if (a,b) # (¢, d),
ha,bic.d is the probability that being in the state (a, b) in the positions i and i+ 1 at the time
t, we obtain for the same cells (¢, d) in ¢t + 1, following (2.2.1). They gave an equivalent
formula to (2.2.2) as follows:

d

G EN (T, T2, TN) = > (h)me Py(o1, 72,00 TN)

&4

N-1
+ Z Z (h)Ti,Ti+1;0'i,a'i+1PN(7_17"'7O—i70-7;+17"'77—N) (223)

i=1 04,0441

+ Z(hN)TN;UNPN(Tla T2y +eey UN)‘
ON

Later, they gave an infinite-dimensional solution (in [DEHP93| the authors talk about the
finite dimensional case) for this equation defining:

N
(i, omn) = (W[ =D+ 1 - m)E|V), (2.2.4)
=1



CHAPTER 2. NONCOMMUTATIVE ALGEBRAS AND THEIR CALCULUS 71

representing with D that there is a particle in the i*” position and with F that this position
is empty, where

/8 1/8 1/8 1/8 00 0 0
0 1 1 1 1 0 0 O
D= 0 0 1 1 , E=|0 100 , (2.2.5)
0 0 0 1 0 01 0
1
2 3 4 0
Wl=0,1/a,(1/a)", (1))’ (1/a)", ), [V)=1] o |- (2.2.6)
For instance, if N = 3 we have for (1,1,0)
f3(1,1,0) = (WIDDE|V) = (W|(DD)(E|V)),
and therefore,
/% 1/p*+1/8 1/8*+2/p 0
0 1 2 1
£3(1,1,0) = (1,1/a,(1/a)?,..) [ O 0 1 0
0 0 0 .
=1/8*+1/B+1/a.
In the same way, we obtain
(1i)i<2 | fo(m1,72)
(0,0) 1/a?
(1,0) | 1/a+1/B
(0,1) 1/op
(1,1) 1/6

(7i)i<3 f3(T1, 72, 73)
(0,0,0) (1/a)?
(1,0,0) | 1/8+1/a+1/a?
(0,1,0) | 1/(apB)+1/a?
(0,0,1) 1/a23
(1,1,0) | 1/8%2+1/8+ 1/«
(1,0,1) | 1/8*+1/(Be)
(0,1,1) 1/(B%a)
(1,1,1) 1/33
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We confirm that, for example for (1, 1,0), the non zero terms of (2.2.3) give

(h1)1;0/3(0,1,0) + (h)1,0,1,0/3(1,1,0) + (hn)o;1f3(1,1,1)
= a(1/(aB) + 1/a®) + (=1)(1/B* + 1/8 + 1/a) + B(1/5°)
=1/B8+1/a-1/8>-1/B—1/a+1/8
=0.

With the aim of obtaining % Py (71, ..., 7n) = 0, in [DEHP93] it was shown that there exist
elements x,, € R for 1 <¢ < N, such that

> (h)mio Py (01,72, 000, ) = 2y Pt (72, 0, T)
o1

Z (h)Ti,Ti_A,_l;O'i,O'i_‘_lPN(Tl? b 0—7:7 O-Z'—‘rl) A TN) — _xTiPN—l(Tlv A Ti—17 Ti+17 A TN)

0i,0i+1
+ xTi+1PN71(7—17 "'7Ti77—’i+27 "'7TN)

D (W) ryion PN (T, s TN-1,0N) = —Try Py 1 (71, o0, TN—1).
oN

For instance, in the case of (7;<3) = (1,1,0) we have

lja+1/8= Z(h1)1;01f3(01, 1,0) = 27, f2(1,0) = 27, (1/a + 1/B) (2.2.7)

o1

i=1: 0= (W11:01.0,f3(01,02,0) = —r, fo(72,T3) + &7, f2(T1, 73)
= _1'7'1.]02(170) + xTzfQ(lvo) (228)
— —an(1/a+1/8) + an(1/a+1/8)
i=2: (/B2 +1/B+1/a) = Z (h)1,0;09,05 f3(1,02,03)

= T, fo(T2,73) + Ty fo(T1,72)  (2.2.9)
= —r, f2(1,0) + 27, f2(1,1)
= —z,(1/a+1/8) + 2-,(1/8%)

1//82 = 5(1/53) = Z(hs)o;ngg(l, 1,on)

o3

= —1'7_3.](.2(1, 1) (2.2.10)
= —x,,1/6°%
By (2.2.7) and (2.2.10), x;, = —x,, = 1 and therefore by (2.2.8) and (2.2.9), we have that
Tr, = 1.
If we consider N = 2 and we establish the previous conditions for (71, 72) = (1,0) with the
matrix formulation, we obtain that the above three equations are given by
a(W|EE|V) =z, (WIE|V)
—(WIDEV) = —ar (W|E|V) + 25, (W[D|V)
BWIDD|V) = —a,, (W|D|V)
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We note that sufficient conditions for these last three equations are the following;:

a(W|E =z (W]
DE =2 F —z.,D
BD|V) = —x.,|V).

These conditions are not only sufficient but required. By a redefinition of D and E with
a scalar product, we obtain that these matrices satisfy the equation:

DE=FE-D.

In [DEHP93], there is board the partial asymmetric exclusion process, which let to the
particles on the 2 < ¢ < N — 1 position jump to the left site with a probability ¢, jump
to the right site with a probability p, and now a particle can leave the system in the first
cell with a probability v and enter in the last cell with a probability 4. They summarized
this information in the intensity matrices

m= (0 5 ) = (5 5)

0 0 0 0
10 —¢ p» O
h= 0 ¢ —-p O
0 0 0 0

Using the same matrix formulation for fy from the equation (2.2.4), we obtain the fol-
lowing conditions over the matrices D and E:

pDE —qED =D + E,
(BD = 0E)|V) = V),
(W(aE — D) = (W].

The authors discuted a condition for the finite dimentional case and gave a proposal to
D, E |V) and (W| when v = = 0 (see [DEHP93], p. 1510).

In [DJLS93] we found, such it was promised in [DEHP93], that this problem can be
expanded to the study of a stochastic flow on a linear lattice of two different types of
particles, and in this case we have that 7; can take the values 0 (if the position i is empty),
1 (if in the position i there is a first-type of particles) or 2 (if in the position i there is a
first-type of particles). In this situation, we can also obtain a matrix formulation to obtain
the probability stationary state using matrix D and E and boundary states (W] and |V).
Considering A = DE — ED, we define

N
() = (W] X6V), (2.2.11)
=1

where X; = Fif , =0, X; = Difr;, =1and X; = A if 1, = 2. With this for-
mulation, we obtain that DE = D + E, A> = A, DA = A, AE = A and about fy,
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In (T ey ) = tr(TTY, Xi) when tr(A) < oco.

Using an auxiliary vector space Vir = @j<m,V; (where Vj is an infinite dimensional vector
space that is spanned by analogous of all different configurations (71,...,7;) with 7, €
{1,...,m}) there is found in [KS97] a way to obtain the stationary state of probability
for the one dimensional stochastic model that is totally asymmetric and generalizing the
situation to a set of particles of m different types. The initial information is as before
in three intensity matrices I, L and R (this notation for this matrix is the notation of
[ADR9S8]), where I' is the matrix of rates in the positions 2 < i < m — 1, and L, R are
the boundary rates matrix. In [KS97] it was obtained the stationary state of probability
using 2m operators of the space Vis, D, and X, with o € {1,...,m}, such that

1% DoDg = DyX5 — X, D5, forall 7,6 =0,1,...,N — 1. (2.2.12)

For an example of how the ideas of [KS97] can be applied, see [HSP96]. In equation
(2.2.12), if we consider v and ¢ as o and 8 we obtain

[0 DoDg = DoXp — XoDg, T}2DsDa = DXy — X3Da
Therefore, we have
T DaDg — 52 DsDa = { X5, Do} — {Xa, Ds}. (2.2.13)

where {X,,Dg} = XoDg + DX, is the anti commutator. In [IPRO1], the diffusion
algebras were defined, which are algebras generated by m elements D/ s having a PBW-
basis and satisfies (2.2.13), under the feature that for all o, X, = x4 * U, where z,, is a
number and U is an object which behave like an identity for the D/ s, i. e., DU = UD,, =
D,, (in this way we say that X, is a c—number). Therefore, we obtain that (2.2.13) turns
to

[ DoDg — T2 DgDo = 233D0 — 226D (2.2.14)

It is important to recall that by the assumption of X, as c—numbers and the PBW condi-
tion, the interpretation of Fgg as probability information possible would be meaningless.
Though these algebras were formally called in [IPRO1], there have previous works on it
(see [ADROS]).

2.2.2 Diffusion algebras definition

Definition 2.2.2 ([IPRO1], p. 5817). The diffusion algebras type 1 are affine algebras’
that are generated by n variables { Dy, ..., Dy, } over a field K and admit a linear PBW basis
of ordered monomials of the form Dgll D(’g e D’gé’; with k; € Nand a1 > ag > -+ > ap,
and there exist x1,...,z, € K such that, for all 1 <7 < j < n, there exist \;; € K* such
that

AijDiDj - /\]zD]Dz = iji - l’iDj (2215)

9Algebras that are rings of polynomials but with rules of commutations of products.
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The diffusion algebras type 1 of n generators are constructed from the splice of diffusion
algebras type 1 of 3 generators which are classified on 4 families and 9 classes (not isomor-
phism classes) of algebras that are obtained when we try to guarantee the PBW basis of
the algebra using the diamond lemma (see in [IPRO1] and [PT02]), as the following results
shows.

Theorem 2.2.3 ([PT02], p. 3270). Consider D a diffusion algebra type 1 of 3 generators
Di,Ds and D3 with 1 < 2 < 3. Then D belongs to some of the following classes of
diffusion algebras type 1:

1.
2.

©

AN O

Class A[.‘ )\12 = )\21 = )\13 == )\31 = )\23 = )\32 75 0, xr1,T2,T3 € K\ {0}

Class Arr: Aag = ga — gp for all o, € {1,2,3} with o < B, where g1 = A2 +
A23 — A13, g2 = A2g — A3 and g3 = —M\13; Ao # 0 if a < B and Ao = 0 if a > 3;
xr1,T2,T3 € K\ {O}

Class Br: Mg = )\23 75 0, Aol = )\32, )‘04/3 — Aga = A fO?“ all 05,5 S {1,2,3} with
a < B and for a fiz A € K, z1,23 € K\ {0}, 2o =0.

Class B[].‘ )\32 = )\21 = 0, Alg, )\13,)\23 € K\ {0}, o = 0.

Class Brrr: Az1 = Az2 = 0, A2 # 0, A2 — Aa1 = A3 — A2z, A3 € {0, A2 — Aar },
xr3 — 0.

Class Bry: A1 = A31 =0, 21 =0, A\13 — A12 = Aoz — As2, A1z & {0, A3 — A1z}
Class Cr: A2 — Aa1 = M3 — As1, Ai2, A3, Aoz € K\ {0} o = 23 =0.

Class Crr: xa = x3 =0, Az2 = 0, A2, A3, A1z € K\ {0}.

Class D: 1 =29 =23 =0, Aog # 0, for all a, B € {1,2,3} with oo < B.

The following results are established in [Hin05].

1.

A diffusion algebra on n > 2 is left Noetherian if and only if we have \;; # 0, for all
i < j (see [Hin05], Proposition 2.5.5).

. A diffusion algebra is left Noetherian if and only if it is a domain (see [Hin05], Lemma

2.1.5).

. Noetherian diffusion algebras have a PBW basis of standard monomials in whatever

order of the indeterminates (see [Hin05|, Lemma 2.1.7).

n-generator diffusion algebra is a skew polynomial ring of over its (n — 1)-generator
diffusion subalgebra generated by xs, ..., z, (see [Hin05], Remark 2.2.2).

A diffusion algebra D of type 1 has the following properties:

1.

Since C is simple, it is a Noetherian ring and therefore D is a Noetherian ring when
Aji # 0 for all ¢ < j. In this case, since C is regular, then D is left regular (see
[LR14], Corollary 2.6).
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2. Since C is a domain, then D is a domain (see [LR14], Proposition 4.1).

3. Since C is a Noetherian regular ring, when D is such that \;; # 0, for all pair i — 7,
the Quillen’s K-theory of D is the same of C (see [LR14], Theorem 5.1).

4. The cyclic homology (also known as homology of Connes) HC;(D) = HC;(C), for
all i > dim(G(D)), where dim(G(D)) is the Hochschild dimension of the canonical
graduation (see [RS16], Proposition 12).

5. Since C is a commutative domain, D is an ACCPL-domain (an algebra satisfying
the ascending chain condition of principal left ideals) (see [RS18], Theorem 1).

6. Since the elements of C commutes with the D’s variables, C is YX-rigid, therefore C
is (X, A)-compatible and D is reduced!’ (see [RS19b], Proposition 5).

7. Since C is commutative, it is reversible!!. Also, since C is (X, A)-compatible, we
obtain that C is (X, A)-skew McCoy (see [RR19], Theorem 3.9).

8. Since C is of endomorphism type and C is (2, A)-skew McCoy, then it is corroborated
that C is Dedekind finite!? (see [RR19], Theorem 3.14).

9. Since C is (3, A)-compatible and ¥-skew Armendariz (because C is Y-rigid), we get
that D satisfies the Kothé’s conjecture'® (see [RS19a], Proposition 3.19).

10. If D satisfies that \;; # 0, for all pair 4, j, then GKdim(D) = n (see [Rey13], Theorem
14).

Remark 2.2.4. We present this observation to prevent possible mistakes when we try to
find automorphisms in diffusion algebras. From the diffusion algebras type 1 of class D, in
the following theorem (that we present without proof) we find examples of automorphisms
of diffusion algebras that cannot be graded automorphisms.

Theorem 2.2.5 ([VRI15], p. 1879). If D is a diffusion algebra of type 1 and class D with
three generators such that A\ij = 1 and X\j; = q, for all i,j € {1,2,3} and i < j, with
q not a root of the unity and if o : D — D is an automorphism then o(Dy) = a1Dq,
O'(DQ) = a9 Dy + D1 D3 and O'(Dg) = ag D3 with oy, 8 € C.

In order to obtain a graded structure that remains the commutative law form of the
previous diffusion algebras, it was defined a second class of diffusion algebras as follows.

Definition 2.2.6 ([LFG'20], p. 28). The diffusion algebras type 2 are affine alge-
bras that are generated by 2n variables {Dq,..., Dy, x1,...,x,} over a field K that ad-
mits a linear PBW basis of ordered monomials of the form BX B¥2 ... B* with B,, €
{D1,...,; Dp, 1, ..., x5}, for all i < 2n, k; € Nand a1 > ag > -+ > oy, such that, for all
1 <@ < j < n, there exist \;; € K* such that

)\ijDiDj — )\ﬂD]Dz = .I‘jDZ' — inDj (2216)

10 An algebra with no non-zero nilpotent elements is called reduced.

1 R is reversible, if for any pair a,b € R, ab = 0 imply ba = 0.

2R is Dedekind finite, if for any pair a,b € R, ab = 1, imply ba = 1.

13The Kothé’s conjecture say that if a ring B has no nonzero nil two sided ideals, then B has no nonzero
nil one-sided ideals.
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If we consider deg(D;) = deg(x;) = 1, for all 1 < i < n, we obtain that D is a Z-graded
algebra. Also, we note that due to the fact of x; is a central element of D for all i < n,
we just need that the monomials D’g}l D(’% e Dé’; with £; € Nand a; > ag > -+ > o, be
a linear PBW basis where the coefficients come from the ring Kz1, ..., z,].

A diffusion algebra D of type 2 has the following properties:

1. Since C[zy, ..., x,] is a Noetherian ring (by the Hilbert’s basis theorem) then, D is a
Noetherian ring. Hence, using that C[zy, ..., x,] is regular (by the Hilbert’s Syzygy
theorem), then D is left regular (see [LR14], Corollary 2.6).

2. Since C|z1, ..., zy] is a domain, then D is a domain ([LR14], Proposition 4.1).

3. Since C[xy,...,z,] is a Noetherian regular ring, the Quillen’s K-theory of D is the
same of C[zy, ..., z,] (see [LR14], Theorem 5.1).

>~

4. The cyclic homology (also known in literature as homology of Connes) HC;(D)
HC;(Clxy, ..., xy]), for all i > dim(G (D)), where dim(G(D)) is the Hochschild di-
mension of the canonical graduation of D (see [RS16], Proposition 12).

5. Since C[zy, ..., x| is a commutative domain, D is an ACCPL-domain (satisfying the
ascending chain condition of principal left ideals) (see [RS18], Theorem 1).

6. Since the elements of C[zy,...,x,| commute with the D’s variables, Clzy, ..., zy] is
Y-rigid. Therefore Clxy, ..., x,] is (X, A)-compatible and D is reduced (see [RS19b],
Proposition 5).

7. Since C[xy, ..., z,] is commutative, it is reversible. Also, since Clz1, ..., x,] is (£, A)-
compatible, we obtain that Clx, ..., z,] is (X, A)-skew McCoy (see [RR19], Theorem
3.9).

8. Since D is a skew PBW extension of C of endomorphism type and C|z1, ..., zy] is
(33, A)-skew McCoy, then C[zq, ..., x,] is Dedekind finite (see [RR19], Theorem 3.14).

9. Since Clzy,...,xy,] is (¥, A)-compatible and Y-skew Armendariz (because C is X-
rigid), we get that D satisfies the Kothé’s conjecture (see [RS19a], Proposition 3.19).

10. If D satisfies that \;; # 0, for all pair 4, j, then [Rey13], Theorem 14 guarantees that

GKdim(D) = o(C)(Dy, ..., D,,) = GKdim(Clz1, ..., x,)) + n = 2n.

We obtain in this work how we can commute a power of a generator with another generator
(see, Proposition 2.2.10). This is with the purpose to rewrite any element of a diffusion
algebra in terms of his PBW basis {Dg"--- D{"'}. In the following, we consider i < j.
First, we present a definition and a lemma.

Definition 2.2.7. If D; and D; are generators of a diffusion algebra D (as in Definition
2.2.2 or Definition 2.2.6), for all pair k,n € N such that k& < n, we define the numbers
P Qr eC,

k
n __ n—k+t—1 t—1\k—t n __ n k—1
PkZ( I )Aﬂ Mg Q= g )N

t=1
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Remark 2.2.8. It is relevant for us highlight the appearance of the Pascal’s triangle.

