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ABSTRACT

The global and Krull dimensions of the generalized Weyl algebra
A = K[H,(C](0,a) and its localization, where K is an algebraically
closed field and o is an affine automorphism of K[H, C], were studied.

Many classical algebras are examples of the algebra A or its local-
ization (e.g., U(sly), U,(slz), the Heisenberg algebra and its quantum
analogues, the Witten’s deformations, the Woronowicz’s deformation,
O,(SLy(K)) and others). As a consequence, the exact value of the
global and Krull dimensions are computed for well-known quantum
algebras, their localizations, and their tensor products.
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Chapter 1

Introduction

1.1 Background to the thesis

The generalized Weyl algebras (GWAs) were introduced by Bavula in the 1990s.
Initially, Bavula defined generalized Weyl algebras of degree 1 over the polynomial
algebra K[H]| and then generalized for any algebra D. Since then, this class
of algebras has been studied by various researchers in both pure and applied
mathematics. Furthermore, a new class of algebras called weak generalized Weyl
algebras was derived from GWAs by replacing the automorphism of D with an
endomorphism.

1.1.1 Main objective of the thesis

Definition 1.1. ([/4, p. 81].) Let D be a ring, o be an automorphism of D and
a a nonzero element of the centre Z(D) of D. The generalized Weyl algebra
A := D(o,a) = D[X,Y;0,a] of degree 1 is a ring generated by the ring D and
the 2 indeterminates X and 'Y subject to the relations:

Xa=0(@)X and Ya=oc )Y, foralla € D, YX =a and XY = o(a).
The ring D is called the base ring of the GWA. The automorphism o and a are

called the defining automorphism and the defining element of the GWA, respec-
tively.

In our research, we study the generalized Weyl algebra A = D(o,a) of degree 1
where the base ring D = S'K[H, C] is a localization of the polynomial algebra
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K[H,C] in two variables H and C over an algebraically closed field K at a mul-
tiplicative set S C K[H, C]. The automorphism o is an affine automorphism of D.

Definition 1.2. Let X be a multiplicative set in a ring R. Then X satisfies the
right Ore condition provided that, for each x € X and r € R, there exist y € X
and s € R such that ry = xs, that is, rX Nz R # 0. A multiplicative set satisfying
the right Ore condition is called a right Ore set. The left Ore condition and left
Ore set are defined symmetrically. An Ore set is a multiplicative set which is both
a right and a left Ore set.

Now, let S be a multiplicative subset of K[H, C|\{0} such that ¢(S) = S. Then S
is an (left and right) Ore subset of the GWA K[H, C](o, a) that consists of regular
elements (i.e. non-zero divisors) in K[H, C](c,a). The defining automorphism of
the GWA

A= SYK[H,C(o,a)) = D(0,a)

is defined by the rule o(s7'd) = o(s)"'o(d) with the affine automorphism o of
K[H,C]; that is,

o(H)=aH+ pC+b and o(C)=~vH 4+ 6C +c¢

? # 0. As an abstract

algebra, the algebra K[H,C|(o,a) is generated by the elements H,C, X and Y
subject to the defining relations:

XH = (aH+BC+0)X, YX=a,

YC = (yH +0C + )Y, XY =o(a).

for some scalars «, 3,...,c € K such that det (3

Since the field K is an algebraically closed field then up to an affine change
of variables in the polynomial algebra K[H,C] (H' = o’H + 'C +V, C' =
v'H + 0'C + () there are only 4 types of affine automorphisms [44, Lemma 4.1]
where A\, p € K*:

1. o(H)=H -1, o(C) =AC,

2. o(H) = A\H, o(C) = uC,

3. o(H)=H-1, ¢(C)=C+H,
4. o(H)=AH +C, o(C)=\C.

According to these four types of affine automorphisms, the algebra A = D(o,a)
divides to four classes of algebras. The aim of our research is to find explicit
formulas for the global and Krull dimension in each of these classes.
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1.1.2 Literature review

e The global dimension of GWA

The global dimension of some examples of GWAs were found at first, such as
the primitive factor rings of the universal enveloping algebra Usl(2) of the Lie
algebra sl(2).

Let U = Usl(2) be the universal enveloping algebra of the Lie algebra
sl(2) = (X,Y, H|[H,X] = X,[H,Y] = -Y,[X,Y] = 2H)
over the field K, and let C = H(H + 1) + Y X be the Casimir element [42]. So,
U~KI[H,Cl|(oc,a=C— H(H +1)),
where the automorphism o of the base ring K[H, C| is defined as follows [42]:
o(H)=H—1 and o(C)=C.

Then, for any A € K, the quotient algebra U(\) := U/U(C — \) is a GWA of
degree 1 [42],
U\ ~ K[H|(o,a=X—H(H +1).

U()) is the infinite dimensional primitive factor ring of Usl(2).

If K = C, then the global dimension of U is 3 [14, Theorem 8.2]. The ideal
U(C — \) is maximal if and only if X is not of the form n? 4+ 2n for n € N [33].
So, the ring U()) is simple unless A = n? + 2n [21]. In 1973, Ross proved that
if A\ is transcendental over Q, then gld (U(\)) = 1 [20]. In 1981, Smith proved
that if U()\) is not simple, then either gld (U(\)) = 2 or gld (U(\)) = oo (see
[33, Corollary 6.2]). Later, Smith’s result motivated Stafford to study the global
dimension of U(A) for A € C.

In 1982, Stafford [2I] wrote R, := U/U(C — n? — 2n) for any n € C to denote
the factor rings U(\) for A € C to make the notation easier. For example, the
primitive nonsimple factor rings are precisely {R,, |n € N}. Furthermore, since
n?+2n = (—n—2)*+2(—n—2), then R, = R_,,_5. Therefore, the nonsimple factor
rings can be equally well written as {R,,|n = —2,—3,—4,---}. The following
theorem presents the global dimension of the infinite dimensional primitive factor
rings R, of U.

Theorem 1.3. (21, Theorem BJ.) Let K = C.



1. If R, is not simple then gld (R,,) = 2.
2. gld (R_;) = o0.
3. If R, is simple and n # —1 then gld (R,) = 1.

After a decade, the global dimension of a class of generalized Weyl algebras had
been studied by Bavula. Let A = D(o,a) be a GWA of degree 1, where D = K[H|
is a polynomial algebra in one variable, K is an algebraically closed field of
characteristic 0 and the automorphism o € Aut(D) acts as follows o(H) = H — 1.
The defining element a is said to have congruent roots if it is contained in distinct
ideals belonging to the same orbit [42], meaning there is a maximal ideal m of D
such that @ € m and a € o*(m) for some ¢ > 1 such that o‘(m) # m. In 1992,
Bavula found the global dimension of A = K[H|(o,a) in the following formula
[42, Theorem 5],

oo if a has at least one multiple root,
gld (A) =<2 if a has no multiple roots but has congruent roots,

1 if a has neither multiple nor congruent roots.

In 1994, Bavula generalized the previous formula to find the global dimension of
GWAs A = D(o, a) of degree 1, where D is a Dedekind domain (see Theorem [4.3)).

The method used in the previous studies was reducing the problem of finding the
global dimension of algebra A to determining the projective dimensions of simple
modules of A. Because the classification of simple modules of noncommutative
algebra is not easy, finding the global dimension is a very difficult problem.