This because the numbers
—k+t—-1
(n + > cQ.
n—k

are the entries of the k-diagonal of the triangle formed with the first n + 1 floors of the
Pascal’s triangle.

Lemma 2.2.9. For all k,n € N such that k < n, then:
1 PP = PP A+ Qp and P = PR + 7.

2. QU = Qp_ i + Qp and Q] = QuAji + N
3. PP=Q"=1.

Proof. 1. As it is known, for all a,b € N, (aib) = (atb), whence

k-1

n—k+1+t—1 “Ank—1—t+1 n k—1

Plll)\ij"‘QZ:E ( n— k41 )Aﬁz Aij iy k1 A
t=1

_’“i R A U B A AR
= n+1-—k i g k-1 gt
k
n+1—k+t—1 t—1\k—t n-+1
_Z< n+1—k )Aﬁ Ny = h
t=1
and
Jt n+1

n
PrXij+ A= AR = pril,
t=1

2. Since (,",) + (,"1) = (17}, for all n,k € N, then

n n __ n k—2y n k—1
Qr_1Aji + Qr = (k B 2) Aji g (k _ 1) Aji

_ n n =1 (PF1\ so1 nta
(KA P

and also we have that

n n n n n n+1 n n+1
aeosie (1) ()= (7 -t

3. Follows by a short computation.
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Proposition 2.2.10. Let D; and D; be generators of the diffusion algebra D. Then, for
all natural number n > 1, we have

% %

n
N DY D; = Ny D;DF 4+ S (— )M P @by D (—1)" L Qp 2l pyDE,
k=1
(2.2.17)

where the numbers P}’ and Q. were established in Definition 2.2.7.

Proof. We prove this by induction. For n = 1, we see that equation (2.2.17) is
)\ijDiDj = )\jiD]‘Di + a:jDi — .CC,‘DJ‘

which follows from equation (2.2.15). Now we suppose the assertion holds for a fix n € N.
Then,

n
AU DIT Dy = N Di (A;‘iD]-D? Y (=D B ey DY 4 (1) Q a MY Dij_l)
k=1

= )\;LZ()\JZDJDZ +xz;D; — Z'»LDJ)DZL + Z |:(—1)k+n P CL‘??kCL‘j )\»;ijJrl
k=1

+ (=) QR 2 F (XD Di + a;Di — ﬂfiDj)Df*l}
= N5 DD 4 N D = Ny D; DY

+ Z[(_l)kﬂ P ai ™ ay A DET 4 (=) QR M N D; DF
k=1

DT QLT Db 4 (1) Qo D,k

Now, by associative law of the sum and separating the term k = n of the first sum and
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the term k£ = 1 of the second, we obtain

n+lpn+lpmy _ ynt+lpny nn+l n.,... pnt+l _ yn, ...
Aij DT D = AT DD 4 Aa D, AjxiD;D;

?

+ Py A DI — Qp wy A DD}

n—1
+ Z |:(_1)k'+n P]? l‘?_kl‘j /\ijDi'H_l + (_1)n+k—1 QZ x;’b—k-‘rl /\jiDij:|
k=1

+Z|:(_1)n+k—1 QZ x?*k“rl ijf + (_1)n+k QZ x?7k+2 DjDi_cl]
k=2

+ (=)™ QF af ;Di + (—1)"" QY 2™ Dy
= Nji Dy DI 4 (N A+ Prihig)a DT — (N + AjiQn) @i Dy DY

- Z{(l)klm Py oM ey A D 4 (=1)" T2 Qg 2" )\ﬂDij_l}
k=2

n

+Z|:(_1)n+k—1 QZ x?—k-ﬁ-l ijf + (_1)n+k QZ .T?_k+2 DjDi_c—1:|
k=2

+ (=)™ PP 2 oDy + (-1 QY 2t Dy

= N D D+ P DI - Qe DD

+> {(_1)k1+" (P{yhij + Q) ap "1z DY
k=2

+ (D)™ QR Ay + Q) T DD

+(=0)" P e} xy Dy 4 (1) QP 2t D,

=\ D;DI + Prfa DT — QuiieiD; DY

+ i[(—l)k_wl PPty ey DF 4 (—1)"F Q af ™" DD
k=2

+(=0)" PP ap Dy + (1) QT 2 Dy,

where the second equality is due to a substitution on the index of the first sum and
Lemma 2.2.9 in the last term, and both last equations are due to the distributivity and
parts 1-2 of Lemma 2.2.9. This proves that the assumption is true for n + 1. ]

Remark 2.2.11. As in diffusion algebras of type 2 the generators x;’s are central elements,
in these algebras the Proposition 2.2.10 still holds.

Proposition 2.2.12. Let D; and D; be generators of the diffusion algebra D. Then, for
all natural number n > 1, we have
n
NSDDY = M\EDYD; + Yy QR «f F DD — PR o Ry DY,
k=1

where the numbers P}’ and Q. were established in Definition 2.2.7.

Proof. This proof is analogous to the proof of Proposition 2.2.10. O
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Remark 2.2.13. For the inner derivations of diffusion algebras with two generators,
01,02 : D — D defined by 0x(a) = Dra — aDy, with k = 1,2n, we have

Na0a(D}) = Xty DY D = Ny D2 DY
— (\py = XD D1+ Y (~ )M B af D+ (1) Qp ap T DyDE

k=1

Therefore, in the basic element D3' DY, we have

A202(D3" DY) = D' A1;02(DY)
= D3'[(A31 — Ai2) D3 Dy

n

F (DR B 0 Ry D+ (<1 Qp ap DD
k=1

= (Mg — A) D5 Dy

n
+ Z(_l)kz-i-n P,? :L,rlz—k:BZ Dénle + (_1)n+k—1 QZ x7lz—k+1 D;TH—IDIIC_I.
k=1

On the other hand,

A1501(DyY) = N5D5' Dy — A5 D1 Dy?
m
— (- ADED - Y [Q? £ H D, DE P b D’f],
k=1

whence, we have that in the basis element D7" D},

N30u(DY' DY) = N30, (D§") Dy
m

— (O = MDD - Y[ T DaDpt et e i)
k=1

With all facts above in mind, we can now construct a Brzezinski’s calculus (see Defi-
nition 1.2.7) over a 2-dimensional diffusion algebra of type 1.

If D is generated by Dy and Ds, first, we consider the automorphism o € My(End(D)),
given by the identity matrix with diagonal entries idp, and the multiderivation (0,0),
where 0 = (01, 02). Later, we consider Q!(D) the D-module generated by w; and ws. We
have that right D action is given by

wia = awi, WG = w2

Then, we define V : Homp(QY(D), D) — D as V(f) = o1 (f(w1)) + a(f(w2)). If f(w1) =
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D" D" and f(w2) = Dy D}?, then
)\%H—nz V(f) _ )\71?121+n2 81 (ng D?l) + )\;ré1+7z282(D;n,2 D?Z)

my
__\n2 mi m1 my1 yni1+1 mi mi—k+1 nit+k—1
= A3 {(/\12 = A51) Dy Dy - E [ ko L2 D, Dy

k=1

—k k+
ot o]

#3037 - N5 DF= Dy

no
-k — —k+1 1 —
+ 3= Py i Rey DYDE 4 (<1)m et Qpe e Dy ipEtt ),
k=1

Example 2.2.14. If D is a quantum plane, i.e., if z; = 0 and x9 = 0, then
)\qfél-i-nzv(f) — /\%H-m ) (Dgnl qul) 4 )\%14_”282(1)3121)?2)

= NBOVE — ARODEDY N (g} — AB)DE D,

Now, in each class of 3-generators diffusion algebra of type 1 (see Theorem 2.2.3), we
establish the commutation law of Proposition 2.2.10 as follows.

1. Class Ay: In this class, we obtain that for all n, & € N such that k <n,
M in—k +t—1 n
pro— - - )\k‘—l n _ )\k‘—l‘

We have the following property.
Proposition 2.2.15. For all pair n,k € N such that k < n,

zk: n—k+t-1\ n

n—k C\k—-1)"
t=1

Proof. We prove this by induction on n. The case n = 1 follows by a short verifica-
tion. If we suppose that is true for n and all k¥ < n, then we have

=+

i <n—7§k_+(;)++12;—1>+i<n—:i—2—1>
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k k
n—k+t—1 n—k+t—1
tZ< n—k—1 >+;< n—~k )

1+Z’“:<nnf+il1) . <n:j;1>
S-S ()

t=1

which proves that the assumption is true for n + 1, and then it is true for all pair
n, k € N such that k£ < n. ]

Remark 2.2.16. By the Proposition 2.2.15, we conclude that if \;; = \j; then
= @ for all n,k € N. Therefore, Proposmons 2.2.10 and 2.2. 12 for dlffusmn
algebras of class Ay are given by

n
N'DID; = X'D,DF +3 (ﬂ J”‘l e

k=1
A'D;D} = \"DyDi+y (ki 1) AR { o DD — 2 * e DY,
k=1

respectively.

2. Class Ajj: Since A\go = 0 for o < 3, we obtain that in each pair of generators D,
and Dg, Q} = 0 and P! = )\];51, for all k£ # 1. Therefore, Propositions 2.2.10 and
2.2.12 for diffusion algebras of class Aj; are given by

A2sDiDg = N3, DDl + Z[ DM NS 2l R g DE
k=2
n+1l n—1 n _n
+(_1) Ty Tp Da+(_1) Lo Dﬂ’
n

AgDaDj§ = X3, DiDo + xf Dg — > Mgt awi~*u, DE,

k=1

respectively.

3. Class By: Since x9 = 0, then

n
12D Dy = A3, D2 D} + Y (=1)"*71 Q 2f =1 DDy,
k=1
NoD DY = \yyDyDy — P'xy DY,

n.DY D3 = A% D3 DY + Z Dkt ppogn =gy DS

AL Dy D = N3y D% Dy + ZQ" §FH DyDR Y
k=1

where Agq = Aqp — A for o, f € {1,2,3} and a < § with a fix A € K\ {0}. In the
case of D1 and D3, both Propositions 2.2.10 and 2.2.12 have no a shorter form.
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4. Class Byr: In these algebras, for the pairs Dy, Do and Dy, D3, we have that the
numbers are P = Aftor PP = A1 for all n,k € N and Qp = 0 for all k > 1;

Jm
this because Aoy = A33 = 0. Then, as zo = 0 too,

A1, DU Dy = (—1)"z" Do,
1D1D5 = =Aiy ey DY,
53D5 Dy = Ny3 s Dy,

Al Dy DY =z Ds.

5. Class Bjyr: Since Azo = A\31 = 3 = 0, we obtain that

13D D3 = (—=1)"x} Ds,
)\?SDngL = —I D?,
53Dy D3 = (—=1)" a3 D3,

MNp3Da Dy = — oot g DY

6. Class Bry: A1 = A31 =0, 21 = 0, A3 — A2 = A2z — A32, i3 € {0, A1z — A1}

7. Class C7: Since x9 = 23 = 0,

n
Mo DP Dy = Ny DaDy + ) " (=1)" ™71 Q2=+ Dy DY,
k=1
A, D DY = N3, D3 Dy — P zy DY,

n
13DP D3 = Ny Dy Dy + > _(—=1)"™1 Qp a7 3Dy,
k=1
)\?3D1D§l = nggLDl — Pgﬂfl D?,
30D2 Dy = N3 Dy Ds.

8. Class CU: 9 = I3 = 0, )\32 = 0, /\12, /\23, /\13 S K\ {O} Since )\32 = 0, we have that
for the pair Dy and D3, Q} = 0, for all k > 1, and for all k < n, we have P = )\153—1'
Then

n
oD} Dy = X§i Do DY + ) (=1)"71 Qi a1 DyDY,
k=1
ANoD1Dy = X5, Dy Dy — P xy DY,

n
13D1 D3 = N3y D3 DY + ) (=1)" 71 Qp 2t =M1 DD,
k=1

ANsD1 D3 = A5, Dy Dy — Plxy DY,
Ajs Dy DY = Ay D Dy = 0.
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9. Class D: 21 =x9 =23 =0, A\yg # 0, for all o, 5 € {3, 5, k} with o < 3,

1201 D2 = Ay D2 DY,
ANoD1 Dy = A5, Dy Dy,
A3 D1 D3 = A3, D3 DY,
A3 D1 Dy = A3, D3 Dy,

53Dy D3 = X5, D3 Dy,
)\23D2D3 = A5, D5 Do,

)\’;LQ-‘,—'IYLD’ITLD; _ Z )\(;D 1)n)\n —pn+m Z Qn n— k+1D§n*pD2le+p 2 P]?l'g' kxlD;n—&-k—l

p=1
n n

1 — _ _
ZZ)\P )n+m— p/\n pn+szerL k+1D2D;n+k 2

p=1k=1

3
S
S

, m—p

n — _ s+k+p—2
ZZ Z )\(P n pn—&-anng k+1(_1)s+m me px;n p— sng;—i- +p
p=1k=1 s

n m-—p

(p—1)nyn?—pn+p An_n—k+1 m—p+s—1 s+k+m—3
A Al2 Qa3 (-1) D7Dy

+

=1

kL2

n
>
p=1

n
-2
p=1

k=1 s
n

1 — —
E )\(P )” n pn pn .n-— kl,lD;nJrk 1.
k=1

Remark 2.2.17. We want to highlight that the diffusion algebra D generated by Dy, ..., D,,
is an Ore extension of the subalgebra R generated by Do, ..., Dy, (see [Hin05], p. 26) with
the endomorphism ¢ and the o-skew derivation ¢ are defined by:

o(Dj) = \iAy Dy — A mj,  8(Dj) = Ay w1D;, forall j > 2
o(r)=r, d(r) =0, for all 7 € R.

Next, we are going to show particular behaviors of automorphisms and skew derivations
of diffusion algebras.

2.2.3 Derivations in case n = 2 of type 1

In this work, we found necessary conditions needed to get a derivation in some examples
of diffusion algebras. Let D be a diffusion algebra of type 1 generated by D; and Ds.
If : D — D is a derivation, we know that {DiD? : i,j € N} is a C-basis of D. If we
consider in the deg-lex monomial order (a9, ;) € N? as the maximum of the monomials
that appears in 0(Dp) and 0(D2), let A = (a;5), B = (bij) € Mayxa, (C) matrices such
that

a2 o1 a2 o1

)=>> " AyDyD], 0(Dy) =) BiDyDi. (2.2.18)

i=1 j=1 i=1 j=1
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Then, 0 evaluated on the equation Ao D1 Do — Ao1 Do Dy — x9D1 + x1 Do = 0, in terms of
the PBW basis, it is given by

as+1 o (o5}
DO DR Az "R DE + ) (- 1)FT An Ay F Q5T DS D,

1=2 k=1

o
+ Z [Z k+1A k)\l kPk k 1x2 + Z(*l)k+1A(i—l)k)‘12 nglf 1 ($1Bi1 - IEQAil)} DéDl

+ Z |:.’)31.Blj — l‘QAlj + Z(—l)k—i_jAlk)\};kP]kJ}If—jl‘g + Z Blp)\1 i ;+1p$i2+p_j:| DQD{

i+p>j+1
i<az, p<ai
a1taz—1
+ Z Z BipAia ' Qi1—p P Dy DY
j=oa1+1  i4+p>j+1
i<aa, p<an
ag—1 )\
+ Z >\12 2L)' = Aa1) Bia, Dy D!
asy a1—1 )\ )\
21) 21
+Z§; JE:Q [ AM2(3=) = A21) Agi-); ()\12(/\12) A21)Bi(j—1) + (w1 Bij — 245)

+ (Z(—1)k+inkA%;’“sz’f‘fx2> + < > (DR AN QR T )]DQDJ

k=j k=j+1
- A A
+ Z[ M2(E2)% = Ao)Af1yan + (>\12(>\2;) A21) Bi(a, -1

+21Bjay + Ajay T2 (A3 " Pay — 1)} D,Dy!

ap—1

A
+ [)\12 LY — Ag1)Aanj + Z Y A AL k+1mk i| pga+1pi
k=j+1
A
()\12()\?;) AQl)AazalD‘;THDtlh =0.

Remark 2.2.18. We note that if Ay,q, # 0 then, since the coefficient of D32 D must
be vanish, we obtain that A2; = 0 or :\\% is an (ay — 1)-root of the unity.

Now, following the ideas of proof of Theorem 1.3.32, as in Example 1.3.40, in this work
we obtain for the case of diffusion algebras of type 1 with two generators, that these have
a restricted scope, as follows.

Remark 2.2.19. Since DiDj — a,-ijDi = 1‘jDi — x,-Dj, where Qi5 = )\ij/)\ji 75 O, then if
we try to define d : D — Q!(D), in the sense and with notation of Section 1.3,

d(DiDj) = aijd(D;

D;) = d(z;D;) — d(z;D;)
d(D;)Dj + D;d(Dj) — ai;d(D;)D; — aijD; d( i)

;)

]

zjd(D;) — zid(Dj)
zjd(D;) — xid(Dj)
0.

d(D;)Dj + d(D;)vp,(D;) — d(Dj)aij Di — d(D;)vp,(aij D
d(D;)[D;j — vp,(ai;D;) — x;] + d(D;)[vp,; (Di) — ai; Di + x;
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Therefore, vp,(D;) = ai_jl(Dj — z;) and VD].(DZ') = a;;D; — z;. Now to define an auto-
morphism vp,, we need that it respects the equation D;D; — a;;D;D; = x;D; — x;D;.

Then

vp,(Di)vp,(D;) — aivp,(Dj)vp,(D;) = x;vp,(D;i) — zivp,(D;)
vp,(Di)ag; (Dj — xj) — aijai; (Dj — xj)vp,(Ds) = zjvp,(D;) — wiag; (Dj — ;).

By inspection, the only way that we found to solve it, was vp,(D;) = a;jl(DZ- — x;), and
with this,

(aij — 1)<$jDz' — aciDj) = (aij — 1)(DZ‘{L‘j + Dsz') + (1 — aij)mixj
—Q(Gij — l)xiDj = (1 — aij)xixj
2((1,']' — 1).7}Z'Dj = (aij — 1)1‘2‘1’3',

then, a;; = 1. With a;; = 1, we get
VDi(Dj) = VD]. (D]) = Dj - xj, VDi(Di> = I/Dj (Dz) = Dz — ;.

The definition of the differential calculus does not have problem, neither its dimensionality.
But, since Dod(Dy) = d(Dy)(Da — 4), the general value of d(DEF) as a right multiple of
d(D,) will have a expression similar to the form of Proposition 2.2.10. With this behavior,
we could confront problems on the connectivity of the differential calculus, issue that we
will consider in the future.

2.2.4 Universal differential calculus of a diffusion algebra

Now, we proceed to construct the universal differential graded algebra of a diffusion algebra
of type and degree 2. We consider the K-map 4 : D D — D : a ® b — ab and
define QD = Ker(u). As it was mentioned in [BM93], p. 595, we have that all the first
order differential graded calculus are obtained as a quotient of QD; so, we are going to
study this algebra. We have that spanp_p({l®a—a® 1 : a € D}) C QA because
plea—a®l)=a—a=0ande® f— f®eec Qif e € {1,229} and f € {D;,D5}. In
fact, in this case we have that e® f — f®e € spanp_p({1®a—a®1 : a € D}) as follows:

d(Dlxl) — Dld(xl) — d(.ﬁl)Dl = (1 ® D11 — D121 ® 1) — Dl(l Rr1 —r1 X 1) — (1 Rr1 —a1 X 1)D1
=1 Dix1 —Dix1®1—-D1Rx1+D1x1 Q@1 —1Rx1D1 +21 ® Dy
=21® D1 — D ®2aq,

where in the last equation we have used the relation z;D; = D;z;. In the same way, we

have
To Q@ Dy — Dy ® 19 = d(DQLL’Q) — ng(wg) — d(:L’Q)DQ,

1 ® Dy — Dy ® 1 = d(DQl’l) — ng(l‘l) — d(l’l)DQ,
To Q@ D1 — D1 ® 29 = d(Dll'Q) — Dld(xg) —

S
—~

8
N

S
—
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A]SO7 if we say that B := Ao D1 ® Dy — Ao1 Do ® D1 — 29 ® D1 + 21 ® Do, then

d(D2)Ao1 D1 + 21d(Ds) — [d(D1) A2 Ds + 22d(Dy)]
=(1®Dy—Dy®1)A1 D1 +21(1® Dy — Dy ® 1)
—[(1® Dy — Dy ®1)A12D2 + 22(1 ® D1 — D1 ® 1)]
=1® A1 D2D1 — Dy @ M1 D1+ 21 ® Dy — 21D ® 1
—1®M2D1Dy+ Dy ® A\i2Dgy — 22 ® Dy + 22D ® 1]
=D1 @ A2D2 — Dy ® Ao1 D1 — 22 ® D1 4+ 21 ® Do
+1® A1 D2 D1 — 1@ A2D1Dy +20D1 @1 — 21D ® 1
=B+ 1® (A1D2Dy — M2D1D3) + (22D1 —21D2) ® 1
=B —-1® (x2D1 —21D2) + (22D — 21 D32) ® 1

= B —d(x2D; — x1D2),

where the fifth equality is due by the relation (2.2.16) in D. Hence, since we already
proved that

B = d($2D1 — 1‘1D2) + d(DQ))\QlDl + ZEld(DQ) — d(Dl))\lgDQ — l‘Qd(Dl),
then B € spanp_p({l®a—a®1:a € D}). Also, we have the following proposition.

Proposition 2.2.20. {1®a—-a®1 :a € D} C spanp-p{l®a—-—a®1 : a €
{D1, Dy, x1,22}}) i.e., we have that spanp_p({l®a—a®1:a € D}) = spanp_p({1 ®
a—a®1l:ae{Di,Dy,x1,z2}}).

Proof. We proceed by induction on k, the length of the monomial terms.
o k=2: Let y; - yo € D where y1,y2 € {D;, Dj, z;,xz;}. By the Leibniz’s rule,
1@yy—1112@1l=10y -y yp+y(l®y —y®1).

e Suppose that for every T € D monomial of lenght £ — 1, d(Z) is an element of
spanp—p({l ® a —a® 1 : a € {D;,Dj,x;,x;}}). Let be y1y2---yr € D where
yi" € {D;, Dj,x;,x;}, for all 1 <i < k. Then

1@ wy2--yk) — (iy2-ye) @1 = (1@ uy1y2- - Y—1 — V1Y2 - - Yk—1 @ 1)yg
+y1y2 Y1 (1 @y —yp ® 1)
=dyiy2- - Yk—1)Y1 + y1y2 - - Ye—1d(Yx)-

Since y1y2 - - - yx—1 has length k—1, we have that d(y1y2 - - - yg—1) € spanp_p({l®a—
a®1l:a € {D;,Dj,xz;,xz;}}), and then we obtain that 1® (y1y2 - - yx) — (y1y2 - - Yk) ®
lespanp_p({l®a—a®1l:a€{D;,Dj,x;,x;}}).

Since every monomial of D is an element of spanp_p({l®a—a®1:a € {D;, D;,xz;,z;}}),
by the KC-linearity of d we have that {1®a—a®1:a € D} C spanp_p{l1®a—a®1:
a € {Di,Dj,a:i,a:j}}). O
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Then, we consider the first order differential calculus over A, (QY(D),d), where d : D —
Q'D):a—1®a—a®1 with QD) = spanp_p({l®a—a®1:a € {D;,Dj,z;,x;}}) C
D ®x D. This is a D-bimodule finitely generated by the set {d(D;),d(D;),d(z;),d(x;)}.

Finally, we want to remark some words about the differentially smoothness (see Section
1.3.2) of this class of algebras.

Remark 2.2.21. In this work, we note that the diffusion algebras D of type 2 with
{D;, Dj, x;,x;} as generators cannot be differentially smooth. This because if we define
(D), d), a first order differential calculus on D, since d must respect the relations of D,
then by Leibniz’s rule

Aijd(Di)Dj + XijDid(Dj) — Xjid(Dj)D; — AjiDjd(D;) = d(x;)D; + x;d(D;) — d(x;)D; — z:d(Dy),

whence, by the density condition, Q!(D) is generated as a D-bimodule by {d(z;),d(D;),
d(D;)}, and hence Q4(D) = 0. This denies the existence of a differential calculus 4-
dimensional, where GKdim(D) = 4 by [Rey13], Theorem 14, and therefore, it shows that
it is no possible the differentially smoothness of D.

2.2.5 Automorphisms and skew derivations in case n = 2 of type 2

In this work, this section is dedicated to search automorphisms and skew derivations, by
using a computational way, over diffusion algebra of type 2 in case n = 2, that is, a diffusion
algebra of four generators { D1, Da, x1,x2}. All results of this section were obtained in the
realization of this work and they have been submitted for publication.

First, to obtain an automorphism o : D — D, we define on the generators in a way
that the equality (2.2.19) holds (with (1) = 1):

)\120(D1)J(D2) — )\Qla(DQ)J(Dl) = O'(xQ)U(Dl) — U(Q?l)U(Dg). (2.2.19)

Later, we find right o-skew derivations. With this in mind, we only have to fix 0 on
the generators and verify that if we apply linear and Leibniz’s properties to (2.2.16), the
equality still holds. We obtain:

d(Ma2D1Ds — A1 DaDy) = (s D1 — a1Ds)
A20(D1Ds) — Ao1d(DaD1) = 8w D) — A1 D)
A20(D1)0(Da) + A1aD10(Ds) — A1d(Da)o(D1) — A1 Dad(D1)  (2.2.20)
= O(x2)0(D1) + x20(D1) — O(x1)0(D2) — x19(D3).

Remark 2.2.22. We note that in (2.2.20) there is no interest in the values o(z;), o (z;) €
D.

If we consider o1 = idp (which satisfies (2.2.19) clearly) in (2.2.20), we obtain:
)\128(D1)D2+)\12D18(D2)—)\21({9(D2)D1—>\21D28(D1) = 8(x2)D1+x23(D1)—8(x1)D2—118(D2).
This is equivalent to say that

[)\126(D1) +6(x1)]D2 + [/\12D1 +$1]6(D2) — [)\218(1)2) +6(a:2)]D1 — [)\21D2 —|—$2]8(D1) = 0.
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We also have to guarantee for a € {D1, D2, x1,x2} and b € {x1,z2} that
d(ab) = 9(ba).

We found the following solutions (but we do not denied the existence other different
solutions) of these last equations:

® 6(D1) = Dl, a(Dg) = —DQ, a(xl) =T and 3(1‘2) = —X9.
® 8(D1) =2, 8(D2) = T2, 8(1'1) = (/\21 — )\12)%’1 and 8($2) = ()\12 — )\21)%2.
With these skew derivations, we have that 6~' 0 9 o0 = 9. For the next proposition,

we recall that D = @,enD,, is an N-graded algebra with the natural degree deg(D;) =
deg(D3) = deg(z1) = deg(x2) = 1. The following proposition was obtained in this work.

Proposition 2.2.23. If 0 : D — D is a idp-derivation, then the elements (D7), 0(D2),
Od(z1) and O(x2) have no zero degree terms.

Proof. If there exist a, b, ¢, d € C such that these are the zero degree terms of (D7), 9(D2),
0(z1) and O(x2), respectively, due to the N-graded structure of D, in the zero terms of
(2.2.20) we must have that

A12aDo 4+ Ao D1b — Ao bD1 — Ao1Dsa = dDy + x2a — cDy — x1b,
which is equivalent to
[()\12 — )\Ql)b - d]Dl + [()\12 — )\Ql)a + C]DQ —axg + bxry = 0.

where, from the independence of the generators in the one degree C-subspace, we obtain
that a=b=c=d=0. O

The following proposition is a corollary of the previous proposition, and it was obtained

in this work.

Proposition 2.2.24. If 9 : D — D is a idp-derivation, then (D) N C = 0.

Now, we consider the general case. Let Autz (D) be the set of C-algebras automorphisms
o such that o({D1, Do, z1,22}) C D;. Let 0 € Auty (D) and Ag, Ba, Sa, Hy € C for
a € {Di, Dj,x1, 22, k} be the coeficients of o(D1), o(D2), o(x1) and o(x2). Then:

0(D1) = Ap1 D1 + ApaDy + Ag1w1 + Agawa + Ay, (2.2.21)
o(D2) = Bp1 D1 + BpaDy + Byix1 + Bypoxa + By,

o(x1) = Sp1D1 + SpaDay + Sz1x1 + Spax2 + S,

o(x2) = Hp1D1 + HpaDy + Hyp1xy + Hypxo + Hy,

Hence, in this work we got the following important fact:
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Proposition 2.2.25. If o : D — D is an automorphism defined as in (2.2.21), then we
have that det(A) # 0, where:

Ap1 Bp1 Sp1 Hpi
| Ap2 Bp2 Sp2 Hpe
A= A B Suy  Ha . (2.2.22)

Ax2 Bx2 S:EQ Hx2

Proof. Suppose that det(A) = 0. Then the set {v1,v2,vs,v4} of columns of A is linear
dependent, i.e., there exist o; € C with 7 € {1,2, 3,4} such that Ug(1) = (2Up(2) T a3vg(3) +
Q4vg(4), where 3 is a permutation of {1,2,3,4}. Then,

o(vg) +€) = aa0(vg(2)) + azo(vge)) + as0(va)),

where € = a2k5(2)+a3kﬂ(3)+a4k5(4) _kﬁ(l)a with k1 = Ay, ko = By, k3 = S and kg = Hy.
Since vg(1) + € # Qavg(2) + A3vg(3) + Qavg(4), We obtain that o is not injective, which it is
not the case. O

With (2.2.21) we have the following terms:

X120 (D1)o(D2)

=X12(Ap1D1 + ApaD2 + Ag1z1 + Ag2z2 + Ag)(Bp1D1 + Bp2D2 + Bgiz1 + Bg2z2 + By)

= X124p1Bp1 D} + Ap1 Bpa(A21D2D1 + 22Dy — 21 D2) + AM12Ap1 Be1 D121 + AM2Ap1 Baz D12 + A12Apy By D1
+ A24p3Bp1DaD1 + A2Ap2BpaDj + A2Ap2Be1 Doz + AM2Ap2Ba2aDaza + A2 Apa By D2

+ M2Az1Bpix1 D1 + A12Az1Bpox1 Do + )\12143:13(1‘,11:% + A2Az1Bg2ziz2 + A2Az1 Bz

2
+ A2Az2Bpi1z2D1 + A2Az2Bpaz2Da + A2Az2Bg1x221 + M2Ag2Bz275 + AM2Ag2Bra2
+ X124 Bp1D1 + M2ArBp2Da + M2AgBgiz1 + M2AgBg2x2 + A12Ag By,

A210(D2)o(D1)

= X2(Bp1D1 + BpaD2 + Bzi1x1 + Bgaz2 + By )(Ap1 D1 + ApaDa + Ag1z1 + Agaxa + Ay)

= X21Bp1Ap1 D] + A21Bp1Apadis (Aa1DaD1 4 z2D1 — @1 D2) + A21 Bp1 Ag1 D121 + A21Bp1 Aga Diaa + A21 Bp1 Ay D1
+ A21BpaAp1D2D1 + A21BpaApaD3 + A21 BpaAg1 Dozt + A21Bp2Ag2Daza + A21 Bpa Ay Da

+ A21Bg1Ap121 D1 + A21By1Apari Da + A21Ba1 Ag1a] + A21Ba1 Ag2z1@a + A21 By1 Apz1

2
+ A21Bz2Api122D1 + A21Br2Apa®2 D2 + A21 By2 Ag12221 + A21By2Agaxh + A21BaaApza
+ A21BrAp1 D1 + A21BrApaDa + A21 By Az1z1 + A21 B Agax2 + A21 B Ay,

o(xz2)o(D1)

= (Hp1D1+ Hp2D2 + Hyp1z1 + He2za + Hy)(Ap1 D1 + Ap2 D2 + Agix1 + Agez + Ay)

= Hp1Ap1D} + Hp1ApaAly (A21D2D1 + 22Dy — 21D2) + Hp1 A1 D121 + Hpy Ag2Diaa + Hp1 Ay D1
+ HpoAp1D2D1 + HpoApa D3 + HpoAg1Dax1 + HpoAg2Daxs + Hpo Ay D2

+ Hz1Api1z1D1 + Hp1Apox1 D2 + HmlAmlz% + Hp1Agoxzixa + He1 Agzy

2
+ Hy2Api1z2D1 + Hya2ApoxaDo + HypoAg1x2x1 + He2Agoxy + HepoApxo
+ HyAp1D1 + HyApaDa + HyAgix1 + HyAgoxo + Hp Ay,

o(x1)o(Dz2)
= (Sp1D1 + Sp2D2 + Sg1w1 + Sz2z2 + S)(Bp1D1 + BpaD2 + Bziz1 + Bg2z2 + By)
2 —1
= Sp1Bp1D] + Sp1Bp2Ajy (A21D2D1 + 22D1 — x1D2) + Sp1Bg1 D121 + Sp1Bz2Dix2 + Sp1 Br D1
2
+ Sp2Bp1D2D1 + Sp2Bp2D; + Sp2Br1Dax1 + SpaBg2D2x2 + Sp2 By D2
2
+ Sz1Bpiz1D1 + Sz1Bpaz1 D2 + Sp1Bz1z] + Sz1Ba2wiw2 + Sp1 Bz
2
+ Sz2Bpi122D1 + Sg2Bpax2D2 + Sp2Bgiwex1 + Se2Bg2x; + Sp2Bia2
+ SkBp1D1 + Sk Bp2D2 + Sk Bziw1 + Sk Baawz + Sk By

MIf we say that D; is the first generator a1, D2 is a2, x1 is asz and x2 is a4, we mean that A; is the
vector of one degree coefficients of o(a;).
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With these terms and the equation (2.2.19), in this work we obtain the following propo-
sition.

Proposition 2.2.26. If 0 : D — D is an automorphism defined as in (2.2.21), such that
det(Z,) =0 then Ap = By = Sy = H = 0, where

7 :( M2Ap1 +Sp1 Aps )
7 M1Bp1 +Hp1 Bp2 )~

Proof. As we must guarantee that (2.2.19) is satisfied, we need that:

)\120‘(D1)0‘(D2) — )\210‘(D2)0‘(D1) — O‘(.%'Q)O‘(Dl) + O‘(:L‘l)U(Dg) =0. (2.2.23)

Therefore, we ought to have that the coefficients of the one degree terms D1, Do.z1 and x2
must be zero (this due to 4 D is a quadratic algebra). With this, we vanish the coefficients
of D1, Dy, 1 and x2 in (2.2.23), i.e., we obtain the following equations:

D1 : Ap1Bpoxs — A1 BpiApaAis xa — HpiApa iy @2 + Sp1Bpalis o2
+ A2Ap1Br + M2ArBp1 — A1 Bp1Ax — A1 BrAp1r — Hp1Ax — HyAp1 + Sp1Br + SkBp1 =0

Dy:  — Ap1Bpax1 + A1 Bp1ApeAis @1 + HpiApedis x1 — SD1BD2/\1_21$1
A2Ap2By + AM2AkBp2 — A1 Bp2 A — A1 BrAp2 — Hpa Ay — HyAp2 + Sp2By + SkBp2 =0
T1: A2A421 Bk + A2AkBe1 — A21Ba1 Ak — Ao1BrAer — Ho1 Ak — HiAe1r + Se1Bi + Sk Bz1 =0

2t A2Az2Br + M2AkBae2 — A21Ba2 Ak — A21BrAge — He2 A — HiyAgo + Se2Br + Sk Bz =0
k: M2ArBr — A1 BrAr — Hiy A + S B = 0.