In 1996, Bavula found a small class of modules that is responsible for GWAs
having an infinite global dimension (see Theorem . By using Theorem
and some other results, Bavula also found the global dimension of the GWA
A = K[H,C|(0,a) of degree 1 over an algebraically closed field K, o(C) = AC,
o(H) = H —1 when A\ = 1 (see [44, Theorem 5.1]). It was Bavula’s result
that motivated this research, where we will generalize [44, Theorem 5.1] to any
A € K*. Moreover, we will find the global dimension of A = K[H,C](c,a) for
any affine automorphisms o, in Section [4.4]

e The Krull dimension of GWA

In 1966, the problem of finding the Krull dimension of the universal enveloping
algebra U = Usl(2) of the Lie algebra sl(2) over C was first mentioned by Gabriel
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and Nouazé [31]. They showed that U has a chain of prime ideals of length 2,
and it does not have any chains with a length greater than 2. So they concluded
that the Krull dimension of U is 2, although the correct conclusion is only that
K(U) > 2 [31]. In 1973, Arnal-Pinczon and Ross showed that if the primitive
factor ring U(A) over C is simple, then it has Krull dimension 1 [33]. After that,
Smith proved that if U()\) is not simple, then it also has Krull dimension 1 [33]
Theorem 3.2]. Finding the Krull dimension of a noncommutative Noetherian
ring is usually a very difficult problem. For example, the Krull dimension of the
universal enveloping algebra U was believed to be 3 for many years [36]. But in
1981, Smith proved that the correct Krull dimension of U is two [31, Theorem 3.3].

The difficulty of calculating the Krull dimension of a noncommutative left Noethe-
rian ring arises from the fact that in order to compute it, we find the largest
descending chain of left ideals with simple subfactors. As previously mentioned,
dealing with simple modules in noncommutative algebra is usually extremely dif-
ficult, whereas with a commutative case, the simple modules can be described
easily.

Let A = D(o,a) be a GWA of degree 1 where the base ring D is a commutative
ring. For a = 1, the GWA A = D(o,1) is the skew Laurent polynomials ring
D[X, X1 0]. In 1982, Hodges computed the Krull dimension of D[X, X~ o]
where D is Noetherian ring that has a finite Krull dimension as follows [35]
Theorem 1.1]:

K (D[X,X ';0]) =sup {K (D), ht (q)+1 | q is a c—semistable prime ideal of D}.

(1.1)
Moreover, if a is an invertible element that is not necessarily 1, then the GWA
D[X,Y;0,a] is a skew Laurent extension D[X, X! 0] with Y = aX . In this
case, the Krull dimension of the skew Laurent extension D[X, X~ 1; 0] of D was
computed in 1984 by Goodearl and Lenagan (see [23, Corollary 3.3]).

In 1992, Bavula proved that the Krull dimension of GWA D(o,a) of degree 1
with base ring of polynomials D = K[H] in one variable H over an algebraically
closed field K of characteristic zero and an arbitrary nonzero defining element a,
the defining automorphism o satisfies o(H) = H — 1, is equal to 1 [42, Theorem
2.1].

In 1998, Bavula and Oystaeyen [35] extended ({1.1)) and found the Krull dimension
of the GWA A = D(0,a) of degree 1 (see Theorem [5.2). Moreover, the Krull
dimension of U = Usl(2) over any field K" was computed as follows [35, Corollary



1.4]:

K (U) = 2 if char (K) =0,
|3 if char(K)=p>0.

Additionally, as an application of Theorem the Krull dimension of some pop-
ular algebras such as U,sl(2), the Woronowicz’s deformation, the first and second
Witten’s deformations, the quantum Ogp(so(k, 3)) and some other algebras was
computed in [35].

In 2001, Bavula and Lenagan developed an important formula for the Krull di-
mension of the skew Laurent extension A = D[X, X~ !; o] of the polynomial ring
D = Klzy,...,x,] over an algebraically closed field K [36, Theorem 3.4].

In general, there is no specific method of finding the Krull dimension of GWAs,
and the methods used in the previous studies are difficult to use for GWAs. For
example, since we can deal with A = D(o,a) as an induced module A ®p D,
Goodearl and Lenagan found the Krull dimension of skew Laurent extension by
considering the induced A-modules of the form A ®p M, where M is a D-module
[36]. However, the structure of induced A-modules for GWAs is complicated
because of the possible existence of the “stars” and “holes” that are defined and
explained in [36].

1.2 The main contribution of the thesis

Let A = D(o,a) be a GWA of degree 1 where D = S7'K[H,C] is a local-
ization of the polynomial algebra K[H,C| over an algebraically closed field K
at a multiplicative set S. In general, there are three options for the algebra
D = S7'K[H,C]: a field, a Dedekind domain or to have Krull dimension 2.

If D is a field, then either A ~ D[X, X !:0] or A = D[X,Y;0,0], so either
gld (A) =1 or gld (A) = oo (Proposition 4.14)). If D is a Dedekind domain, then
Theorem [4.3] gives a formula for the global dimension of A.

So, the only interesting case is one where D has Krull dimension 2, which is
considered in our research.

Research aims and thesis findings.

At the start of this research, we studied the centre of GWA A = K[H,C|(o,a)
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where ¢ is an affine automorphism of the polynomial algebra D = K[H,C] in the
following theorem:

Theorem 1.4. Let n be the order of the automorphism o. Then

D X" Y™ id, (—n,n)] if n < oo,
o= {2 ol <

2. The algebra Z(A) is finitely generated.

3. The algebra Z(A) is a domain if and only if either n = oo or a # 0 and
n < oo.

In a description of the centre in Theorem [1.4] the ring of o-invariants D7 plays
the key role. Thus, we had to find this ring; for example, if o(H) = H — 1, and
o(C) = \C, then

K[H,,C" if p>0, \€P,,

Do — K[H,)] if p>0,A¢ M,
) K[C7] if p=0,\€P,,
K if p=0, A\ ¢ M,

where H,, := H(H—1)---(H —n+1) for n > 1 and p is the characteristic of K;
see Section [3.3] for details.

The ring o-invariants D? and the order of the automorphism o for each type of
affine automorphism are found in Proposition [3.6] These results helped us to
achieve our goals.

It is known that the left global dimension of GWA A = D(o, a) is either infinite
or equals lgd (D) or lgd (D) + 1 [44, Theorem 2.7].

e The first goal of the thesis is to give an explicit criterion (Theorem for
gld (A) < oo for some GWAs A.

Theorem 1.5. Let K be an algebraically closed field, let the algebra D = S™'K[H, C|
have Krull dimension 2, D* be its group of units and A = D[X,Y;0,a] be a

GWA. Then gld (A) < oo if and only if either a € D* or a € D\{D*,0} and
grad (a) := (g—l‘f], g—g) # 0 mod m (equivalently, a ¢ m?) for all mazimal ideals m

of D such that a € m.



e The second goal is finding the explicit values for the global dimension of GWA
ST'K[H, C](c,a) according to the four types of affine automorphism o under the
assumption that gld (S™'K[H, C](c,a)) < oo.

As mentioned previously, Bavula found the global dimension of the first class of
K[H,C](o,a) when A = 1, and in the following theorem, we found the global
dimension for arbitrary A € K*.