By the algebraic properties in C and the fact that det(Z,) = 0, we obtain the equations:

Dy : [((A12 — A21)Bp1 — Hp1] Ay + [(A12 — A21)Ap1 + Sp1]By + Bp1Sy — Ap1Hy = 0,

Dy : [((AM12 — A21) Bp2 — Hpo] Ay, + [(A12 — A21)Ap2 + Sp2| By + Bpa Sk — Ap2Hy = 0,

Ty [(AM12 = A21) Be1 — Haa]Ag + [(M2 — A21) A1 + Sz1] B + Bz1Sk — Az Hy, = 0,
[(AM12 = A21) By — Hyo] Ap + [(M12 — A21) A2 + Su2] By + B2 Sy — AgaHy, = 0,
(A2 — A21)ArBy + S B, — Hp A = 0,

I .

k-

where, the equations obtained in Di, Do x1 and x5 are the linear system 't = 0 with

(A2 = A21)Bp1 — Hp1]  [(M2 —X21)Ap1 +Sp1] Bpr —Apy Ay,
r— [((AM12 — A21)Bp2 — Hpa]  [(A12 — A21)Ap2 + Sp2] Bpa —Ape _— By,
(M2 — A21)Bz1 — Hz1)  [(Mi2 — A21)Asr + Se1]  Bar —As | Sk
(M2 = A21)Baz — Hayo]  [(M2 — A21)Auz + Se2]  Baz  —Axe Hy,

As the first column of I' is a linear combination of the third column, the column of
B’s, and a column of H’s, like the second column is a combination of the column of A’s
and a vector of S’s we obtain that det(I') = det(A) (see (2.2.22)). In this way, by the
Proposition 2.2.25, det(A) # 0, therefore we obtain that the system I'T = 0 has a unique
solution T = 0. O

Now, for a 0 : D — D defined by (2.2.21), and for a 0 : D — D a o-derivation defined on
its basic elements as follows,

O(D1) = Ap1D1 + ApaDa + Agix1 + Agoxa + ay, (2.2.24)
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0(D2) = Bp1D1 + BpaDa + Byix1 + Byoxa + by,
O0(x1) = cpiD1 + cpjDa + cpim1 + cajra + cis

0(x2) = dpiD1 + dp; D2 + dyiz1 + dyjro + dy.

We can check that

A120(D1)o(Ds)

= M2(Ap1 D1+ ApaDa + Az1x1 + Azex2 + ai)(Bp1D1 + BpaD2 + Bgiw1 + Byaxa + By)

= X12Ap1Bp1 D7 + Ap1Bpa(Ae1DaD1 + x2D1 — 21 D2) 4+ M2Ap1 Be1 D11 + M2Ap1 Bea D122 + A2 Ap1 B D1
+A2ApaBp1D2D1 + M2ApaBpaD3 + M2ApaBz1 Daz1 + M2 ApaByaDaxa 4+ M2 Apa By D2

+ M12Az1 Bp1#1 D1 + MaAz1 Bpaxi Da + A2 Ag1 Br12? + M2Ag1 Boot1@a + A2 Az By

+ M2422Bp172D1 + M2Ar2 BpawaDa + M2 Az2 Ba12271 + M2A02Brawi + M2Az2 Brao

+ Az2agBp1 D1 + Az2ag Bp2 D2 + A12ar Be1z1 + A2ag Brawe + A2ay By,

)\12D18(D2)
= A12D1(Bp1D1 + Bp2D2 + Bzix1 + Bgawa + by)
= AlQBDlD% + Bpa(A21D2D1 + 22 D1 — x1D2) + AM2Bz1Dix1 + A2 Bga D12 + A2bk D1,

A219(D2)o(D1)

= X21(Bp1D1 + Bp2D2 + Bzix1 + Beawa + b)) (Ap1D1 + Ape D2 + Azix1 + Agaze + Ag)

= X1 Bp1Ap1D? + AQIBDlADQAIQI()\21D2D1 + 22D1 — x1D2) + A21Bp1Az1D1z1 + A21Bp1Aga D122 + A1 Bp1 A D1
+ A21Bp2Ap1D2D1 + A21 Bpa Apa D3 + Aa1 Bpa Aw1 Dax1 + A21 Bpa Az2 Daza + A1 Bpa A Da

+ Xo1Bz1 Ap1@1 Dy + Ao1 Br1 Apax1 Da + A21 Be1 Az1x3 + Aot Be1 Agax1@a 4+ 21 Be1 Agzy

+ Xo1 By Ap122Dy + Ao1 BraApaxaDa + Ao1 BeoAg1@axy + Ao1 Bro Aga + Ao1 Bao Ao

+ X210 Ap1 D1 + A21bg Ap2 D2 + A21bp Az121 + A21bp Azoz2 + A21bg Ay,

)\ngga(Dl)
= A21D2(Ap1D1 + Apa D2 + Ag1x1 + Azaxa + ag)
= X1 Ap1D2D1 + A21 Apa D3 + Aot A1 Dot + Mot Aga Dama + Ao1ay, Da,

O(z2)o(D1)

= (dpiD1 +dp;jD2 + dzix1 4 dgjra + di ) (Ap1D1 + Ap2 D2 + Ag1x1 + Aoz + Ayg)
=dp;Ap1D? + dDiADz)\f21(>\21D2D1 +22D1 —x1D2) + dpiAz1 D11 + dpi Azo D1z + dpi Ax D1
+dpjAp1D2D1 +dpjApe D3 + dp;j A1 Dax1 + dpjAs2 Daxa + dp; A Do

+ dyi Ap121D1 + dpi Apow1 D2 + dai Ae137 + doi Az2z122 + doi Axz1

+ Bo2Ap122D1 + dyjApaw2 D2 + dej Az12221 + daj Ag2h + duj Agaa

+dgAp1D1 +dpApa D2 + dp Ag171 + dp Apaw2 + di Ay,

220(D1)
=x2(Ap1D1 + Ap2D2 + Agz1x1 + Agao + ay)
= Ap12aD1 4+ ApoxaDa + Agixaxy + Agazs + apza,
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O(x1)o(D2)

= (cpiD1 4 cpj D2 + i1 + czjr2 + ¢ )(Bp1D1 + Bpa D2 + Bz1x1 + Be2x2 + By)

= ¢piBp1D? + ¢piBpa(Ma1D2D1 + 22 D1 — €1 D2) + ¢pi Byi D121 + ¢p; BeaD1xa + ¢p; B D1
+¢p;jBp1D2D1 + cp; BpaD3 + cpjBy1 Doty + cpjBaaDaxa + cpj By Do

+ i Bp171D1 + €2 Bpa®1 D + 2 Be177 + o3 Bea®132 + c2i Byw1

+ czjBp1x2D1 + cojBpaxa D2 + cij Briz2x1 + ijBzzxg + CzjBrwa

+cxgBp1D1 + ¢ Bpa D2 + cx Bz1x1 + cx Braw2 + cx By,

210(D2)
=z1(Bp1D1 + Bp2D2 + Bg1x1 + Broxa + by)
= Bpix1D1 4+ Bpax1 D2 4 By1x? + Beaziwa + bxy.

With these previous terms, we obtain the following proposition.

Proposition 2.2.27. If o : D — D is an automorphism as defined in (2.2.21) such that
spanc (S, H) = spang(L1,L2) and 0 : D — D is a o-derivation such that det(Zy) = 0
and det(Zy9) = AM2Bpa2, then the elements O(D1), 0(D2), 0(x1) and O(x2) have no zero
degree terms, where,

0 A2 —Ap1 Bpi
7o Ap2  AM2Ap1 + Aacp; I —X1 0 —Ap2 Bp2
o0 Bpa  Aa1Bpi1 +dp; ’ 0 1 Ay Ba |’
1 0 —A,o  Bao
0 A12 Sp1 Hp,y
—A21 _ 0 | Sbe | Hp2
Lo = 0 R T R Sy » H = Hy
1 0 Si2 H,o

Proof. From the one degree terms of (2.2.20), we obtain the equations:
Di : Ap1Bpaxa + Bpaza — A1 Bp1ApaAls 2o — dpiApa)ls @2 4+ cpiBpata
A2Ap1 By + A12ax Bp1 4 A12bi — A21 Bp2 Ag — Aa1begAp1 — dpi Ay — diAp1 + cpiBy + ckBp1 =0
D> : — Ap1Bpax1 — Bpaw1 + Aa1Bp1Apa Ay @1 + dpiAp2 Ay @1 — cpi Bpaaa
A2Ap2By + Ai2axBp2 — A21bkAp2 — A2a1Bp2 Ak — Ae1ar — dpjAr — divAp2 + ¢cpjBr + ¢k Bp2 =0
x1 : M2Az1 By + M2agBer — Ao1bpAgr — A1 Be1 Ag — dei A — dip A1 + coiBr + ¢ Bz1 + b = 0
22t AM2Az2Br + A2axBea — Ao1brpAwz — A21Bao Ak — dajAx — diAz2 + CojBr + ckBa2 +ar =0

Now, since det(Z, ) = A2Bp1 and det(A) # 0, then by Proposition 2.2.26, we have that
A, = By, = 0. Therefore, the previous equations turns to

Dy XMi2apBpi — Aa1bgAp1 — dpAp1 + e Bp1 = —A12by,
Do i M2apBpz — Ao1brApa — dyAp2 + cxBp2 = Aa1ay,
1 A2akBr — Ao1bpAzr — dipAgr + e Ber = —by,

o A2apBio — Ao1bpAze — dp Ao + ¢ Beo = —ay,
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which is a linear system of equations on the variables ay, bx, ¢ and dy, i.e., it is a system
Oy = 0, where

A2Bp1 A2 —A21Apt —Ap1 Bpi ag

o— A2Bp2 — A1 —A21Ap2 —Ap2 Bp2 7= by,
A28z 1—X1Apn —Az1 Bar |7 dg

A2Bgo +1 —A21Az2 —Az2 B Ck

In other words,

M2Bp1 A2 —X1dpt —Api Bm

A2Bp2 —A21Ap2 —Ap2 Bpo
det(©) = det
et(®) ¢ A2Bg1 1—Ao1Asp —As1 Ba
M2Bgo —Ao1 Az —Az2 B
0 A2 —X1Ap1 —Ap1 Bpi
—A21 —X21Ap2 —Ap2 Bpo
* det 0 1-— )\21141‘1 _Axl Bxl
1 —A21 Az —Az2 B
0 A2 —A214p1 —Ap1 Bpi
— det —A21 —A21Ap2 —Ap2 Bpo
0 1 — Ao1Ag1 —Az1 Ba
1 —Ao1 Az —Az2 B
0 —X1Ap1 —Ap1 Bpi
~ det Aot —A21Ap2 —Ap2 Bp2
0 _)\2114901 _Axl Bxl
1 —X1 Az —Azx By
0 X2 —Ap1 Bm
—A1 0 —Aps Bpo
+ det 0 1 A Bn
1 0 —Ap DB
0 M2 —Ap1 Bpi
_ X1 0 —Aps Bpz | _
= det 0 | A, Ba |~ det(L)
1 0 —A,o  Bao

Due to the fact that spanc(S, H) = spang (L1, L2), we have that the matrices A7 and
LT are row equivalent, and therefore det(L) # 0, because det(A) # 0. Since det(A4) =
det(L), det(©) # 0 which implies that the unique solution to the homogeneous linear
system ©y = 0 is the trivial solution iy = 0, i.e., ax = by = ¢ = di, = 0. [

Corollary 2.2.28. If 0 : D — D is an automorphism defined as in (2.2.21) such that
the linear components satisfies spanc (S, H) = spanc (L1, L2) as in Proposition 2.2.27 and
if 0 : D — D is a o-derivation such that det(Z,) = 0 and det(Z,p) = M2Bp1, then
A(D)NC = .

Remark 2.2.29. As a future task, we can search skew derivations for these graded au-
tomorphism, in order to construct differential calculi following Remark 1.2.12, but by the
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Corollary 2.2.28, we can not guarantee the density conditions (see Remark 1.2.13). There-
fore, when we work in diffusion algebras of type 2 with 2 generators, we prefer to choose
skew derivations of graded automorphism such that spanc(S, H) # spang(Li, La).

In this section, we applied linear algebra to obtain all results that we found, but we
do not used the PBW basis of diffusion algebras. In the next section, we will see how we
can use the PBW basis to describe automorphisms in other algebras.

2.3 Skew polynomial algebras

In this section, we study the 3-dimensional skew-polynomial algebras and show that there
exists a classification of them as generalized Weyl algebras or skew polynomial rings.
Further, from a theorem of classification, we mention in each case if it is or not a 3-
dimensional diffusion algebra type 1 or a generalized Weyl algebra.

Definition 2.3.1 ([Ros95], Definition C4.3). A 3-dimensional algebra A is defined by the
relations:
yz—azy =X, zxr—pfrz=p, IY—YYr=mr, (2.3.1)

where A\, u, v € Kz + Ky + Kz + K, and o, 3,7 € K*. A is called a 3-dimensional skew
polynomial K-algebra, if the set {x'y7z¥ : i, j,k > 0} forms a basis of the algebra (i.e., the
PBW condition).

In the literature, we found the following facts about 3-dimensional skew polynomial
algebras A.

1. Relations that guarantee the PBW basis of an algebra satisfying equations (2.3.1)
were established in ([RS17b], Section 5).

2. Since C is Noetherian, then A is left Noetherian ([LR14], Theorem 2.2).

3. By the left Noetherianity of C, A is left regular ([LR14], Corollary 2.6).

4. Since C is Noetherian, regular and PSF'? then A is PSF ([LR14], Corollary 2.8).
5. Ais a domain ([LR14], Proposition 4.1).

6. The Quillen’s K-theory of A and C is the same ([LR14], Theorem 5.1).

7. Since C is ACCPL-domain, A is an ACCPL-domain ([RS18], Theorem 1).

8. By the commutativity of C, A is an ACCPR-~domain ([RS18], Corollary 1).

9. A has no non-zero nilpotent elements ([RS19b], Proposition 5).
10. Since C is right zip, then A is right zip ([RR19], Corollary 4.3).

11. A satisfies the Kothé’s conjecture ([RS19a], Proposition 3.19).

5B is a PSF ring, if every finitely generated projective B-module is stably free.
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The following theorem gives a full classification of 3-dimensional skew polynomial
algebras.

Theorem 2.3.2 ([Ros95], Theorem C4.3.1). Up to isomorphism, a 3-dimensional skew
polynomial K-algebra A is given by the following relations:

1. If {o, B,v}| = 3, then A is defined by
yz—azy =0, zzr—pPrz=0, zy—yyx=0.
2. If {o, By} =2 and if B # o=~y =1, A is defined by one of the following rules:

(a) (c) (¢)

Yz — 2y =2 yz —zy =0

Yz — 2y = az
zx — frz =1y zr — fPrz =y

zx — Pxrz =0
TY —Yr =1 zy —yr =0

TY —Yyr =2a

(b) (d)

z—2zYyY =2z Z—Z :0 (f)
Y Y Yy Yy Yz — 2y =2
zx — Pxz="> zr — Prz=0b zx — Prz=0
TY—Yr =2z zy —yxr =0 zy—yxr =0

Here a,b € K are arbitrary; all nonzero values of b yield isomorphic algebras.

. Ifa=B=~#1,and if B #a =~ # 1, then

(a) (b)

yz —azy =0 yz —azy =0
zx —fPxz=y+b zrx — frz ="
zy —ayxr =0 zy —ayxr =0

Here a,b € K is arbitrary; all nonzero values of b yield isomorphic algebras.
4. If a = 8=~ #1, then A is isomorphic to one of the following:
Yz —azy = a1x + by
zx — axz = asy + by
xy — ayxr = a3z + b3
If a; = 0, then all nonzero values of b; yield isomorphic algebras.

5. ifa=0B=v=1, then A is isomorphic to one of the following algebras:
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(a) (b) (c)

Yz — 2y =2 yz —zy =0 yz —z2y =0
2x— T2 =1 zx —xz=0 zx —xz =0
TY —Yr =z TY —Yr =z xy—yr ==
(d) (e)
Yz — 2y = -y Yz — 2y = az
Zr—xz=2x+Yy 2L — Xz =X
zy—yzr =20 xy —yr =0

Here a,b € K are arbitrary; all nonzero values of b yield isomorphic algebras.

The following examples are not diffusion algebras of type 1:

2. (a) & (¢): Due to zz — fxz =y, and as y # riz + rez for all 71,79 € K, this algebra
is not a diffusion algebra of type 1 because (2.2.15), for D; = z and D; = z.

2. (b) & (d): Due to zx — frz = b, and as b # rixz + roz for all 71, r € K, this algebra
is not a diffusion algebra of type 1 because (2.2.15), for D; = z and D; = x.
(f): There is no possible that only one of the right terms of the equations be different
of zero.

3. Due to zz — fxz = ¢y + b with ¢ € {0,1} and as ¢y + b # rz + raz, for all
ri1,72 € K, this algebra is not a diffusion algebra of type 1 because (2.2.15) for
D;=zand Dj = .

4. The only way for these algebras are diffusion algebras is when if a; = b; = 0, for all
i=1,2,3.

5. (a) & (b) Due to xy — fyx = z, and as z # ry + rox for all r1,ry € K| this algebra
is not a diffusion algebra of type 1 because (2.2.15), for D; = z and D; = y.
(d) Due to zo —zz = x + y and as x + y # r1z + roz for all r1, 7y € K| this algebra
is not a diffusion algebra of type 1 because (2.2.15), for D; = z and D; = z.
(e) If D; =z, Dj =z, Dy =y, by z& — 2z = x we have that z; must be equal to
—1, but in yz — 2y = az we can deduce that x; = 0. Therefore, this algebra is not
a diffusion algebra of type 1. (c¢) If b # 0, due to zy — yx = b this is not a diffusion
algebra of type 1, by the fact that b # riz 4 roy, for all r1,72 € K.

Now, we have that the following algebras of the list are diffusion algebras of type 1:

1. This is a diffusion algebra type 1 of class D where D; = y, D; = z, D, = x,
Aij=Np=Aix =1 Aji=a, \pj =0, My =7, z; =xj =2, = 0.

2. (e) This is a diffusion algebra of type 1 of class C; under the condition a = 1,
where D; =y, Dj = 2, D = 2, v, = —a, x; = =1, A =0, \jp = 1, \p; = S,
Aik = Agi =2 = —1, N\jj = N\jy = 1, ; = a. If a # 1, this algebra is not a diffusion
algebra of type 1.
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Remark 2.3.3. We want to highlight the fact that by Definition 2.3.1, we conclude that
the diffusion algebras of type 1 of 3 generators (see Definition 2.2.2) such that all A;; # 0,
with ¢ < j, are skew polynomial algebras. Therefore the different classes listed in Theorem
2.2.3, must be also distributed in the classification of skew polynomial algebras of Theorem
2.3.2: in the cases of diffusion algebras of class C1 and D are skew polynomial algebras of
type 2(e) and I, respectively. But the cases of diffusion algebras of classes A; and By, not
belong to any of the list of Theorem 2.3.2 in a first time. This mean that for view classes
Ay and By as skew polynomial algebras, we need first make an identification (establish an
automorphism of algebras) with, apparently, 2(a), 2(b), 2(e) 5(a), 5(d) or 5(e). The rest
of 3-degree diffusion algebras of type 1 are not skew polynomial algebras because these
need some A equals zero.