Theorem 1.6. Let A = D(o0,a) be a GWA such that D = K[H,C], with K an
algebraically closed field, o(H) = H — 1 and o(C) = AC' where A € K*. Suppose
that gld (A) < co. Then gld (A) = 2,3 and

1. gld (A) = 3 if and only if either char (K) # 0 or char (K) = 0 and there
exist elements o, € K and i € N\{0} such that a(a,5) = 0 and a(a +
i, A\"18) = 0.

2. gld (A) = 2 if and only if char (K) = 0 and if a(«, 5) = 0 for some o, 5 € K
then a(a+ 1, \™"8) # 0 for all i € N\{0}.

3. Suppose that S is a multiplicative subset of D such that o(S) = S and the
algebra D = S7D has Krull dimension 2. Let A = D(o,a) where a € D.
Suppose that gld (A) < co. Then gld (A) = 2,3. Furthermore, gld (A) = 3
if and only if either char(K) # 0 and X is a root of unity or char(K) # 0,
A is not a root of unity and (H — a, C') # D for some o € K or there is a
mazximal ideal m = (H — a,C' — B) of D (where o, B € K ) such that a € m
and a € o'(m) = (H —a —1i,C — \7'8) for some i > 1.

The other three cases are found in Theorem [4.29] Theorem [4.30] and Theorem

[4.31] respectively.

There are many classical algebras that belong to the class of GWAs A = D(o,a),
where either D = K[H,C] or D = K[H*!', C], that we study. For example, the
universal enveloping algebra Usl(2) of the Lie algebra si(2) and its deformation
A(D), Uysl(2), the universal enveloping algebra H = U(N) of the 3-dimensional
Heisenberg Lie algebra and many other algebras.

As an application of Theorem [I.5] and Theorem (.2 we compute the global di-
mension of many classical algebras that are examples of GWAs in Theorem [1.5]
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Corollary 1.7. Let K be an algebraically closed field. Then

1. gld (Usl(2)) = 3.
gld (U,sl(2)) = 3.
The global dimension of Woronowicz’s deformation V' is 3.
The global dimension of Witten’s first deformation E is 3.
The global dimension of Witten’s second deformation W is 3.

The global dimension of the algebra Oz (so(K,3)) is 3.

NS G e e

The global dimension of the universal enveloping algebra H = U(N') of the
Heisenberg Lie algebra is 3.

&0

The global dimension of the quantum Heisenberg algebra H, is 3.

9. Let A(b) be the deformation of Usl(2) (see [30], [40], [43]) and char (K) = 0.
Then gld (A(0)) = 3 and for b # 0

3 ifa(p) =alp+1) for somep € K andi € N\{0},
ald (A(D)) = (1) = alp+7) p \{0}

2 otherwise,
where a(H) is a solution of the equation o(H)—a(H —1) = b. In particular,
gld (Usl(2)) = 3 since Usl(2) = A(2H).

10. gld (0,(SLy(K))) = 3.

The algebras in Corollary are examples of the following construction of rings
that first appeared in full generality in [44] and are a particular case of the
construction of a diskew polynomial ring [41], 45]: Let D be a ring, o € Aut(D).
Suppose that elements b and p belong to the centre of D; moreover, p is a unit of
D and o-stable (i.e. o(p) = p). Then the ring E = D(X,Y;0,b, p) is generated
by D, X and Y subject to the defining relations: For all elements d € D,

Xd=o0(d)X, Yd=0c"'(d)Y and XY —pYX =b. (1.2)
The ring E is a very special case of GWAs.

Lemma 1.8. ([44, Lemma 1.2].) The ring E = D(X,Y;0,b,p) is a GWA E =
D[H|[X,Y;0,a = H| where D[H| is a polynomial ring in a variable H with
coefficients in D and o is an extension of the automorphism o of D to D[H| by
the rule o(H) = pH + b.
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The global dimension of the ring E where the ring D is a localization of a poly-
nomial algebra K[C] in a variable C' at a multiplicative subset S of KI[C] is
computed in the following theorem:

Theorem 1.9. Let D = S~ K[C] be a localization of a polynomial algebra K[C)|
in a variable C' at a multiplicative subset S of K[C] and E = D(X,Y;0,b,p).
Then gld (E) = 1,2 or 3. Furthermore,

1. if D is a field then gld (E) =1 or 2 and the exact value of gld (F) is given
in Theorem [{.9 (E = D[H|[X,Y;0,a = H] is a GWA where D[H] is a
Dedekind domain, by Lemma @

2. If D is not a field and K is an algebraically closed field then gld (F)
2 or 3, and gld (FE) = 3 if and only if there are natural number n >
and an element € K such that DE, + D(o"(C) — B) # D where &, :

Yy ot (D).

=l

e The third goal is to prove that the global dimension of tensor product of GWAs
in Theorem is equal to the sum of their global dimensions (Theorem [4.34)).

e The fourth goal is to compute the Krull dimension of the four classes of algebra
ST K[H, C](c,a) with respect to the four types of affine automorphism o.

We found the Krull dimension of GWAs A = K[H,C|(0,a) (i.e. S = {1}) with
respect to the four types of affine automorphism o. If o is of type 1, o(H) = H—1

and o(C) = AC, the following theorem will compute the Krull dimension of
A=K[H,C|(o,a).

Theorem 1.10. Let A = D(o,a # 0) be a GWA such that D = K[H,C|, K is
an algebraically closed field, c(H) = H — 1 and o(C') = \C where A € K*. Then
K (A) =2 or3; and K (A) = 3 if and only if either char (K) # 0 or char (K) =0
and either X\ is a root of unity and a € (C' — [3) for some B € K or X is not a root
of unity and a € (C).

The other three cases are found in Theorem Theorem [5.10]and Theorem [5.11],
respectively.

If S is a multiplicative subset of K[H, C] that is not necessarily equal to {1}, we
found the Krull dimension of A = S~'K[H, C](c,a), where o is of type 1, in the
following theorem:
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Theorem 1.11. Let D = K[H,C|, K is an algebraically closed field, o(H) =
H—1 and o(C) = AC where A\ € K*. Suppose that S is a multiplicative subset of
D = K[H,C| such that o(S) = S, K (D) =2 where D = S™'D, and A = D(o,a)
is a GWA where 0 # a € D. Then K (A) =2 or 3; and K (A) = 3 if and only if
one of the following conditions holds:

1. char (K) # 0 and X is a root of unity,
2. char (K) # 0, A is not a root of unity and (H —a,C) # D for some a € K,

3. char (K) # 0, A is not a root of unity, (H — a,C) = D for all a € K,
a € (H — «) and the prime ideal (H — «) is not a maximal ideal of D,

4. char (K) =0, X is a root of unity, a € (C — [3) for some € K such that
the element C' — 3 is not a unit of D and the prime ideal (C'— ) of D is
not a mazimal ideal of D,

5. char (K) = 0, X is not a root of unity, a € (C), C is not a unit of D and
the prime ideal (C') of D is not a mazximal ideal of D.

Additionally, we found the Krull dimension of A, where o is of type 3, in Theorem
. 12

1.3 Thesis structure

The structure of this thesis is as follows.

In Chapter [2 we give an overview of some of the fundamental terminologies
of the homological algebra, Krull dimension and the dynamical Mordell-Lang
conjecture. We start Section by giving the basic definitions of homological
algebra and define the global dimension with some of its properties. Then, in
Section 2.2 we give the definition of the Krull dimension of noncommutative
algebra with some of its basic properties. The last section of Chapter[2]provides an
overview of the dynamical Mordell-Lang conjecture with some of the proven cases
of the conjecture that will be used in our research to find the Krull dimension.