Also, the following algebras are hyperbolics, i.e., generalized Weyl algebras of dimension
3 (see Remark 2.1.9 and Remark 2.1.11): 2. (a), (b) 3. (a), (b) 5. (a). and their structure
is given by:

2.(a) A=Kly], ¥(f(y)) = f(y—1), then A = (0, 5,y); the corresponding hyperbolic ring
is R{0,¢} with R =Ky, &], 0(f(y,€)) = fly — 1,86 +y — 1) ([Ros95], p. 102).

2.(b) A=Kly], ¥(f(y)) = f(y — 1), then A = (¢, 8, b); the corresponding hyperbolic ring
is R{0,&} with R = Kly, ], 0(f(y,€)) = f(y — 1, 56 + b) ([Ros95], p. 104).

3.(a) A =Ky], ¥f(y) = flay), u = y + b, then A = A, B,u). The corresponding
hyperbolic ring is R{0,¢}, where R = K[y, ¢], 0(f(y.€)) = f(a™'y, B¢+ a7y +b).
([Ros95], p. 105).

3.(b) A= A, B,b), where A = Kly], ¥(f(y)) = f(ay); the corresponding hyperbolic ring
is R{0,£}, where R = K[y, €] and 6(f(y,€)) = f(a~Ly, € + b) ([Ros95], p. 108).

5.(a) This is the algebra U(sl(2)), under the identification of Remark 2.1.5 ([Ros95], p.
108).

Another 3-dimensional skew polynomial algebras are classified as Ore extensions in the
next subsection. Nevertheless, Dispin algebra (in Theorem 2.3.2, the algebra of type 2(a)
with 8 = —1, see [Ros95], p. 99) is 3-dimensional but not an Ore extension.

2.3.1 Extended automorphisms of skew polynomial algebras

In this section, we study by a computational way, conditions over a special case of auto-
morphisms in some of the 3-dimensional skew polynomial algebras appearing in Theorem
2.3.2.

We found in this work that the following commutation works.

Proposition 2.3.4. If R[x;0,0] is an Ore extension and 0 06 = § oo, then for alln € N
and allr € R,

:L‘n’)" — Z <n> O'i (e} 5n_i(r) ,Ii.
1

=0



CHAPTER 2. NONCOMMUTATIVE ALGEBRAS AND THEIR CALCULUS 100

Proof. The case n = 1 is the definition of R[z;0,d]. If we suppose it holds for n € N, then

=g (zn: (?) o' 0 8" (r) a:)

=0

= E <n> (0o oo 5"_i(r)aj +docoto 5n_i(T)) zt
7
=0

_ — (n i+l cn—i i+1 Y\ i ontl—i i
_Z<i>g 0 6" (r)z +;<Z>a 0 (r) x

=0

n+1 n
_ n i snd1—i i Y i ontl—i i
_Z<z 1>a %) (r)x —i—Z(i)a 0d (r) x

i=1 N
n+1
= Z <n + 1> ol o 8T ()t
i=0 !
where the third equal is due to cod = o 0. 0

Remark 2.3.5. Now, if we want to extend the automorphism o : R — R to R[x;0,d],
with [0, 8] = 0, then we need to define o(z) = > w;z’, with m € N and w; € R, for all
i <m. Then o(zr — o(r)x — d(r)) = 0, and so

0= wirolr) - o (Zwl ) - ot6lr)

=0 ‘
_ [i:;]:o <j>wlaj 0§ (o(r)) mj] —a2(r) <Z: wzx1> —a(d(r))
— [gé @ wio? 0 577 (a(r)) x]} — o%(r) (Jé Wﬂ) —o(0(r))
_ g[é <;> wiod o 57 (o(r)) — aQ(T)wJ} 2 — o(5(r))

Therefore, the equations that define an extended automorphism o : R — R to R[x; 0, ]
are given by

Remark 2.3.6. In Theorem 2.3.2 we have that the following 3-dimensional skew poly-
nomial algebras are Ore extensions (see Definition 1.3.25), where their respective Ore
structures are given in the following way:
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1. R = Cla], R[z;01,0][y; 02,02, o1(x) = Bz, d1(x) = 0, 02(2) = az, oo(x) = vz,

da() = d2(2) =

2. (¢) R=Cly,z], R[z;01,81], 01(y) =y, d1(y) = 0, 01(2) = 87"z, d1(2) = =6~ 'y.

2. (d) R =Cly, z|, R[z;01,61], o1(y) =y, 01(y) =0, 01(2) = 712, §1(2) = -~ b,

2. (e) R = Clz], R[z;01,01][y;02,02], o1(x) = Bz, d1(x) = 0, 02(2) = 2z, d2(2) = az,
oa(x) =z, d2(x) = —x

2. (f) R = C[z], Rly;01,01][7;02,02], 01(2) = 2, 61(2) = 2, 02(y) = y, d2(y) = 0,
o2(2) = 871z, §a(2) = 0.

Clz], Rly;o1,01][z302,02], o1(2) = a7 'z, di(z) = —a”'(azz + b3), o2(y) =
a~ly, 82(y) = —a t(arz1 + b1), 02(x) = az, da(x) = asx + ba.

(b) R =Cly, 2], Rlz;01,681], 01(2) = 2, 01(2) = 0, 01(y) =y, d1(y) = 2

() R= C[yaz]a R[x 01751] o1(y) =y, 61(y) = b, 01(2) = z, 61(2) = 0.

(d) R =Clz,y], R[z;01,01], 01(2) =z, b1(z) =z +y, o1(y) =y, 61(y) = .
(

e) R = Clx], R[z;01,01][y;02,02], o1(z) = @, §1(x) = w, 02(2) = 2, d2(2) = az,
o2(x) =z, d2(x) = 0.

SAENAEEN AN

Remark 2.3.7. From these Ore extensions, there are some of these which satisfies co0d =
doo: 1., 2.(e), 2.(f), 5.(b), 5.(c), 5.(d) and 5.(e). Therefore, if we want an automor-
phism of these structures such that the restriction of it to R, in each case it is also an
automorphism of R, then by the Remark 2.3.5, we obtain that

3 (Dot o5 ttot)] + i) o2y =0, Wiz

i=j+1

[Z wiéi(a(r))] — o?(r)wo — o (6(r)) = 0. (2.3.2)
=0

For the algebras mentioned in Theorem 2.3.7, we show the explicit conditions to get the
extended automorphism.

Case 1. In this case, as R = C[z][z;01, 1], we get in R[y; o2, d2) with o2(y) = Y1 o wiy*
with w; € R, then since d9 = 0, we obtain that

wooa(r) — o5 (r)wy = 0 and wjag(r) —o5(rw; =0, m>j>0.
Let us consider for k,j € N and 6 € C the polynomial P,fj(a;) = 2% — 0771, We note that

it n € C is a root of P,fj(a:), then for all n € N, 7 is also a root of P(enk)(n(j_l)+1)(x). In
this way, we have the following result obtained in the realization of this work.

Proposition 2.3.8. If o is an algebra endomorphism of a 3-dimensional skew polynomial
algebra of type 1 such that U|R[z;al,61} = 09, then

1. If P} .. (B) #0, for all k € N, then w; = 0.

(5+1)



CHAPTER 2. NONCOMMUTATIVE ALGEBRAS AND THEIR CALCULUS 102

2. If P,Zj(ﬁ) = 0, for some k € N, and [ is not a root of unity (neither -y) then
w; = g(z)2*. In this case, for alln € N, Wy (j—1)41 = fx)2"*.
(a) If P3(B) # 0, for alli € N, then g(x) = 0 and therefore w; = 0.

(b) If there exists, e € N such that Pg(3) = 0 then g(z) = ga° with g € C and
o=t = B¢, and wy = 0.

Proof. For r =z, if w; = >_7_, gi(x)z" with gi(z) € Clz], we get for j > 0,

p
0 = wjos" (x) - = (Z gi(z > ~Ut g — 47 x(Z gk (x >
k=0 k=0
p
= (ng “ON Rk — g (a )72562'“)

i

0

gk(l’) [,yf(j+1)/8k B 772]]:219'

I
M=

i

0

If y~U+tD gk —~n=2 £ 0, for all k € {0, ...,p}, then w; = 0. If =0t gk — =2 = 0, for some
k € {0,...,p}, called k;, and if v is not a root of unity (and therefore neither 3), then w; =
gk; (2)z" . In this case, since f¥ = ~7~1 then for all n € N, then g™ = A(G=D+D)-1 T1f
wj = g(x)2%, then if g(z) = > io @iz’ with a; € C, we get for r = 2,

0 =w;od " (2) — 03 (2)w; = g(x)2F107 2 — aPzg(x) 2"

= [g(x)a? ™ — a?g(Bx)]M T,

then g(z)a/~! = g(Bz), thus g(z) = go° with g € C and o/~! = 3°. Now, for j = 0, since

wooa(r) — o3 (r)wy = 0, with r = z, we get

0 = wo(z, 2)7" 2 — 42wy (, 2)

= ’}/_IZL"LU()(:L', ,BZ) - ’7_2$w0(1’, Z)v

which implies that ywo(z, 82) = wo(z, 2), then wo(x, z) = gox® 2", with ky € N. Since
ywo(z, Bz) = wo(x, 2), if go # 0 we obtain that 7% = ~, and since 8% = 49~1 and v is
not a root of unity, we get —ko(j — 1) = k; > 0, which means that 0 < j <1, but j # 1,
because in that case 3* = 1. Therefore, we have that gy = 0 and wg = 0. O

Corollary 2.3.9. If o is an endomorphism such as it is described in Proposition 2.3.8,
such that it is an automorphisnm, then o(y) = gy, with g € C.

Proof. If ¢’ is the inverse of an extended automorphism as in Proposition 2.3.8, then

o'lp =0yt I o'(y) = Z?lzo w;-yj. Then as ¢’ has to respect o’ (xr — o(r)x — §(r)) = 0,
for all » € R, which means,

0=0o'(yr — oa(r)y — d2(r))

|
N
]+
g
<
<
<
N~
Q
N
—
—~
=
|
<
N
]+
g
S~
<
<
~~
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If r = x, we get,

p’ P’

p’ ' p’
0= (L upy )o@ o (L) = (L vwie) — (L i) = 0t e - s
j=0 §=0 j=0

=0 =0

Then (’yl_ng»x—:cwg-) =0, forall0 < j <p', w} # 0, then w; = g}xegzké and 177185 =1
whence v/~! = ¥ Since 7 is not a root of unity, &’ = k;j. Therefore, o'(y) = g;:ve;' 2Ryl
Hence

o(0' () = o(gjasMy7) = 090 2M) (ga" M),
then, if we want o(o’(y)) = y, then we must have that j = 1, and therefore k; = 0. With
this, since o/ ~! = 3¢, we must have e = 0. O

Case 2.(¢): In this case, we have that oo = id, for all r(z,2) = Y>F (37 jcqxsz! €
R[z;01,61], so

P g
do(r(z, 2)) = Z Z cst(ta — s)x2t,
s=0 t=0
and the equations (2.3.2) turns to
[Z (;_)wi&i_j(a(r))] —rw; =0, Vj>1,
i=j

E& wid'(r) - ”"O] —4(r)=0 j=0

In this work we obtain the next result.

Proposition 2.3.10. Ifo : R[z;01,01][y; 01,01] = R[z;01,01][y; 01,01] is an algebra endo-
morphism of a 3-dimensional skew polynomial algebra of type 2(e) such that o|g[, s, 5, =
o9 =id, then o(y) =y + ¢, with ¢ € C.

Proof. For j =m, if wy, = Y F_, gk(2)2" with gi(z) € C[z] we obtain that

p p
0= wpr — 1wy = Y gr(2)2 e — zgr(2)2F =) wgr(x) (8" — 1),
k=0 k=0

Since (3 is not a root of unity, gi(xz) = 0, for all ¥ > 1, which means that w,, € C. If we
suppose, that wy =0, for all n+1 <t < m with n > 1, and wy+1 € C, then, for j = n, we
get that nwy,41902(r) + wpr — rw, = 0, for all r € R[z,01,d1]. If we choose r = x, saying
that w, = Y %_, fr(z)2" with fi(z) € C[z], we obtain

P
0 = nwp4102(2) + Wt — TWy = NWp41(—2) + wak(x)(ﬂk —1)2",
k=0

then, fi(z) =0, for all £ > 1, and nwy4+1(—x) = 0 which implies that wy,+; = 0. With this,
we obtain that w,, € C. Therefore, wy = --- = w,, = 0 and w; € C. Thus, in j = 0, we
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obtain that wi6(r) + wor — rwg — 62(r) = 0, for all r € R[z;01,61]. If wo = Y_%_ hi(z)2F
with hi(z) € C[z] then, for r = z, we get

P
0 = wyd2(x) + wor — zwy — d2(x) = (1 —wi)x + thk(x)(ﬂk — 1)
k=0

which implies that wy = 1 and hg(z) =0, for all k > 1, i.e., wy € C.
O

Case 2.(f) : Since dy = 0 and o2(7(y, 2)) = r(y, 7 12), for all 7(y, 2) € R[y; o1, 61], in this
work we obtain the following in this case.

Proposition 2.3.11. There is no exist o : R[y; o1, 61][x; 09,02] = Rly;01,01][x;09,02] a
non trivial ring endomorphism of a skew polynomial algebra of type of type 2(f), where (
s mot a root of unity, such that U\R[y;gh(;l] = 03.

Proof. In expression (2.3.2), for all r(y, z) € Rly; o1, 1],
wjr(y,ﬂf(jﬂ)z) - r(y,/372z)wj =0, for 0<j<m.

From definition of Ore extension, we have that, for all g(z) € R, yg(2) = g(2)y + 01(g(2)).
Then, if w; = Y-?_, w;i(2)y" and we choose r(y, z) = y, we obtain that

wjy — yw; = (i wjz‘(Z)yi> y—y (XP; wjz'(Z)y">

Z Y = (wii(2)y + 0 (wsi(2)))y'

then we get that d1(wj;(2)) = 0, and so, wj;(2) = wj; € C. Now, again by Proposition
2.3.2 we have

Yz = i: <IZ€> 2y

k=0

Then, since w;r(y, 87U+ 2)—r(y, B722)w; = 0, for all 0 < j < m, if we choose r(z, 2) = z,
we get

p p
0=w;B~ Uz — g7 220; = <Z D)y ) — <Z,8_221Ujiyi>
=0 =0
i, p
w; B0 (Z (;) zyk> =Y B awguy
k=0 =0
p p

[Zw ]+1)< ) :| ZB szﬂy
1=k

p
[ Zw oA (k) z> —ﬁ_2zwjk] ok

i=k

I
M“@

0

Il Il
M= 107 &

£
I
o
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and then, we obtain that, for all 0 < k < p,

P .
(Z wjiﬂ_(j“) <;> z) — B 22wy, = 0.
i=k

In particular, for k = p, we obtain that w;,(3~U+!) — 372) = 0, and then w;, = 0. With
this, if we suppose that w;, = 0, for all n < k& < p, then for £k = n, we obtain that i =n
and wjn(ﬁ_(jﬂ) — $72) = 0, which implies that w;,, = 0. Therefore w; = 0. O

Case 5.(b) : Since 01 = idgp, ) and R = C[y, 2] is a domain, we have the following
proposition obtaining during the realization of this work.

Proposition 2.3.12. If 0 : R[x,01,01] — Rlz,01,01] is an algebra endomorphism of a
3-dimensional skew polynomial algebra of type 5(b) such that ol = o1 = idcpy,z then
o(z) =z + g(z,y) with g(z,y) € Clz,y].

Proof. Since the equations (2.3.2) in this case are given by

m

[Z <;> wiai—j(r)] —rw; =0, Yj>1,

[Zm; wi5i(r)] —rwy—0(r)=0 j=0,

with 7 = m — 1, and using that R is commutative, we obtain that mw,,d1(r) = 0, for
all » € R, and by the fact that R is a domain, w,, = 0. If we suppose that w; = 0, for
all n < k < m, with n > 2, then nw,,01(r) = 0, for all »r € R, so w, = 0. This fact
implies that we = --- = wy, = 0. For j = 0, by the commutativity of R, we get that
w101(r) = 61(r), for all » € R, whence w; = 1 and wg € R is free.

O]

Case 5.(c) : We have that R =
01 (i fe(2)y') = 3o fe(2)tby'

q q
5 (Z ft(Z)yt) =3 )Py,
t=0 t=s

where P! = []}_, . k. Just like the case of 5.(b), since R is a domain and oy = idg, we
have the following proposition; its proof it is similar to the proof of Proposition 2.3.12.

Cly, 2]. Since for all r = Y7, fi(z)y" € R we have
~1 then

Proposition 2.3.13. If 0 : R[x;01,01] — Rlz;01,01] is a ring endomorphism of an
algebra of type 5(c), such that o|r = o1, then o(x) = x + r(y, 2), where r(y,z) € Cly, z].

Case 5(d): Since in this case, R is a domain, 01 = idg|,,) and § # 0, in the realization of
this document, we obtain an analogous to Proposition 2.3.12 as follows.

Proposition 2.3.14. Ifo : R[z;01,01] = R[z;01,01] is a ring endomorphism of an algebra
of type 5(d), such that o|gr = o1, then o(z) = z + r(x,y), where r(z,y) € Clz,y].
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We have also that in this case, for all r(z,y) = >27_5 227 cijz'y’ € Clz,y], the derivation
01 takes the value

p q
o(r)= Z Z Cz'j(i + j)wiyj + Cijixi_lyj+1.
i=0 j=0

Case 5(e): Since 02 = idg; 4, 5,), We obtain the following from equations (2.3.2):

i) = ruo] ~ ) =0,
=0

and with this, we obtain the following proposition.

Proposition 2.3.15. If 0 : R[z;01,01][y; 02,02] — R[z;01,01][y; 02,92] is an algebra en-
domorphism of a skew polynomial algebra of type 5(e) such that o|g.s, 5,) = 02 = id, then
o(y) =y+c with c € C.