Chapter 2| provides background material that will be used later and does not
contain any of our results. The main work of the thesis can be found in Section
3.3 and Chapters [4] and 5| The results in Chapter [4] are joint work with Prof
Vladimir Bavula and the chapter has been accepted for publication in ‘Contem-
porary Mathematics (AMS)’. Also, Chapter |5 is a part of joint paper with Prof
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Bavula.

In Chapter [3| we first define the generalized Weyl algebra of degree n in Section
B.1l In Section [3.2, we state the main properties of GWAs. Finally, in Section
3-3) we describe the ring of o-invariants D? of the ring D = K[H, C] for the four
types of affine automorphism o in Proposition [3.6, and we prove Theorem

Chapter {4 contains the main work of finding the global dimension of generalized
Weyl algebras A = S7'K[H,C](0,a). We start in Section by stating the
known results about the global dimension of GWAs. The aim of Section |4.2]is to
prove Corollary After that, we prove our main result Theorem [1.5] and The-
orem in Section In Section [£.4] we find the explicit values of the global
dimension of A = ST'K[H,C|(c,a) under the assumption that gld (A) < oco.
In Section |4.5, we discuss finding the global dimension of the tensor products of
GWAs. In the final section of the chapter, we compute the global dimension of
some special cases of GWAs where the field K is not assumed to be algebraically
closed.

In Chapter [5, we start by introducing the known results about the Krull dimen-
sion of GWA, in Section [5.1] Then, in Section [5.2] we describe maximal ideals
of the localization ring S™'K[H, C] of the polynomial algebra K[H,C] over an
algebraically closed field K at a multiplicative set S C K[H,C]. In Section ,
we present and prove our main results about the Krull dimension of the GWA
ST'K[H,C](c,a). After that, we finish the chapter by stating an important result
about the Krull dimension of the tensor product of GWAs, in Section [5.4]



Chapter 2

Preliminaries

In this chapter, we provide fundamental definitions and some known results that
are useful in our research. The main reference for this chapter is [19].

2.1 Homological algebra

Homological algebra arose as a branch of topology in the late 1800s, but in the
20th century, it became an independent branch of mathematics. Its influence pro-
gressively expanded, and presently, it plays an important role in several branches
of mathematics, including commutative algebra, algebraic geometry, algebraic
number theory and mathematical physics.

Homological algebra concerns the study of homological functors and the alge-
braic structures that they involve. Chain complex is one of the useful concepts in
mathematics, and homological algebra provides the method to extract informa-
tion from these chain complexes and present it as homological invariants of rings,
modules, topological spaces and other mathematical objects. The global dimen-
sion (or global homological dimension) is an important homological invariant in
the dimension theory of Noetherian rings.

Before we can define the global dimension and the weak global dimension, we
need to introduce some basic concepts.

13
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2.1.1 Chain complexes and exact sequences

Let R be a ring. A chain complex is a collection of {C;};ez of R-modules and
connecting R-module homomorphisms {d; : C; — C;_1} called differentials such
that d;_1 od; = 0. The chain complex is written as follows

—)CZ+1—+1>CZ—)CZ_1—>

The cochain complex is the dual notion to a chain complex. It consists of a
collection of {C'};cz of R-modules and connecting R-module homomorphisms
{d* : C" — C™'} such that d"™! o d’ = 0. The cochain complex is written as
follows

. di .di—l -
e O E P E— O

The index 7 is referred to as the degree. The only difference between a chain
complex and cochain complex is that, in chain complex the connecting homo-
morphisms decrease degree, whereas in cochain complex they increase degree.

The complexes may be finite or infinite, if C; = 0 for all sufficiently large (small)
values of i then the complex is said to be bounded above (bounded below). A
complex is said to be bounded if it is bounded both above and below.

Definition 2.1. Given a chain complex

= i mc’iﬂa‘q—%“ )
the ith homology group H; is defined to be equal to kerd;/imd; 1. Similarly, we
define the ith cohomology group for a cochain complex as follows

H' =kerd'/imd"".

An ezact sequence is a chain complex whose homology groups are all zero. This
means kerd; = imd;y, for all 7. A long exact sequence is an exact sequence
with infinitely many R-modules and connecting homomorphisms. A sequence of
R-modules of the form

0L ME N0,

such that the map « is injective, the map ¢ is surjective and Ima = ker ¢, is
called a short exact sequence.
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2.1.2 Projective, injective and flat dimensions

Before we define the three dimensions we must give the definition of projective,
injective and flat modules first and their resolutions.

Definition 2.2. Let R be a ring.

e An R-module P is projective if, for each surjective R-module homomorphism
a: M — N and for each p: P — N, there exists ¢ : P — M such that o) = .

Thus a module P is projective if there always exists 1 such that the following
diagram commutes.

P
3/1@/ o
k/ o
M N

e An R-module I is injective if, for each injective R-module homomorphism o :
N — M and for each o : N — I, there exists ¥ : M — I such that Yo = .

Thus a module I is injective if there always exists v such that the following

diagram commutes.
o

0 N M

/
/

? 4y
I«/

I

e An R-module F' is flat if, for every injective R-module homomorphism o : N —
M, the map pr(a) : F Qg N — F @r M is injective.

The following lemma is the generalization of Schanuel’s Lemma that allows us to
compare how far a module from being a projective module.

Lemma 2.3. (The long version of Schanuel’s Lemma [19, p. 246].) Let R be a
ring. If

O—+-K—>FP,1——P—=>F—M-=0,
0K —-P ,—--—>P —>PFP—>M=0
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are exact sequences of R-modules in which each P; and P! is projective and M ~
M’ then

K&P &P 6P & ~K &P &P ,®P s -,

where the last terms are Py and P}, as appropriate. (If n =1, this is Schanuel’s
Lemma. )

Definition 2.4. Let M be an R-module.

e A projective resolution of M is an exact sequence of the form
o= P, —-P,y == P —>F—->M=0

in which all P; are projective R-modules.

e An injective resolution of M is an exact sequence of the form
O—-M-—=Ihy—5L —- =1L, =14+ —

i which all I; are injective R-modules.

e A flat resolution of M is an exact sequence of the form
o= F, === F—=F—=M=0
i which all F; are flat R-modules.

Definition 2.5. Let gM be a left R-module.

e The projective dimension of M, written as pd gM, is the shortest length n (if
it exists) of a projective resolution

O—PFP,—-FP_1—-—=F—=M-=0.

e The injective dimension of g M, written as id gM, is the shortest length n (if
it exists) of an injective resolution

O—-M-—=I—-5L—--—1,—0.

e The flat dimension of gRM, written as fd gM, is the shortest length n (if it
exists) of a flat resolution

O—=F, —-F_ 11— —=F—=M=0.

If no finite resolution exists, we put pd gM, id gM and fd g M equal to oco.
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A partially ordered set (poset, for short) P is said to satisfy the ascending chain
condition (ACC) if for every ascending chain

a; <ag<az<---

— Y

of elements of P there exists n € N such that a, = a,11 = a0 = ---. Similarly,
P is said to satisfy the descending chain condition (DCC) if there is no infinite
descending chain of elements of P, that is, every descending chain

a; > Az > a3 >+ -+

stabilizes. The set of ideals of a ring R is a poset under inclusion and R is said
to be a left (respectively, right) Noetherian ring if R satisfies the ascending chain
condition on left (respectively, right) ideals. R is said to be Noetherian ring if it
is both left and right Noetherian. A left (respectively, right) Artinian ring is a
ring satisfies the descending chain condition on left (respectively, right) ideals. R
is an Artinian ring if it is both left and right Artinian.

Remarks 2.6. ([19, p. 247].) 1. Since a projective module is flat, then clearly,

Furthermore, if gM 1is finitely generated and R is left Noetherian, then fd pM =
pd RM.

2. In a short exact sequence of left R-modules
0—>A—-B—C—0,

if two modules have finite projective, injective or flat dimensions, so does the
third. In fact, pd B = sup {pd A,pd C'} unless pd B < pdC =1+ pdA. The
same relationship holds for flat dimension and for injective dimension, except
that the equality occurs unless id B <id A =1+1idC. Note that if

0—=A4A,—-A, 41— —>A—M-—0

and pd A; < k for all i, then pd M < n + k. The same applies for fd M and,
similarly (in reverse), for id M.

3. Gien a family of left R-modules {M;|i € 1}, then

e pd (®M;) = sup {pd M,},
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o fd (®M;) =sup {fd M;}, and
o id (J[ M;) = sup {id M,}.

In the special case of a left Noetherian ring R, it is also true that fd ([[ M;) =
sup {fd M;}, and for a right Noetherian ring, id (®&M;) = sup {id M;}. Indeed,
the property that a direct sum of injective modules is injective characterizes right
Noetherian rings.

2.1.3 The global and the weak global dimensions

The global dimension of a ring R is defined by the projective or injective dimen-
sions of all R-modules. If R is a noncommutative ring, then two versions of the
definition will appear. The right global dimension that originates from the right
R-modules, and the left global dimension from the left R-modules. We will define
the left global dimension, and the right global dimension is similarly defined, but
by the right R-modules instead of the left R-modules.

Definition 2.7. [19] Let R be a ring. The following numbers are all equal:

1. sup {pd M | M any left R-module},
2. sup {pd M | M any cyclic left R-module},
3. sup {id M | M any left R-module}, and

4. sup {id M | M any cyclic left R-module}.

The common number (possibly oo ) is called the left global dimension of R, written
as lgd (R). The right global dimension of R that is defined by right R-modules is
denoted by rgd(R).

A left R-module M is called a semisimple module if every submodule of M is a
direct summand, that is for every submodule N of M, there is a complement P
such that M = N & P. A ring R is left semisimple if it is semisimple as a left
module over itself. The left global dimension of any left semisimple ring is 0 [3].
However, lgd (R) = sup {pd /| gl C R} + 1 unless R is semisimple [19].

Definition 2.8. [19] Let R be a ring. The following numbers are all equal:
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1. sup {fd M | M any left R-module}, and

2. sup {fd M | M any cyclic left R-module}.

The common number (possibly o) is called the weak global dimension of R,
written as wd (R).

wd (R) < lgd (R) with equality if R is left Noetherian [3]-[19]. The weak global
dimension is symmetric, so there is no distinction between “left” and “right”
dimension [26]. Therefore, also, wd (R) < rgd (R) with equality if R is right
Noetherian.

2.1.4 Ext and Tor groups
Ext and Tor groups are some of the fundamental objects in homological alge-
bra. They give equivalent conditions for lgd (R) < n and wd (R) < n, that is
lgd (R) < n if and only if Ext’ = 0 and wd (R) < n if and only if Tor? = 0 [26].
Definition 2.9. Let M and N be R-modules and

=P —-FP—=--—=P—-F—=M=0

be a projective resolution of M.

e Define the sequence

0 — Homp(Py, N) <% Hompg(P;, N) 2% - 2% Hompg(P,, N)

Qn+41 On+2
—— Hompg(P,11, N) — -+,

then the group Exty (M, N) is defined to be equal to ker o /Tma;_1, i.e. equal to
the ith cohomology group H'.

e Define the sequence

Ap42 Qn+41

2PN S PN . B PN PN =0,

then the group Tor®(M, N) is defined to be equal to ker a; /Tm v yy, i.e. equal to
the ith homology group H;.



20

Some facts about Tor groups: ([19, p. 248].)

1. If N is a right R-module, then fd Nz < n if and only if Tor? (N, M) = 0 for
all left R-modules M.

2. f0 > A— B — C — 0 is an exact sequence of left R-modules and N is a
right R-module, then there is an exact sequence of abelian groups

<o = Torf(N, C) — Torf (N, A) — Torf (N, B) — Torf(N, C)
—“NRA—-+N®B—-+N®C—D0.
In particular, if B is projective, then Tor['(N, A) ~ Torf® (N, C) for all i > 0.

3. If Ag, grBg,sC are given with zkB and Bg flat, then Tori(A@RB,C’) ~
Tor’ (A, BosC).

Some facts about Ext groups: ([19, p. 248].)
1. pd kM < n if and only if Ext);™ (M, N) = 0 for all zN.
2. Extp(M, N) = 0 if and only if every short exact sequence of R-modules

O—-N—-X—->M-=0

is split; that is the R-module X is isomorphic to a direct sum N @ M of the
modules N and M.

3. 1f0 - A— B — C — 0 is exact, then the sequence

0 — Homp(C, N) — Homp(B, N) — Homp(A, N) — Extp(C, N) — Exty(B, N)
— Extp(A,N) — - — Ext%(C, N) = Ext%(B, N) — Exth(4, N) — - -

is exact for any r/V.

2.1.5 The global dimension of Noetherian rings

Generally, if R is a noncommutative ring, lgd (R) is not equal to rgd (R); however,
if R is both left and right Noetherian, then lgd (R) = rgd (R) = gld (R) for short
[19]. Also, gld (R) = wd (R) [26].
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Definition 2.10. Let R be a commutative ring and Py C P, C --- C P, be a
strictly ascending chain of prime ideals of R. The number n is called the length
of the chain. The (classical) Krull dimension of the ring R, denoted by Kdim (R),
18 the maximum of lengths of ascending chains of prime ideals of R. The height
of a proper prime ideal P of R, denoted by ht (P), is the maximum of lengths of
ascending chains of prime ideals contained in P.

Example 2.11. Let P, = K|z, -+ ,x,] be a polynomial algebra in n variables
over a field K. Then Kdim (P,) = n.

Definition 2.12. A ring R is called a local ring if there is only one maximal
ideal in R. Let R be a commutative ring, it is called a regular local ring if it
is a Noetherian local ring such that Kdim (R) is equal to the minimal number of
generators of its mazximal ideal.

Within the class of commutative Noetherian rings, Serre’s Theorem shows that
the global dimension can be used as a tool to distinguish the local rings.

Theorem 2.13. (Serre) ([15, Theorem 19.2].) Let R be a commutative Noethe-
rian local ring. Then

R is reqular <= gld (R) = Kdim (R) <= gld (R) < 0.

Definition 2.14. Let R be a ring and M be an R-module. Let N and L be
submodules of M such that N C L. The factor module L/N is called a subfactor
of M.