Proof. In the case j = m — 1, we obtain that mw,,d2(r) + wpy,—17 — rw,—1 = 0, for all
r € R[z;01,01). If we choose r = z, since d>(z) = 0 and saying that wy,—1 = Y 1_, b(z)2",
we obtain that

q

Wi 1T — TWpp—] = (Z bk(x)zka:> - @O a:bk(:c)zk>

k=0
_ <kijoz; <’:> bk(x)xzi> - @o azbk(x)zk>
_ <qukz <l;> bk(x)mi> - (zq; xbi(a:)zi>,

where the second equation is due to Proposition 2.3.4. Then, for each i € {0,...,q — 1},
we get

3 (Yoo -0

k=i+1

Then, with i = ¢ — 1, we obtain that b,(z) = 0; with i = ¢ — 2, we get by—1(z) = 0, and
following in that way we obtain that by = -+ = b, = 0 and wy,,—1 = bo(x) € C[z]. Then,
we have that muw,,d2(r) + by(z)r — rby(x) = 0, for all » € R[z;01,01]. If r = z we get

mwp02(2) + bo(z)z — zbp(z) = mwpaz + by(x)z — (bo(x)z + 61 (bo(x))
= mwmaz — d1(bp(z)) = 0,

and so mwpaz = d1(bo(x)) € R, which implies that w,, = 0. With this d;(bo(z)) = 0, and
hence wp,—1 = by(z) € C.
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If we suppose that wy, =0, for all n + 1 < k < m with n > 1 and w,+; € C, we obtain in
j = n that,

(n + Dwp4102(r) + wpr — rw, = 0.

With r = = we obtain w,x — zw, = 0, and so, like in a previous argument, that w, =
b(x) € Clz]. Since (n + 1)wyy102(r) + b(x)r — rb(x) = 0, for all r € R[z;01,01], for r = z,
we obtain (n + 1)wy,4+1d2(r) = d1(b(x)), which implies that w,+1 = 0 and w,, = b(x) € C.
Then we = -+ = w,, = 0 and wy € C. This shows that with j = 0,

w102(1) + wor — rwo — d2(r) = 0.

If » = z, we obtain that wor — rwp = 0 and therefore wy = wp(z) € Clz]. In the case
r=z,

w102(r) + wor — Two — d2(r) = (w1 — 1)az + wo(r)z — zwo(x)
= (w1 — 1)az — 61 (wo(x)),

and this let us conclude that w; = 1 and wy € C. ]

Now, the equations to find the possible values of the extended o, in the case of Ore
extensions such that the automorphism and the skew derivation are not commutative, we
mean the algebras of type 2(c), 2(d) and 4 are

0= Z wiz'o(r) — o*(r) (Z wia:i) —o(4(r)). (2.3.3)
=0 i=0

In this way, in each case, we get the following.
Case 2(c): Since R = Cly, 2|, xy = yz and 2z = B 122 — B~ 1y, then, in this work, we

obtain the following two propositions.

Proposition 2.3.16. In the 3-dimensional skew polynomial algebra of type 2.(c), it is
satisfied that

ﬂf(i+1) _ ,371
B

'z = 72t — Qya' Y, where 6; =

Proof. We proceed by induction. The definition of the algebras shows that the proposition
holds for n = 1. If we suppose true for i, we get
iL‘H_lZ — x(l@—izxi o Hiy:vi_l)
= BB ex — B y)a’ — iya’
— ﬁf(i%*l)zxi%*l o (ﬁ*(H’l) + gl)yxl

= B0+ gyt

which shows it is true for ¢ + 1 too, concluding the proof. O
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Proposition 2.3.17. If 0 : R[x;01,01] — Rlx;01,01] is an algebra endomorphism of a
3-dimensional skew polynomial algebra of type 2.(c), with not a root of unity, such that
o|r = o1, then there exists q(y, z) € R such that

o(z) = yq(y, 2) + [(B — 1)2q(y, z) — Bl=.

Proof. In equations 2.3.3, with r = z, we get that

=3 wtots) - a2<z><fj i) = 02 = D7 () i) 5700y
i i=0 i i=0
—szﬁ (B 2z’ — Oyya'™ Zﬁ zwia’) + By
- Z wi(B~D — g72) 20t — i wiB Oy’ + By
i=0
- sz —(i+1) )zx —sz+15 Y0, 1y’ + By
=0

m—1
= wn (B = Bz + ) (B0 = B2z — w1 B iyl + By
=0

= W (B~ — B72)22™ 4+ wo (B — B2z — w1 B 0y + BNy

m—1

—waf Oayz + Y [wi(B7Y = 57z — w1 B0yl
1=2

Since {xl : 1 € N} is an R-base, we get, by the fact 5 is not a root of unity, that w,, = 0.
Then wy, 1(8~™ — B72)z = 0, and so w,,_1 = 0, again because 3 is not a root of unity.
In the same way, we obtain that we = w3 = --- = w,, = 0. Also, we have

0=wy(B =Bz — (wib + 1)y

Then, since wo(1 — B71)z = (w101 + 1)y, if wy = Ef:o fr(2)y* and wy = Zf/:o ar(2)y*
then

P p/ p/+1
D (A =BN2fr(2)y" =D Ogr(2)y" T +y = [ > 919kz—1(2)yk} +(0190(2) + 1)y.
i=0 i=0 i=2

From this we get that fo(2) = 0, (1 — 371)zf1(2) = 0190(2) + 1 which is equivalent to
(B—=1)zf1(Z) — B = go(2), also we deduce p = p' + 1 and (8 — 1)2f11(Z) = gi(2), for
k=1,..,p—1. With this,

p—1

p
wo =Y fu(2)*,  wo =Y (B—1)zfri(2)y* — B,
=1

1=0
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With these descriptions of the coefficients w;’s, we get that the automorphism satisfies
p—1

ola) = Y- e+ | S8 = Daen (ot - Bo
=1 0

i=

= [jg: fk+1(z)yk} y+ [(5 - 1)22 frr(2)y" — 5} .

Taking q(y, z) = Zf:_ol fri1(2)y* € Cly, 2], we conclude the proof. O

Corollary 2.3.18. There exists an unique automorphism of R[x;01,061] such that o|gr =
o1, and it is the automorphism defined by o(x) = —px.

Case 2(d): Since R = Cly, z], 7y = yx and 2z = $~1z2— 37 1b, then we have the following
result obtained during the realization of this work.

Proposition 2.3.19. In the 3-dimensional skew polynomial algebra of type 2.(c), it is
satisfied that

5—(1’—&-1) _ B_l
B

iz = B2zt — 0;ba’ where 0; =

Proof. 1t is analogous to the proof of Proposition 2.3.16. O
Proposition 2.3.20. If 0 : R[x;01,01] — R|x;01,d1] is an algebra endomorphism of a
3-dimensional skew polynomial algebra of type 2.(d), with not a root of unity, such that
o|lr = o1, then
1. if b # 0, then there exists q(y, z) € R such that
o(x) = qy, z) + [(B — 20" q(y, z) — Bla.

2. if b= 0, then there ezists q(y, z) € R such that, o(z) = q(y, z)z.

Proof. Such as in the proof of Proposition 2.3.17, we get that wo = wg = -+ = w,, = 0,
and in this case we obtain that wo(1 — 371)z = (w161 + 1)b, which is equivalent, when
b#0,towy(B—1)zb" — B =un O

Corollary 2.3.21. Ifb # 0, then there exists an unique automorphism of R|x;o1,01] such
that o|g = o1, and it is the automorphism defined by o(x) = —px.

Case 4: Since R = C[z], Rly;01,01][z;02,02], o1(z) = a™ 'z, 61(x) = —a"(azx + b3),
oa(y) = aty, da(y) = —a"Y(a121 + by), o2(z) = ax, S2(x) = asx + be. In this work we
obtain the following result.
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Proposition 2.3.22. In this skew polynomial algebra of type 4, we obtain the commutation
rule

n
n+1\ >, il
2y = gt 4 g [( _ )oﬁa;“r1 ‘v + by Play Z] 2
i
i=0

_ s [ni (" ’ 1) (az)iag“-l} + b {zn: Pi"ag_izl} , (2.3.4)

1=0

n
@ thyte =y 3 (T )t e T | O, (23)
=0

where P*,T]* € C are defined as

e (5 ) e ()

k=0 k=0

Proof. In case of equation (2.3.4), we obtain by a short computation that

(@ + az) (i (’;) (az)iag—i> _ nil (“j 1) (a2)iad™7, (2.3.6)

i=0 i=0
~ (n i n—i = n—1—ipn—1 i - n, n—i_ji
Z ; (az)'ay +z ZaQ P2 ) = ZPi ay 'z (2.3.7)
i=0 i=0 i=0

Then, we proceed by induction. For n = 0, it is due to the definition of the algebra. If we
suppose that is true for n — 1,

n n—1
2Ty = za (Z <?Z> (az)iag_i) + zby <Z Pi”_lag_l_izi>
i=0 i=0
n n n—1
= (axz + asx) (Z (?) (az)iagi) + by <Z (?) (az)iagi> + 2by (Z Pz-"laglizi)
i=0 i=0 i=0
n+1 n
1 . . o
=z [Z <nj > (az)zagﬂ_’] + bo [Z Pi"ag_’z’] ,
i=0 i=0

where, the last equation is due to equations (2.3.6) and (2.3.7), finishing the proof of
expression (2.3.4). Now, in case of equation (2.3.5), for n = 0, we get ayx = xy — azx — bs
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which is true by definition of the algebra. If we suppose for n — 1, then
n—1 n
n+1l __ n n n—1 n—1—1 _1\n—i,,t
(ayx) = ay(zy +;KZ> e+ T ) b3:|( )" *y")

n—1
— (ay — agz — by) y”+2[( ) iy — agz — by) + 0Tl al “byy 1)
0

1=

n—1
_ xyn+1 _ agxyn _ bdyn + Z(_l)n— <Z> z+1 + Z n+1 z( )agiagacyi

=0

=" ol ay” + ()" ()" e = (1 Ty

+Z(_1)n i ZL z+1+z n+1 z( ) g+1fixyi
i=0
n—1 n n—2

+Z(_1)n+1 z( rL zb y +Z n Z()lrfin_lag_l_lbgyZJd
i=1

— xyn,+1 _ ag(n 4 l)l‘yn + (_1)n+1 n+1 T4 (_1)n+1 nb3 _ (1 4 OéT::ll)bgyn
n—1

n+l—1z n n [ n i n— n—i i

S (1) ()]s Seeor [ (7) corr o
n+1 S nti—i (1N i ntl—imgm n—iy i
=zy"" + Z(fl) ;) xy' + Z(fl) T a5~ 'bsy",
; i=0

where (’Z) + 04Ti":11 =T/, for all i <n. 0

Remark 2.3.23. In this work, we found complications to solve by inspection the question
of this section in these algebras of type 4, but we want to show the following advance in
the description of the endomorphisms of these algebras of type 4.
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With r» = z in equation (2.3.3), we obtain,

0= Z wiz o — a2z(z w;z") — o(agz + by)
i=0 =0

m—1
= [wiﬂaz”lx — a2mwi+1zz+1] + woax — a?xwy — casx — by
i=0
m—1
1+ 1 . )
= E [wl+1a( 2 4 E [( >ata12+1 tr + ba Pl as t} zt) — w12
i=0

+ woax — a?rwy — aasx — b2

m—1 m—1m—1 Z+ 1 m—1
= E wipra PPt 4 <U)7;+1Oé [( ; )a"a?‘l tr + bgPZa;_t} zt> — arwp 2!
t=0 t=0

0
+ woaxr — a’zwy — aasx — by

m—1m—1 ’L+1
B S i 90 oI (R [ G BN Ry
0 t

t=0 i=

+ woaxr — a’xwy — aasx — by

m—1 m—1m—1 i+ 1
= E (wia e — oPrw,) 2t + g g (wi_Ha {( ; )oztag+1 be + bgPZalQ_t] zt>
t=1 t=0 i=t
m+1 2 m 2
+ (wma T — @“zwy, )z + woaxr — a*zwy — aasx — be

m—1

+1 . o
= Z <(wto¢t+1x — Oé xwt Z W41 |:< ; >ata12+1—tx + bQPtzaZQ—t:|)Zt
t=1

+1 2 2

+ (W™ — @t zwy,) 2" + woaxr — a“Twy — aasx — by

Then,

m—+1

(W™ — o?zw,,) =0,

m—1

1 o

(wialz — axwy) + Z Wit KH; )ata;H be + bQPZaZQ_t =0, foralll1 <t¢<m—1,
i=t

(2.3.8)

woax — alrwy — aasx — by = 0.
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If wy, = Zﬁ:o fn(@)y",

m—+1

0= (wnma T — a2xwm)

et (S o) - (St
(Z o) (o +Z[<”“> e T ] (1))
o™ fo(a)z — (Z o2 fn(@yn)
(Za P @+ S S [(”“)*wa] Siaas)

=0 n=1

o™ fow)e (Z a*ofia')
p—l +1 N
— Z( m+1— 1f1 .T _ OCQ.Z‘fi(EE) + Zam—nfn+1(m) |:(n ; >a§+1 i T+ Tn n—i 3:| (_1)n+1—z>yz

+ o™ f )3yt + o™ fo(x)z — &Pafy ()Yt — o’z fo(x)
p—1

300" (o) o Tl | (1)
n=0

Since {y* : k € N} is a left-basis of R[y; o1, 61], we get, for all 1 <4 < p — 1, that
L, n+1
Oém+17ifi(l‘)17 _ OéZLEfi(:E) + Zamfnfn_i_l(x) {( . >ag+1—ix + Tinagl—ib?’:| (71>n+17i =0,

(@~ @®)efo@) + S0 e )[a o+ Tagia -1 <o,
n=0
(@™ — ) () = 0.
Then, we have the following cases:

1. If m > p+1, since « is not a root of unity, we obtain fy(z) =0, and if i =p—1, we
get

0=a™ 2 Pf, (z)r —’xfy_1(x) + amf(pfl)fp(x) [(p f 1> asx + T;’_llbg} (—=1)?
= (a"™T2P — )z fy 1 ().

Again, since « is not a root of unity, and m # p, f,—1(z) = 0. If m = p, then

0=(a?—a®afy 1(z) = —afy(z) [paga: + T;’__llbg] (—=1)7,

which implies that f,(z) = 0. Following in this way, we get that f;(x) = 0, for all

i =1,...,p. Therefore, for i = 0, we conclude, (™! — a?)zfy(z) = 0, which means
that fo(z) = 0. We conclude that w,, = 0. Then, in expression (2.3.8), for t = m—1,

m

(wmflamflx — QTWm—1) = (wmflamflx — QTWm—1) + W, {(
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We note that this is equivalent to condition on w,,, whence w,,_1 = 0. In the
same way, we conclude, by expression (2.3.8), that wy = -+ = w;,—1 = 0, and, for
t = 1, by expression 2.3.8, wix = xwi, and, for t = 0, wyg is such that wozr — azxwy =
asx + Oé_lbg.

2. If m = p+1, since (™M P—a?)xf,(z)y? = 0z f,(z)y? = 0, we get that f,(x) € Clx]

can be chosen freely. Hence, for i = p — 1, we get

0=am"2Pf, q(x)r — o’z fy1(z) + am—(p—l)fp(x) [(p ? 1) asx + T;’__llbg] (—1)P,

which is equivalent to

(1—a)zfp1(z) = fp(z) [pagx + Tf_llbg] (—=1)P.

For i = p — 2, we get,

0 — (am+1—(p—2) _ aQ);Ufp,Q(m) _ O/n—(p—2)fpfl(x) [(z : ;) a3 + T5_21b3:|
+am P () [(p g 2> af e 4 szlaz%bS] (-1)
= (a® — Dz fp—a(x) — afp-1(x) [(P — 1azx + T5:21b3]

+ fp(x) [p(p - 2)2_161;2’,35 + T;__Qla3b3:| .

Then,

(1 —a?)afy-o(r) = —af,_i(z) [(p —1azz + T;lebg} + fo(@) [p(p —2)2 a2z + Té’;agbg} :
Multiplying by (1 — a)z,
(1= 0)(1 = i) =~ = @) fya() (0~ Vaas + T30

+ (1 —)zf,(z) [p(p —2)27 ke + Tg_—;agbg]

= —af,(z) [pagl‘ + T;;_fbg] (—1)P [(p — 1)asz + T;;_gbg]

(L= a)afy (o) |plp - 227 e + T Jasta.

which means that

(1= a)(1 — a®)a2f, o(z) = f,(x) <—a [pagx + Tg_‘fbg} (—1)? [(p — 1agz + T;’_‘;bg}

+(1-a)z [p(p —2)27 a2z + T5216L3b3:| > :
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In this way,

g

1)p+1a{pa3x+T5__llb3} {( —1)agz + TP . bg] (1-a)x [(p 2)2- a3x+T”2a3b3D

= (—1)p+1a< pasz(p — 1)azz + T;’__llbg(p — 1)a3x} + {pangé)__zlbg + TP 1b3TP 1b3}>

+

+

-(1 —a)zp(p —2)2 tade + (1 - )z, agbg]

(—1)P+1a< p(p — 1)(],%1’2 +(p 1) bgagx] |:pT§21b3a3x + T;lngzlbg} )

(1—a)p(p—2)2 a22? + (1 — OZ)T521(13b31':|

(1P ap(p — Da2a® + (—=1)PHa |:(p ~ )TV + pTg_‘;] bsazz + (—1)PH ol TP b3

+ (1 —a)p(p —2)2  a22® + (1 — )T}, Lasbgx

+

[(—1)p+1a(p -+ -a)(p-— 2)2_1]pa§x2

{(—1)1’“0[ {(p -1} +ij;§] (1—a)T?”. ]bjadx ol G LAY K K

Now, we determine which of these extended endomorphisms are, in fact, automor-
phisms. The following observation is useful in this way.

Remark 2.3.24. If o : R[t,01,61][s, 02,02] — R[t,01,d1][s, 02, 02] is an extended endomor-
phism of o3, such that o(s) = s+ g with g € R|[t, 01, d1], then the extended endomorphism
of oy, defined by o'(s) = s — g, is the inverse of o. Therefore ¢ is an automorphism.

Remark 2.3.25. From the several descriptions, that we have obtained in this work, we
obtain the following facts:

. The only extended automorphism is o(z) = gz, with g € C, by the Corollary 2.3.9.

The only extended automorphism is o(z) = —fx by the Corollary 2.3.18.

The only extended automorphism is o(x) = —fx by the Corollary 2.3.21.

All extended endomorphisms are automorphisms with o(y) = y+c by Remark 2.3.24.
There is no exists extended automorphism in this case.

All extended endomorphisms are automorphisms with o(z) = x4 g(z,y) by Remark
2.3.24.

All extended endomorphisms are automorphisms with o(z) = x+ g(z,y) by Remark
2.3.24.

All extended endomorphisms are automorphisms with o(z) = x4 g(z,y) by Remark
2.3.24.

All extended endomorphisms are automorphisms with o(y) = y+c¢ by Remark 2.3.24.
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Since we have now descriptions of extended automorphisms, we can search skew deriva-
tions of these automorphisms with the aim of constructing Brzezinski’s differential calculi,
in each case. Let us clarify that in iterated Ore extensions cases, we could also extended
in two steps the automorphisms o1, in the same way as we did it with os.

2.3.2 Smoothness of 3-dimensional skew polynomial algebras

In this section, we establish some comments about the verification techniques of smooth-
ness that we studied in the first chapter applied to Ore extensions and other algebras. All
of them are related with 3-dimensional skew polynomial algebras.

Remark 2.3.26. The 3-dimensional skew polynomial algebra of type 1 is differentially
smooth (see Example 1.3.29). This is obtained using the commutative differential calculus
that we obtain in the Brzezinski’s calculus of Remark 1.2.12, when we define in the base
ring C[z], d : C[z] — QY(CJz]), d(a) = d(z)9(a) using a derivation 0 = ad,, where d, is
the usual partial derivation by z, and a € C.

Remark 2.3.27. For iterated algebras of type 2(e), 2(f) and 4, the respective subalgebras
obtained in the first iterations are subalgebras differentially smooth (see Examples 1.3.35,
1.3.37 and 1.3.36).

Remark 2.3.28. In this work, we showed that the 3-dimensional skew polynomial alge-
bras of type 2(f) are differentially smooth algebras (see Example 1.3.38).

Now, we mention the following observation obtained in this work.

Remark 2.3.29. In order to apply the Theorem 1.3.27 to deduce the differentially smooth-
ness of the subalgebra R[w;o1,01] in the algebras of type 1 and 2(e), where R = Clz], the
Brzezinski’s calculus constructed for R in Example 1.3.15 cannot be used, this because
it satisfies the conditions needed only in the case that 0 = aJ,-1 with ¢ = 1, i.e., when
Q!C[z] = 0, which contradicts the dimensional condition of Definition 1.3.14: the hypoth-
esis of Theorem 1.3.27 ask for an extended degree-preserving automorphism o of 2R such
that o|gr = o1, such that 0 od = d o o. For z € C[x], we have

doo(z) = d(fr) = po(r)w = fat,1(z)w = faw.

Since, o o d(z) = 0(d(z)w) = o(aw) = o(a)o(w) = ac(w), we need that o(w) = fw. With
this we observe,
doo(z?) = B%d(x)o’ (x) + zd(z)] = 52[an_1(x)wU'(x) + zat 1 (r)w]
= [*lazw + vaw)
= A?2azw,
and cod(z?) = (a1 (z?*)w) = o(aJ,-1(2?))o(w) = a(¢~' +1)B2zw. Then, we also need
that ¢~' 4+ 1 = 2, that is equivalent to ¢ = 1.

Therefore, to apply the Theorem 1.3.27 in this case using the strategy of Remark 1.2.12,
we need to find a p-skew derivation of C[z], with ¢ being an automorphism that does not
send x to a multiple of it.
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We finish highlight the restricted scope of Theorems 1.3.27 and 1.3.28, because these
theorems need that Ore extensions satisfy that their derivations being zero. For establish
the differential smoothness of the Ore algebras treated in this section, we need a way to
heritage the smoothness of the base ring R, to the Ore extension R[w;o,d], even when
6 # 0. With this in mind, in chapter 1 we obtain the following examples.

Remark 2.3.30. In the case of the algebra of type 2(d), we obtain in this work that it is
differentially smooth (see Example 1.3.40).

Remark 2.3.31. Although the algebras of types 2(c) and 2(d) looks similar, we cannot
deduce the differentially smoothness of 2(c) as we obtained for 2(d). Actually, algebras of
type 2(c) are no differentially smooth (see Example 1.3.41).

Remark 2.3.32. We want to say that, following the ideas of Example 1.3.41, Remarks
2.1.8 and 2.2.21, we can discard the differentially smoothness of 3-dimensional skew poly-
nomial algebras of type 2(a), 2(c), 3(a), 4, 5(a), 5(b) and 5(d).

Remark 2.3.33. In this work, we obtained the differentially smoothness of the algebras
of type 5(c) (see Example 1.3.43).

Remark 2.3.34. In this work, we have established the differentially smoothness of alge-
bras of type 2(e) (see Example 1.3.45).

Remark 2.3.35. During the realization of this work, we guarantee the differential smooth-
ness of the generalized Weyl algebras of type 2(b) and 3(b) (see Example 1.3.46).

Remark 2.3.36. However for the algebra 5(e), we cannot conclude his differentially
smoothness by this way, because applying d to zz —x(z + 1) =0,

d(z)x + zd(x) — d(z)(z + 1) — zd(2)
d(z)x + d(x)ve(2) — d(x)(z + 1) — d(2)vz(2)
d(2)[z — vz(2)] + d(2)[va(2) = (2 + 1)]

By the right free structure of Q' we must have that v.(z) =  and v,(z) = z+ 1. In
the same way, with zy — yz = 0 we need v,(y) = y and vy(x) = . Hence, v, respect
zy — (y+ a)z = 0 if and only if a = 0, i.e., if a # 0, we cannot define a left structure on
Q1(A) such that allows exist a well defined derivation d : A — Q!(A), which is our main
trouble about the differentially smoothness of 5(e).

0
0
0

We close the section summarizing some of the previous facts about 3-dimensional skew
polynomial algebras in Table 2.1.
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S-P-A | DF-A-Type 1 | GWA | Ore | Diff. Smooth
L N < | v N
2.(a). X vV X X
2.(b). X Vv X vV
2.(c). X X Vv X
2.(d). X X vV V
2.(c). N < | v v
2.(1). X < | v v
3.(a). X vV X X
3.(b). X Vv X V
4. X X Vv X
5.(a). X vV X X
5.(b). X X Vv X
5.(c). X X Vv vV
5.(d). X X vV X
5.(e). X X Vv ——

Table 2.1: 3-dimensional skew polynomial algebras.

2.3.3 Smoothness of some n-dimensional skew polynomial algebras

From the Examples 1.3.35, 1.3.40, 1.3.43 and 1.3.46, we note that the needed objects are
automorphisms v,, of A for each generator z;, such that

1. these automorphisms must be allows define a differential d : A — Q'(A) such that
under the left action ad(z;) = d(x;)vg,(a), fora € Aand 1 <i <n.

2. for any pair of generators x; and x;, we need that [v;,,v,,] = 0.

In a general way, if A is an algebra generated by a set {x1, ..., z, }, under the conditions
that, forall 1 <i<j<n
TiTj — Qi TjTq = szl'l + cijxj + eqy, for all Qij, bij, Cij, €ij € C, Qij 75 0, (2.3.9)

in the way of defining d we need the conditions, for i < j, that v,,(z;) = a;t

—1
ij L3 — Qg bij,
Ve, (i) = aijrv; — ¢;j. Then, for any g, if j > k, we have that v, (zx) = axjrr — cj, and
if j <k, I/a;].(a}k) = aj_klack — aj_klbjk. In order to establish if ©’s automorphisms are well

defined, we do the following.
1. If j < k, we have v, (v;) = ajixj — cji, since xjzy, — ajprrr; = bjpr; + cjpxr + €jk,
when we apply v,, we get,
(ajxTj — Cjk)Vay (Tk) — AjrVay, (k) (AT — Cjk)
= bjr(ajrzj — Cjk) + Civa, (Tk) + €jk-
If vy, (zk) = agkxr — brk, we get the expresion,
(QCijakajk — 20jkakk)a:k
+ (ajkbrr(ajr — 1) + ajpbjr(ary — 1))z;

= (ejr — bjrcjr — 2¢jkbrr) — (ajrarrejx — ajrbrrcir)-
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Hence,
ajkCik — Gk = (aje — 1)cjp =0,
bkk(ajk — 1) + bjk(akk. — 1) =0, (2.3.10)
(ejk — bjrcir — 2¢ibik) — (ajrparkejr — ajrbrrcir) = 0.
By the first equation or aj; = 1 or ¢;, = 0.
(a) If ajp = 1, then in the second equation bj; = 0 or ag; = 1.
i. If bj, = 0, then the third equation turns to (1 — agk)ejr — ¢jxbrr = 0.
ii. If ag, = 1, then the third equation turns to c¢;i(bjr + bgr) = 0.
(b) If aj, # 1, then ¢;i = 0, therefore the third equation turns to e, — ajparkejr =

ejr(1 — ajpark) = 0. Hence, if ej, # 0, then agy, = agy

2. Now, if k < j, we have vy, (z;) = a,;jla:j — a,;jlbkj, since xpx; — apjr;x) = bijTr +
ckjrj + exj, when we apply v, we get,
-1 =lp . (o e — a7l )
Vay (2) (g T — a5 brj) — ang(ag; @5 — ag; brj)vay, (2

= b, (1) + cij(ag; @5 — ag i) + ex;.
If vy, (2) = akkTr + bik,

-1 -1 1 1
(akkakj Ckj + bkkakj — akjakj bkk - ijakj )a;j
-1 —1 —1
+ (akkay; brj + akjay; brjark — ke bij — bijaik) Ty
—1 —1 -1 —1
= —Ckjay,; bkj + ex; + bkjbkk — QkjQy; bkjbkk — Qkkay; Ckj + bkkakj bkj,

which is equivalent to the equations

(akk - 1)ij + bkk(l - akj) =0, (2.3.11)

erj(ar; — agk) + (bkk — cxj)br; = 0.

Now, if we apply v, to a relation that do not involve xj, we mean to the relation between
x; and x¢, without lost of generality, with ¢ < ¢, i.e., xjz; — ajsxix; = bjsx; + cjiwe + €,
if we apply v,,, we get the following cases.

1. If j <t <k, we have that v, (z;) = ajrr; — ¢ji and vy, () = agxs — i, We get

(@jramcir — Cjpak — CjtQik + QjkAtLCjt) Tt
+ (ajicinajr — ajpcg — bjraj, + ajrawbie);
= €jt — bjiCjk — CjiCk — CjkCik + AjiCtCik — AjKAtEE
which is equivalent to,
(ajt — 1>Cjk + (ajk — I)Cjt =0,
(a0 — Ve + (am — 1)bje = 0, (2.3.12)

ejt — bjiCik — CjtCik — CjkCik + QjiCekCik — Qjrakejr = 0.
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2. If j < k < t, we have that v,, (z;) = ajrx; — cjp and vy, (2;) = a,;tlsct — a;tlbkt, then
-1 -1 -1 -1
(@t Cik = Cikyy — Cityy + Qjray Cje)Ty
-1 -1 -1
+ (ajtakt bktajk — bjtajk — QKA bre + QjkCyy bjt):cj
-1 -1 -1 -1
= €jt = bjiCik — Cjtayy bkt — Cikyy bkt + ajeagy briCik — ajray, ejt,
which is equivalent to the equations,

(aje = Deji + (aze — 1)eje =0,
(ajt - ].)bkt + b]t(]- - akt) = 07 (2313)

agtejs — akebjicip — Citbrt — cjrbrt + ajibricir — ajrej = 0.

3. If k < j < t, we have that v,, (z;) = a;jlxj — a;jlbkj and v, () = a;tlzct — a,;tlbkt
(ajear, breay; — ayj ag) br = bjsay) + agjag, i)
+ (ajeag ag, by — ai; brjag! — cjrag + agfag e
= ejt = bjeai; brj — Cieag, b — ag; bigaiy b + ajeajy bueai by — ai ag eje,
which is equivalent to the equations,
(ajt — D)bge + (1 — age)bje = 0,
bkj(ajt — 1) + (1 — akj)cjt =0, (2314)
(akjare — 1)eje — bjbrjare — ag;jcjibre + (aje — 1)bgebrj = 0.

Additionally, if we want that v’s automorphisms commutes, since for any zy, if j > k,
we have that v, (zr) = apjor — cpy, if j <k, vy (1) = a;klcck — a;klbjk, and v, () =
aprTr + bpr, we need the commutativity equations:

1. If j,t > k, that ij(akt —-1)= th(akj —1).

2. If j > k > t that c;(ay,' — 1) = aj by(ag; — 1).
3. If j,t < k, that aj; ' bj(ay' — 1) = agbi(ay, —1).
4. If k < 7, that —ij(akk — 1) = bkk(akj — 1).
5. If j < k, that bpr(ay, — 1) = —aj bjx(ar, — 1).
Remark 2.3.37. Now, we have to guarantee that the differential calculus (£2(.A), d), where

QLA = @), d(z;)Aand (A = /\3-:1 O!(A), is a differential connected calculus. Since
Vg, (Tk) = agrxy + brr we have that

d(z}) = @tz T = d(zg)ve, (@]
3=1 =1

= d(wy) (i(akkxk + bkk)jlxz_j>

=1

i Jj—1 .
1 PR
o (55 ettt

j=1t=0
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With this we have that d(a) = > I, d(x;)9;(a), where
L

1

i G-
t litt—jpj—1—t\ lit1 l
(E ( )akkxk byere >$i+1 B2
0

j=1t=

;i (z 111 -, ) = Vxl(xlll)

n
n

Then, for i = 1, we have that for Zrer ozrxll” e CL’i{” € A,

1

lir J—
iy tt— 1—¢
E apxhir . gler E ar<g ( )al gl )xé"”‘-~-xﬁ;*=0,
0

j=11t=

if and only if >, (Zl“ ST (Jtl)allxl“H Tyl t) = 0, where 7’ € T, if and

l l . . . 5
bnr = 27" ... 2,p7 | ie., we can re write this as 91(3, gy =0

if and only if 8 (p,(z1)x2 ---lr) = 0, for all 7. If p,(z1) = Zf#:o gmal*, with ¢, € C,
then

only if xl;’” ST

0= D(py (x)alyr - alyr)

n

l1r m
i—1_m—j loy lnr
=D dm (Z(alfcl + b))z ]>1’22 ez,

m=0 j=1
lir m j—1
1—t _m+i— loy lnr
= (Z ( ) Lol e J>$22 Ty
m= j=1t=0
Since in the last expression, m = [l1,,,5 = 1 and t = 0 is the unique way to obtain

the highest exponent of z1, we have that Qer( )allbl 170 = ¢,, = 0, therefore p,
does not have no constant term, i.e., p.(z1) € (C, for all ». In other words we have
that a € Ker(d;) = geng{x,...,z,}. Following in this fashion, for each 1 < k < n,
Ker(01)N---NKer(dx) = geng{®si1, ..., Tn }, therefore Ker(d) = Ker(d1)N---NKer(9d,,) =
C.

Remark 2.3.38. In order to apply the Lemma 1.3.31 to obtain that this is an integrable
differential calculus with volume form w = d(x1) A --- A d(z,,) and automorphism v, =
Vg, 0+ -ov, , we define for 1 < k < n, and for each injective crescent maps ¢; : {1,....,k} —
{1,..,n} and @; : {1,...,(n — k)} — {1,...,n} \ Im(y;), that determine a n-permutations
¢i_p; such that ¢; p;(p) = pi(p) if p < k, and ¢; $;(p) = @;(p — k) if k <p < n, and
analogously, ¢, i, the elements wf,w,’f c OF(A) as,

wf = Azkd(:ﬂ%(l)) VANEERIAN d(m i (k )),
WP = Ay (@ 1) A A d(@, (i)

where A;j, A, € C are defined, in aim to obtain w?"“ A wf = w, as follows: if i < j,
we have that z;d(x;) = —d(x;)vy,(x;) = —d(xi)(a;jlxj - a;jlbij), therefore, applying d,
d(z;) Nd(zj) = —a;jd(xj) A d(x;). Hence,

1. If ¢;(1) =1, then

O
— -1
H H Dag, s, Ain-r) = (=1 ey,
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2. If ,(1) = 1, then

k
lk - H H éﬁz S)SOZ(t) Z U

s=1t=s+1

—k)

H A, (s)t-
wi(s)

A \

Noting, ;(p) := iy, for 1 < p <k, since the set {d(x;, )A---Ad(x;,)] 1 <ip < --- <ip < n}
forms a right (and left) base of 2¥(A), for an arbitrary w’ = di<iy<ocip<n ATig) A A
d(z;, )a,..i, € Q¥(A), where a;,..;, € A, we have

whr, @R A W) = wfﬂw(w" FA (i) A Ad(x,)aiy.0,))
= d(‘rll) (xlk) (771 g /\w iy - Zk)
= d(wn) (xuc)au i
v (oW AWl T)@E = vt (ro(d(a) A A d(0) @i, AWl )@
= v, (Mo (@] Aw]'™ kbu i ))d(@i) A - Nd(iy)
=Vl 00 Vlji(k)(ail--n‘k)d(fvn) e Ad(zy),

where by, ...i, 1= Vg ()0 Oz, . (@i, ...i,, ). With this we get that equations (1.3.4) hold,
and then, by Lemma 1.3.31, Q(A) is an integrable differential calculus.

Since the algebra A defined by relations (2.3.9) is a bijective skew PBW algebra, we
have, from [Reyl13], Theorem 14, that GKdim(.A) = n, which completes the proof of the
following theorem, which is obtained in the realization of this work.

Theorem 2.3.39. If A is a PBW algebra generated by x1, ..., x, under the relations, for
alll <i<j<n

TiTj — QT = bijfltl’ + cijTj + €45, where aij, bij, Cij, €ij € C, Qij 75 0,

such that (2.3.10), (2.3.11), (2.3.12), (2.3.13), (2.3.14) and commutativity equations hold,
then A is differentially smooth.

We close this section highlighting that by Theorem 2.3.39, obtained in this work, we
have guaranteed the differential smoothness of a huge amount of algebras, within which
we can mention:

—_

. The algebra of linear partial differential operators (see [LR14], p. 1212).