Proposition 2.15. ([19, Proposition 7.1.13].) Let R be a Noetherian ring of
global dimension n < oo, and let Ag, gB be such that Tor®(A, B) # 0. Then
Tor’(C, B) # 0 for some simple subfactor module C' of A.

The following corollary gives a characterisation of the global dimension of Noethe-
rian ring that depends on its simple modules.

Corollary 2.16. ([19, Corollary 7.1.14].) If R is a Noetherian ring with gld (R) <
oo, then gld (R) = sup {pd rC' | gC simple}.



22

2.1.6 The global dimension of the localization

Let R be any ring. A multiplicatively closed set (or multiplicative set) is a subset
S of R such that 1 € S and S is closed under multiplication.

Definition 2.17. Let R be a commutative ring, P be a prime ideal of R and M be
an R-module. Then the set R\P is a multiplicatively closed set. The localization

Rp:=(R\P)'R={s"'r|s € R\P,r € R}

of the ring R at R\P is a ring where addition and multiplication are given as
follows: sy ri+s5 ry = (5159) " H(sar1+5172) and s7'ry-s5 ' ry = (s5159) " 'r1ra. Two
elements of the ring Rp are equal, s7 ) = s,y if and only if s(syry — s179) = 0
for some element s € R\P. The localization of the R-module M at R\P,

Mp = (R\P)"'M = {s7'm|s € R\P,m € M}
is an Rp-module where s™'r - t7'm = (st)"'rm.

Definition 2.18. Let R be a ring and X be a non-empty subset of R. The
set Lanng(X) = {r € R|rX = 0} is called the left annihilator of X in R.
Similarly, the set r.anng(X) := {r € R|Xr = 0} is called the right annihilator
of X in R. Clearly, Lanng(X) is a left ideal of R, and r.anng(X) is a right
ideal of R. Let gM be an R-module and N be a non-empty subset of M, then
anng(N) := {r € R|rN = 0} is the annihilator of N in R; it is a left ideal of R.
Clearly, anng(N) = (,cy anng(n). If, in addition, the set N is a submodule of
M, then anng(N) is an ideal of R. In particular, anng(M) is an ideal of R. It
15 the largest ideal I of R such that IM = 0.

Definition 2.19. Let R be a commutative ring. A proper ideal I of R is semiprime
(or, radical) if I satisfies either of the following equivalent conditions:

o [fr" €I for some positive integer n and r € R, then r € I.

e [fr € R but not in I, then all positive integer powers of r are not in I.

The ring R is called semiprime if the zero ideal is a semiprime ideal.

The remarks below study the relationship between gld and Kdim of commutative
Noetherian rings and their localizations.

Remark 2.20. ([19, p. 249].) If R is a commutative Noetherian ring of finite
global dimension d, then
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1. R is semiprime, and indeed, R is a finite direct sum of integral domains,

and gld (R) = Kdim (R);
2. if P is a prime ideal, then gld (Rp) < d and gld (Rp) = ht (P) = Kdim (Rp);

3. if M is a finitely generated R-module, then pd gM = sup {pd r,(Mp)},
over the mazimal ideals P of R; and

4. if R is local with maximal ideal P, then

(a) pd gM = d if and only if anng(m) = P for some m € M, and
(b) pd gM =0 if and only if gM s free.

2.1.7 Change of rings

In this section, we introduce the results regarding the global dimension, the weak
global dimension of rings and the projective dimension of modules when we change
from one ring to another. For instance, for two rings R, S with R C S, and for a
ring S and its quotient ring S/I for some ideal I.

A module Mg is faithfully flat if it is flat and also for any RN, M @z N = 0
implies N = 0 [I9]. The following theorems show the relationship between the
global dimensions of two rings R,S with R C S under certain conditions; S
is faithfully flat R-module (as in Theorem or R is an R-bimodule direct
summand of S (as in Theorem [2.22]).

Theorem 2.21. ([19, Theorem 7.2.6].) Let R, S be rings with R C S, Sg faith-
fully flat and lgd (R) < oo. If either

1. gS s projective, or

2. R s left Noetherian and rS is flat,

then lgd (R) <lgd (S).

Theorem 2.22. ([19, Theorem 7.2.8].) Let R, S be rings with R C S such that
R is an R-bimodule direct summand of S. Then

1. 1gd (R) < lgd (S) + pd S, and

2. wd (R) < wd (S) + fd &S.
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Definition 2.23. Let R be a ring. An element r € R is called a left regular
element of R if the map -r : R — R, x — xr is injective. The set of all
left regular elements of R is denoted by 'Cg. Similarly, an element r € R is
called a right regular element of R if the map r- : R — R, x — rx is injective.
The set of all right regular elements of R is denoted by Cr. The intersection
Cr :='CrNC} is called the set of reqular elements of R, and any element of Cr is
called a regular element of R (or a non-zero divisor). The sets Cr,’Cr and Cy, are
multiplicatively closed subsets of R. An element x of R is called a normal element
of R if tR = Rx. So, for a normal element x of R, the set tR = Rx is an ideal
of R; it is the ideal of R generated by the element x, (r) == RtR = Rx = zR.
Let M be an R-module. An element r € R is called regular on M if the map
r-: M — M, m — rm s injective.

Now, we turn to another type of change of rings in the following results, specifi-
cally from ring S to the quotient ring S/I where I = Sz with certain conditions
on .

Theorem 2.24. ([19, Theorem 7.3.5].) Let S be a ring and I = Sx with x a
reqular normal nonunit.

1. If /1M s nonzero and pd g/fM =n < oo, then pdsM =n + 1.
2. Iflgd (S/I) < oo, thenlgd (S) > lgd (S/I) + 1.

Definition 2.25. For a ring R, the intersection of all its mazimal left ideals is
called the Jacobson radical of the ring R and is denoted by J(R). It is an ideal
of R that is also equal to the intersection of all maximal right ideals of R. So,
Jacobson radical ideal is a two-sided ideal of R.

Proposition 2.26. ([19, Proposition 7.5.6].)

1. Let S be a ring and I = Sz with x a reqular normal nonunit, and suppose
that x is regqular on a module sM. Then pd g/ (M/IM) < pd gM.

2. If, in addition, S is left Noetherian, sM is finitely generated, and x € J(S),
then pd g/1(M/IM) = pd g M.

Theorem 2.27. ([19, Theorem 7.3.7].) Let S be a left Noetherian ring and x
a regular normal element belonging to J(S). If lgd (S/I) < oo, then lgd (S) =
lgd (S/I)+ 1.
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Let R be aring and o an endomorphism of R. A o-derivation on R is any additive
map 0 : R — R such that

d(rs) = o(r)é(s) +d(r)s for all r, s € R.

Definition 2.28. ([19, p. 15].) Let R be a ring and o an automorphism of R.

e The skew polynomial ring S = R[z,0] of R is a ring generated by the ring R
and a variable x that satisfy the defining relation

re = xo(r) for all r € R.

e Let § be a o-derivation on R. The skew polynomial ring S = R[x;0,0] of R is
a ring generated by R and a variable x that satisfy the defining relation

re =xo(r)+0(r) forall r € R.

e The skew Laurent polynomial ring S = Rlx,z~!

over R in x and x~' subject to

;0] is a ring of polynomials

re = xo(r).
e The skew power series ring, denoted by Rl[x;cl], is the ring of power series
S ooco x'r; subject only to the relation

re =xo(r).
The following theorem is a very important result that we have used in our work.

It gives the global dimension of the rings in the above definition according to the
global dimension of the ring R.

Theorem 2.29. ([19, Theorem 7.5.3].) Let R be any ring, and let o be an
automorphism. Then

1. 1gd (R) <lgd (R[x;0,68]) <lgd (R) + 1 if lgd (R) < oo;
lgd (R) <lgd (Rlx, 271 0]) <lgd (R) + 1;

o)) =1gd (R) +1;

1) =lgd (R) + 1;

lgd (R[[z;0])) =lgd (R) + 1 if R is left Noetherian; and

(

(
lgd (R[x
lgd (R[z,

(
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6. if R is semisimple Artinian, then lgd (R[x;0,0]) = lgd (R[x,z7';0]) = 1.

The next corollary is a consequence of Theorem [2.29] since the global dimension
(also, the weak global dimension) of any field K is zero [3].

Corollary 2.30. ([3, Corollary 4.5.8].) If K is a field, then the global dimension
of the polynomial ring K[xy, ..., x,] is n.

2.2 The Krull dimension

For a commutative ring R, the definition of the (classical) Krull dimension was
given in the previous section: It is the supremum of the lengths of all chains
of prime ideals of R. In general, even for Noetherian rings, the classical Krull
dimension is not always finite. The following famous example by Nagata gives
the case of a Noetherian ring with an infinite classical Krull dimension.

Example 2.31. ([27, Example A1].) Let R = K[z, ...,x,,...| be the polynomial
ring over a field K in countably infinitely many variables. Let mq,mo,... be a
sequence of natural numbers such that

0<m; —mi—1 <mip; —m,; for all 1.

Let p; be the prime ideal of R generated by all the x; such that m; < j < mji,
and let S be the intersection of complements of p; in R. Fach p; is a prime ideal,
and thus S is multiplicatively closed. Each S™'p; has height equal to m; 1 — m;,
hence Kdim (S™'R) = oc.

When the ring R is noncommutative, the classical Krull dimension extends nat-
urally to it, but it does not give a good estimate because, for example, for a
Noetherian ring, the Krull dimension is used to measure how close the ring is to
being Artinian, as given in the following theorem.

Theorem 2.32. ([25, Theorem 8.5].) A ring R is Artinian <= R is Noetherian
and Kdim (R) = 0.

In the noncommutative case, there are many simple Noetherian rings that are
far from being Artinian [I9] (more details about the classical Krull dimension in
2.2.3). So, a new definition of the Krull dimension was introduced with advan-
tages over the classical definition. The new definition is determined by a measure
called deviation that will be presented in the next section.
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2.2.1 Deviation of a poset

Definition 2.33. ([19, p. 186].) Given a and b belong to a partially ordered
set (poset) A, and a > b, then we define a/b = {x € Ala > x > b}. This is a
subposet of A called the factor of a by b.

We now define the deviation of a poset A, dev(A) for short. If A is trivial (i.e.
the elements of A are incomparable), then dev(A) = —oo. If A is nontrivial but
satisfies the descending chain condition (DCC), then dev(A) = 0.

Definition 2.34. ([19, Definition 6.1.2].) For a general ordinal o, we define
dev(A) = «, provided

1. dev(A) # B < a; and

2. in any descending chain of elements of A, all but finitely many factors have
deviation less than o.

Example 2.35. ([19, Ezample 6.1.53].) Consider the linearly ordered set A =
{a;|i € N} in which a; > a; if and only if 1 < j. The chain a; > ag > -+ >
an > -+ shows that dev(A) # 0, but any factor a;/a; where i < j has deviation
0. Hence, dev(A) = 1.

The next proposition gives an example for posets having a deviation.

Proposition 2.36. ([19, Proposition 6.1.8].) Any poset with an ascending chain
condition (ACC) has a finite deviation.

Properties of the deviation: ([19, pp. 186-190].)

1. If B is a subposet of A, then dev(B) < dev(A).

2. If A is the disjoint union of posets A;, with only the partial ordering inher-
ited from these, then dev(A) = sup {dev(A4;)}.

3. dev(A x B) = sup {dev(A), dev(B)}.
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2.2.2 Krull dimension of modules
Let M be a left R-module, the lattice of all R-submodules of M,
L(M)={N| R-module, N C M},

is a partially ordered set under inclusion. If we take the lattice of all R-submodules
of the left module g R, then L(gR) is the set of ideals of R. The Krull dimension
of M, written I (M), is defined to be the deviation of L£(M), the lattice of
submodules of M. In particular, let I'(M) denote the set of all pairs (K, N) of
submodules K and N of M with N C K. Define

Fo(M)={(K,N)|(K,N)e'(M), K/N Artinian}.
To(M) = {(K,N)|(K,N) eD(M), KD K, 2...2K; DKy, 2...2N
implies (K, K1) € U I'3(M) for almost all i},

B<a

for ordinals o > 0. If there exists an ordinal « such that I'(M) = ', (M), then
the left R-module M has a finite Krull dimension, and the smallest such ordinal
is the Krull dimension, K (M), of the module M [13]. In general, such an ordinal
does not always exist. However, If M is a Noetherian R-module, that is, M sat-
isfies the ACC on submodules, then the Krull dimension K (M) is finite, whilst
the converse is not necessarily true; modules with a Krull dimension need not be
Noetherian [19]. The left Krull dimension of the ring R is defined to be the Krull
dimension of the left module gR, denoted by K (gR), or even K (R).

All the results about deviation apply to a module gM by viewing L£(M) as a
poset.

Properties of the Krull dimension: ([I9, pp. 193-197].)

1. If gN is a submodule of gk M, then K (M) = sup {K (N),C(M/N)}.
2. If gM is finitely generated, then I (M) < K (gR). Furthermore,

K (rR) =sup {K (M) | gM finitely generated}.

3. Let M have a Krull dimension and also be the sum of submodules, each of
which has a Krull dimension < «. Then K (M) < a.
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The following proposition gives a criterion for the polynomial module M [x] over
R]z] to have a Krull dimension in terms of the left R-module M.

Proposition 2.37. ([19, Proposition 6.2.7].) riz)M|x] has a Krull dimension if
and only if kM is Noetherian.

2.2.3 Krull dimension of rings

In this section, we introduce useful results about the Krull dimension of some
rings, such as quotient rings, prime rings and skew polynomial rings. Also, we
define the classical Krull dimension for ring R (not necessarily commutative) and
compare it to the left Krull dimension K (R).

Lemma 2.38. ([19, Lemma 6.5.3].) If A is an ideal of R and rRB C R and
K (R/AB) exists, then

K (R/AB) = sup {K (R/A), K (R/B)}.

Definition 2.39. An element m of R-module M is called a torsion element of
M if there exists a reqular element r € R that annihilates m (i.e. rm =0). A
module M is called a torsion module if all of its elements are torsion elements.

Definition 2.40. A nonzero ring R is called a prime ring if for any two elements
a,be R, aRb =0 implies that either a =0 or b = 0.

The next proposition is concerned with the relationship between the Krull di-
mension of a prime ring and that of certain rings and modules.

Proposition 2.41. ([19, Proposition 6.3.11].) Let R be a prime ring with a left

Krull dimension. Then

1. K(R) =K (A) for each nonzero left ideal A;
2. K(R/B) < K (R) for any nonzero ideal B of R; and
3. if RM is finitely generated, then K (M) < K (R) if and only if M is a

torsion module.