N

The algebra of linear partial ¢g-dilation operators (see [LR14], p. 1213).
3. The additive analogue of Weyl algebra (see [LR14], p. 1214).

4. The multiplicative analogue of the Weyl algebra (see [LR14], p. 1214).
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2.4 Review of Artamonov’s paper

As we can see in the previous sections, the search of explicit skew derivations, or even
before, the quest of automorphisms in an explicit form could be a longer and tedious work.
The task is more extensive if we do the job for each algebra, playing with their specific
features. Therefore, working with algebras that generalize our study objects, and to try
to resolve the problem in a general situation, it is an useful and interesting work. Because
of that, we are interested in Artamonov’s paper [Art15], titled Derivations of skew PBW
extensions, where these skew PBW extensions (see Definition 2.4.5 above) are algebras
that generalize some of the generalized Weyl algebras (Section 2.1), diffusion algebras
(Section 2.2) and skew polynomial algebras (Section 2.3). Then, any treatment about
derivations (id-skew derivations) of skew PBW extensions it is of very interest for us in
order to obtain (commutative) differential calculus, in particular Brzezinski’s calculus (see
Section 1.2) and with this determine differentially smoothness of skew PBW extensions
(see Section 1.3.2).

In this short section, we review the first pages of the article [Art15], where there is treat-
ment about a classification of derivations of skew PBW extensions (which includes the
diffusion algebras and the skew polynomial algebras), and where we found a mistake in a
crucial result for the theory. We close the section with a list of doubts and answers about
the content of this treatment.

For any automorphism v of an associative ring A and an element a € A, we can define
an inner y-derivation ad,a as (ad,ya)r = ax—y(x)a; it is satisfied that ada is a left y-skew
derivation (see Example 1.1.40). In particular, if v = ¢ is an identical automorphism, then
we write ad, =ad.

Let R be a subring of A containing unit element, and z1,...,z, € A such that some
endomorphisms o7, ..., 0, of R the skew derivations ad,,x; map R into itself. Denote by
0; = ady, ;| g the induced o;-derivation of R.

Proposition 2.4.1 ([Artl5], p.2). Suppose that O is a derivation of A mapping R into
itself and commuting with each o;. Then (ads,0(x;))r = [0,0;](r) € R for any r € R.

Proof. By assumptions, we have

00;(r) = O(x;r — o(r)x;) = O(x;)r + 2;0(r) — (0o (r))x; — 03 (r)0(x;)
= [0(xi)r — 0i(r)0(z4)] + [2:0(r) — (00 (1)) 4]
adey, 0(x;))r + (ady,z;)(0r)

ady,0(x;))r + 0;(0r) € R,

k3

= (
=

where the third equation is due to the fact that do; = 0,0, for all i = 1,...,n, and the
last equation follows from Or € R, and so (ad,,x;)(0r) = (ady,z;)|r(0r) = 0;(0r). Hence
(ady,0(x;))r = —0;0(r) + 00;(r) = [0, 0;](r) € R. O

Theorem 2.4.2. Let R, A, x1,...,Zn,04,0; be as above. Then, for any r € R, we have
(:El...xn)rzz Z (0101 Oy - Ciyqr -+
t>0 1<i1 <<t <n

"'O-itfl'ait'O-it+1"'0-n(r))$1"'i‘i1"'fi"it”':vn
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Here, Z;; means that the factor x;; is omilted.

Proof. We shall proceed by induction on n. The case n = 1 follows from the defi-
nition of 91 = (ads, z1)|r: we have that 0i1(r) = x1r — o1(r)z1, which means that
xir = 01(r) + o1(r)x;. Note that for ¢ = 0 we obtain o;(r)z;, and for ¢ = 1 the cor-
respondent term is 0;(r) which omits the factor z;.

Now, suppose that theorem is proved for n — 1. As x,r = o,(r)z, + 0,(r) by defini-
tion of 9,,, we have that

Ty Xyt =1 Tp1 - (TpT)
=1 Tpo1-opn(r)Tn + 21 Tp_1 - Op(r)

:[Z Z (0101 Oy Ciygr -+

t>0 1<i1 << <n—1

. .O'Z-t_l . 8/“ . U’Lt+1 .. .O'n_l(r))ml .. .a:.il . .xit .. .xn_1:|xn

+ [Z Z (o1 0iy-1- 03y * Tiyp1-

>0 1<iy < <ir<n—1

Cr g1 8it C 0G4l O-n—l(anr))zl ce. J;Ail .. "I:A’it .. .xn_1:|

= E E (0-1..'0-1'171'87:1'0-1.1+1.“

t>0 1<i1 <--<it<n
."O-itfl -azt -O‘ltJrl.-.O'n(’,"))xl..-l'/%l ...x/\it ...xn.
This because for t = n, we have that all terms that omit the factor x,, are exactly

|: E E (0-1 "'O-il—l'ail'a-il-‘rl "'Uit—l'ait'o-it-‘rl ...O-n_l(anr))xl...xgl 'T/;t ...xn_1:|

>0 1<ip<--<iz<n—1

O]

In this work we indude the proof of the following corollary, which is presented in [Art15]
without proof.

Corollary 2.4.3. Under assumptions of Theorem 2.4.2, we have
adal-~~an($1”'3§n)7“:z Z (0104103, - O4yg1 -
t>1 1<i1 <<y <n

"'Uit—l'ait'O'it-‘rl"'o-n(r))xl'”x;l”'x)’\it"'xn

Proof. We have that

adyy o, (X1 X))t = (1 - X)) — 01 O (r) (X1 Tp)
:Z Z (Op+ 04105y - Oiy 1+
>0 1<iy <--<iz<n
"'O.it—l'ait'O-it—f-l"'o.n(r))-rl"'x/’;l"'x/;;t"'xn_(0.1"'0-n)(r)(x1"'xn)
:Z Z (01 041+, - 041+
t>1 1<y <--<iz<n

“'O.it—l'ait .O'it_i_l...o'n(r))xl...x’;l...x’%t...xrh
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where the first equal is due to the definition of ad, the second is by the Theorem 2.4.2,
and the last is because with ¢ = 0, the correspond term in Theorem 2.4.2 is precisely

(o1 op)(r)(x1 - xp). ]

Remark 2.4.4. Theorem 2.4.2 and Corollary 2.4.3 hold for (z!---zln)r and also for
l1

ad 1, 4, (2% - - 2ln)r, respectively.

oy oy
Definition 2.4.5 ([Art15], p. 3). An associative unital ring A is a skew PBW-extension
of its subring R, if the following conditions are satisfied:

1. there exist a finite set of elements x1, ..., z,, € A such that A is a left R-free module
with the basis Mon(A) = {z®* = 2" - 22" : a = (1, ..., ) € (NU{0})"}.

n

2. there exist endomorphisms o1, ..., 0, of R such that (ad,,x;)r = 0;(r) € R for each
r € Rand 1 <1i < n. Note that this is the same that say x;r = o;(r)x; + 0;(r), for
0; a o;-derivation of R.

3. for any indices 1 < 4, j < n, there exist elements cij,rij,rj-i € R such that ¢;jcj; =1
_ t
and z;x; — ¢ijrimi =y, Tt + T

In this work we want to remark that there exist results about skew derivations over
skew PBW extensions, as the following theorem shows.

Theorem 2.4.6 ([RS17a], p. 20). If the endomorphisms and skew derivations of Defini-
tion 2.4.5 satisfy [0, 0;] = [0;,0;] = 0, and Ok (cij) = 8k(rfj) =0, forall1 <1,j,k,t <n,
then the assignments

f=a+ar X1+ 4 amXm— orx(f) = orlao) + ox(a1) X1 + - -+ + ok(am) Xm,
f =apt+ a1 X1+ -+ anX,— gk(f) = 5k(a0) + 5k(a1)X1 + -+ 5k(am)Xm,

define an injective endomorphism of A, Gy, and a Gj-skew derivation of A, 8y, for all
k=1,..,n.

By Theorem 2.4.6, for diffusion algebras, generalized Weyl algebras and skew poly-
nomial algebras of degree n, we can guarantee n skew derivations, which in case of
GKdim(A) = n, it is a sufficient quantity of skew derivations to construct a Brzezinski’s
calculus (see Remark 1.2.12).

Now, we continue with the content of [Art15]. Let us consider the degree-lexicographic
order on monomials of A, which is denoted by >4_;.

In this work, we found a counterexample to the Lemma 3.1 of [Art15], which is established
in the following proposition.

Proposition 2.4.7. The following lemma is false: “Let mq,...,m, be non-negative in-
tegers such that (l1,...,01n) >a—1 (Mm1,.c.omp) >a—1 (Lyooislpn_1,lp — 1), then mqy =1 ...,
Mp_1 = ln_1,mp <lp.”

Proof. Consider n =3, (I1,l2,13) = (1,4,1) and (mq1, ma,m3) = (1,2,3). Then (I,l2,1l3 —
1) = (1,4,0), therefore (1,4,1) >4 (1,2,3) >4-; (1,4,0) but 3 £ 1. O



CHAPTER 2. NONCOMMUTATIVE ALGEBRAS AND THEIR CALCULUS 126

Proposition 2.4.8 ([Artl5], p. 4). Let 0 be a derivation of A commuting with each 0;
such that R is stable under 8. Suppose that ax'! - --xi{fllmf{‘, with o € R\ {0} is the

leading term of Ox,, such thatly +---+1, > 1. Suppose that o1, ..., 0p are automorphisms
of R. Ifl; > 0, then

S S5
E o0y = 0. (2.4.1)
81+82:lj—1
81,52<0

If R is torsion-free Z-module, then 0; = 0.

Proof. Without loss of generality, we can assume that j = n. By using Proposition 2.4.7,
we consider the coefficient in a:lf x xlrfjll zl»=1in dz,,. By Corollary 2.4.3 and Proposition
2.4.7, it has the form

Z aglt ... Jil":f o5 Op0y) . (2.4.2)

s1+so=l,—1
51,5220

By the Proposition 2.4.1, for any r € R, we have 9(zy,)r — 0;(r)0(zy,) = ad,,, 0(xm)(r) €
R.If (lh,...;lp—1,0n, — 1 # (0, ...,0)), then the expression (2.4.2) is equal to zero. In this
case, we obtain (2.4.1), since each o; is bijective.

If o, commutes with d,,, then (2.4.1) can be written as l,0/»~19,, = 0. By assumption,
we obtain 9, = 0. O

Questions:

L. Forr € R, ad 1 ., (2 - zln)(r) € R? Apparently, this is used to say that the
1 77%n
terms not belonging to R (using the left basis) are zero, and therefore (2.4.1) holds.

2. Is ad,,, (O(z,)) related with (2.4.1)7

3. We know that 0 commutes with the derivations 0;. Does 9 commutes with the
automorphism o;?

Since 00; = 0;0, then 00;(r) = 0;0(r), for all r € R. Thus, 0(ads,(z;)(r)) =

(adg, (2:))(0(r)),
O(xir — oi(r)z;) = 2;0(r) — 04(0(r))x;.

Therefore,
Awi)r + 2,0(r) — A(oy(r))wi — 0i(r)d(x;) = :0(r) — 5:((r)) i,
and then,
ady, (0(x))(r) = O(xi)r—0o3(r)0(x;) = 0(0i(r))2i—0i(d(r))xi = [0(0(r))—0i(I(r))] ;.

Finally, we have that if 0 commutes with 0;, then ad,, (0(z;))(r) = [0, 0i](r)x;, where
this is the expression of ad,, (9(x;))(r) in the monomial bases z“ as left R-module.

But, from [0,9;] = 0, we can not conclude [0,0;] = 0. A well argument to ob-
tain [0, ;] = 0 could be ad,, (9(x;)(r) € R, which by Proposition 2.4.1, is related to
[8, Ui] =0.
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l1

l
4. Does adolll---aiﬁ (z -l

;) commutes with 97

5. When 9,, commutes with ¢,,?

Since 0,0, = 0,0y, then O,0,(r) = 0,0,(r), for all » € R. Therefore, in terms
of the adjoint, (ads, (n))(on(r)) = on(ads, (x,)(r)). We get that

Tpop(r) — UQ(T‘)SL'n = op(xn)on(r) — ai(r)an(:nn).
With this, we obtain [x, — oy (zn)]on(r) = 02(r)[2n — on(xn)].

6. If R is torsion free, does o; commute with 9,7
More questions and some answers are the following:

1. It is necessary that 0 commutes with the automorphisms o;. With this, Proposition
2.4.1 holds (as is mentioned in the proof), and so [0, 9;](r) = ade, (0(z;))(r) € R.
Hence, we focus on the coefficient of ! - - - " =1 in the expression of ad,, (8(z;))(r) =
N Tm)T — 0mO(2), where, if O(z,) =3 agz? + azlt -zl then,

O(zm)r = Z agrPr + a:c%f ol

where the second term, by Proposition 2.4.2, has coefficient of xlf e xlf‘_l in the sum

2.4.1; we are forgetting the coefficient of z!' - - -z~ in —a,,(r)d(2,,). Considering

everything, we obtain that the coeflicient of xlll oz in ady, (3(24))(r) is given
by
[ ln— j
S aot oot ()]~ on e
S1tsg=1p—1;51,52<0

We have to say that we are omitting the possibility that there exist more multiples

of !t -zl in S agafr (we really think that these terms do not appear).

2. We have that [0;,04](r) € R because, by definition, J; : R — R, (we still have the
doubt that if R is Z-free, then we can conclude that the commutator is zero).

3. ada(z)(r) is a skew derivation in the argument 7, but in the argument x is only
Z-linear. If we want the scalar product, R is necessarily commutative.

4. The Lemma 3.1 of [Artl5] stated in Proposition 2.4.7 is true with the following
conclusion:

Let mg, ..., m, be non-negative integers such that
(ll, . ln) >d-1 (ml, . mn) >d-1 (ll, vl 1, 1y — 1).
Then, (my, ..., m,) satisfies some of the following conditions:

(a) mi+---+my =10 +---+1, and there exists 1 < k < n such that m; = l;, for
all i+ < k and my < [.

(b) my+---+m, =10 +---+1,— 1 and there exists 1 < k < n such that m; = [;,
for all i < k and my > .



Conclusions

The generalizations of the differential geometry to the non commutative context are strong
lines of study and there exists a lot of literature about them. In the theory that we call
Brzezinski’s calculus, we found a good treatment of differential structures that we can
relate to any affine algebra and that posses a constructive formality that results interesting
for us. The raw material of this theory is the set of skew derivations of the algebra. All the
objects and properties of them in Brzezinski’s calculus constructions, are features about
the automorphisms and skew derivations over these rings.

We observe that for non-commutative algebras, the search of automorphisms could be
result counter intuitive, because there exist automorphisms of affine algebras that do not
respect the usual notion of graduation. We mean that could not let stable some generating
subspace of the algebra, like the Theorem 2.2.5 shows us.

In the Brzezinski’s works, one of the immediately problem that arises is to guarantee that
the density condition of this calculus is satisfied, as the Remark 1.2.13 points out. In the
Example 2.1.16, the density condition was a consequence of the choice of the polynomial
p(z) and the Bézout theorem of K[z], but in the search of these structures for diffusion
algebras, for instance, we found this difficulty. Then, we must set criteria to density
condition for the Brzezinski’s differential calculus of Definition 1.2.7, before to continue
the construction of the Brzezinski’s calculus of a particular algebra A.

In the work of establishing the commutation laws (and describe the inner derivations
of the generators), in terms of the PBW basis, for powers of variables in diffusion algebras
and in some 3-dimensional skew polynomial algebras, we found that the combinatorial
techniques, in particular the knowing of the Pascal triangle, is very important and sur-
prising, as we pointed in Remark 2.2.15.

The task of determine skew derivations for a class of algebras simultaneously could bring
problems as a hard language or possible mistakes as we observe in Section 2.4, or poor
impact as we get in Proposition 1.1.44. We also note that the technique of work with par-
ticular algebras (with few generators) are the study objects of effective works, as [Brz16b]
and [AB18], which we studied in Sections 2.1.1 and 2.1.3 respectively, where the principal
work tool was the direct compute in terms of generators and relations.

For the 3-dimensional skew polynomial algebras that are Ore extensions R[z, o, d], where
[0,8] = 0, we conclude in Section 2.3.1 that the automorphism ¢’ such that ¢’|g = o, in
general, leaves subspace Rx + R invariant, and that in one of these algebras, ¢’ can not
be defined.
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Future work

In the case of skew polynomial algebras of dimension 3, its smoothness study could be
completed with the smoothness of iterated Ore extensions and generalized Weyl alge-
bras. Since the diffusion algebras of both types are affine algebras constructed from C
or Clxy,...,xy,], by the fact that these commutative algebras are differentialy smooth, we
wish to know if there is a way to inherit the smoothness of diffusion algebras of type 1.
In a wider way, we know that these algebras are iterated Ore extensions of C or C[x]| with
the skew derivation § # 0. By this way, we wish to explore how the smoothness of the ring
base R is related with the smoothness of an Ore extension R[wj;o,d] in the general case
that R # Clz] and ¢ # 0. Also, in [Brz16b] we found an example of first order differen-
tial calculus over a particular class of generalized Weyl algebras A(p, ¢) studied in Section
2.1.2. Until this moment, there is no exist sufficient or necessary conditions that guarantee
the integrability and the differentially smoothness of these algebras. These works can give
us a guide to establish the smoothness of generalized Weyl algebras in general using the
Brzeziniski’s calculus.

With this in mind, we consider, as a future work, to search good objects that let the inherit
of smoothness of bases subalgebras. To do this, we will start researching compatibility
properties in automorphisms of algebras, not only of extended type as in Section 2.3.1,
but in a general way, and to optimize features of the skew derivations that guarantee the
density condition of the Brzezinski’s differential calculus (€2, d), the connectivity of d, the
flat behavior of the hom-connection V and the integrability of the complex of integral

forms (ZA, V).

In the general frame work of skew PBW extensions, we want investigate conditions
for the skew derivations established in Theorem 2.4.6, so we can deduce the differentially
smoothness using the construction of the Brzezinski’s calculus. Second, we want to start
the search of general characterizations of skew derivations of skew PBW extensions with
the aim of establishing its Brzeziniski’s calculus. In order to do that, we have to understand
and to correct the propositions and proofs presented in [Art15].
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