Lemma 2.42. ([19, Lemma 6.3.12].) Let R, S be rings and sMp a bimodule such
that Mg is finitely generated, sM 1is faithful and K (sM) exists. Then IC(sM) =
K (s9).
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The following proposition bounds the possible value for the Krull dimension of
skew polynomial ring and skew Laurent polynomial ring and gives a more precise
result under special conditions.

Proposition 2.43. ([19, Proposition 6.5.4].) Let R be a left Noetherian ring, o
an automorphism and § a o-derivation. Then

1. K(R) < K(R|x;0,0]) < K(R) + 1, and in particular, if § = 0, then
K (Rlz;0]) = K(R) + 1,

2. K(R) < K(R[z,z7%;0]) < K(R) + 1, and in particular, if o = 1, then
K (R[z,z71]) = K (R) + 1; and

3. if R is left Artinian, then K (R[x;0,0]) = K (R[x,z7 % 0]) = 1.

For the poset Spec (R), the set of all prime ideals of R, let Spec, (R) denote the
set of all maximal ideals of R, and for ordinals a > 0 let

Spec, (R) = {P € Spec (R) | P C @ € Spec (R) implies Q) € U Specs (R)}.

B<a

The smallest ordinal « for which Spec (R) = Spec, (R) is called the classical Krull
dimension of R, denoted by Kdim (R). In general, Kdim (R) need not always
exist, and if such an ordinal o does not exist, then the Krull dimension does
not exist either [13]. The necessary and sufficient condition for a ring R to have
a finite classical Krull dimension is that R satisfies the maximum condition for
prime ideals, that is every non-empty subset of Spec (R) has a maximal element
[12]. If R is a commutative ring, this definition coincides with the definition given
by terms of the lengths of chain of prime ideals. The classical Krull dimension of
a left Noetherian ring R does not exceed the left Krull dimension of R, meaning
Kdim (R) < K(R) [13]. Moreover, If R is a ring that has a Krull dimension,
then R has a classical Krull dimension and Kdim (R) < K (R) [1]. In general,
they are not equal; for example if K is a field of characteristic zero, then the first
Weyl algebra A;(K) is a simple Noetherian ring, then Kdim (A;(K)) = 0, but
K (A (K)) = 1 [19-[35]. Moreover, the equality is only possible for rings with
many two-sided ideals [19].

Corollary 2.44. ([19, Corollary 6.4.8].) If R is a commutative Noetherian ring,
then K (R) = Kdim (R).
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2.3 The dynamical Mordell-Lang conjecture

The dynamical Mordell-Lang conjecture is a dynamical analogue of the classi-
cal Mordell-Lang conjecture that was proved by Faltings and Vojta [22]. The
Mordell-Lang conjecture concerns intersections of finitely generated subgroups
and subvarieties in a semiabelian variety, whereas the dynamical conjecture pre-
dicts how the orbit of points in a quasiprojective variety under self maps should
intersect subvarieties.

The motivation behind introducing the dynamical Mordell-Lang conjecture in our
research is that in order to find the Krull dimension of GWAs (in Chapter , we
will use Theorem [5.2] and therefore, we are interested in the intersection of the
orbit of maximal ideal p with a variety that is the zeros of the defining element
a.

Before we state the dynamical Mordell-Lang conjecture, we will give an intro-
duction to some basic and important concepts in algebraic geometry, such as
algebraic sets, affine varieties, Zariski topology, projective varieties and quasipro-
jective varieties.

2.3.1 Algebraic sets

Let K be an algebraically closed field. The n-dimensional affine space, denoted
by A’ or simply A", over K is the set of all n-tuples of elements of K which
is equipped with the Zariski topology, see below. Given any subset N of the
polynomial ring K[xq,...,z,], we denote by Z(N) the subset of the affine space
A’ each of whose points is a zero for all the polynomials in N. Explicitly,

Z(N)={ae€ AL | Pla)=0 forall P& N}.

If p is the ideal of K[z1,...,x,] generated by the set N, then

Moreover, since the polynomial ring K{z1,...,x,] is Noetherian ring, any ideal
is finitely generated, say p is generated by the set {f1,..., fi}. Hence, Z(N) is
the set of all common zeros of the polynomials fi,..., f,,. A subset X of A} is

an algebraic set if there exists a subset N of the polynomial ring Klzy, ..., z,]
such that X = Z(N). For any subset X of A%, we define the ideal of X in
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K|zy,...,x,] by the rule
I(X)={P € Klx1,...,x,] | Pla) =0 forall a € X}.

Now, we have two functions: Z which maps subsets of K[z1,...,x,] to algebraic
sets, and I which maps subsets of A% to ideals.

The following theorem gives an essential relationship between geometry and al-
gebra by relating algebraic sets to ideals in polynomial rings.

Theorem 2.45. (Hilbert’s Nullstellensatz). ([10, Theorem 4.3].) For any ideal

p of K[xy,...,x,],
I(Z(p)) =P
where \/p ={P € Kl[zi1,...,2,] | 3n €N, P" € p} denotes the radical of .

The Nullstellensatz indicates that the functions Z and I are order-reversing bi-
jections between the set of algebraic sets of A% and the set of radical ideals in
Klxy, ..., x,).

2.3.2 Zariski topology and affine varieties

The union of two algebraic sets is itself an algebraic set and the intersection of
any family of algebraic sets is also an algebraic set. Also, the empty set and the
whole space are algebraic sets () = Z(1) and A% = Z(0)) [29].

We define the Zariski topology on A’ by taking the open subsets U to be the
complements of the algebraic sets X (U = A%\X). This satisfies the topology
axioms and the algebraic sets are closed sets in Zariski topology, by definition
[29]. The space A% with Zariski topology is a topological space.

Definition 2.46. A non-empty subset X of a topological space Y 1is irreducible if
it cannot be written as the union of two proper closed subsets. An affine algebraic
variety, or simply affine variety is an irreducible closed subset of A% (with the
induced topology). An open subset of an affine variety is called a quasi-affine
variety. Let V and W be affine varieties, a map ¢ : V. — W is called a regular
map if it can be presented as a fraction of polynomials f /g, where g(v) # 0 for all
v e V. An affine variety V in A’ is an algebraic group if it has a group structure
on it, where the maps VXV — V, (v,u) —»vu and V xV =V, v vt are
reqular maps.
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A topological space Y is called Noetherian if it satisfies the descending chain
condition (DCC) for closed subsets. The topological space A% is Noetherian
since the polynomial ring Klxy,...,z,| is Noetherian [29]. If Y is a topological
space, the dimension of Y, denoted by dimY, is the supremum of all integers n
such that there exists a chain

Zy C 4y C-- C Ly,

of distinct irreducible closed subsets of Y. The dimension of an affine or quasi-
affine variety is defined to be its dimension as topological space. The dimension
of the affine space A% is n [29].

Zariski closure. Given any subset X C Afj, we define the Zariski closure of X,
denoted by X, as the smallest closed set containing X, i.e.

X =Z((X)).
A set X is called dense if its closure is equal to A%, In fact, every open set in
Zariski topology is dense. A point x € K™ is called closed point if {z} = {x}, i.e.
x is closed point in the Zariski topology on A% if {z} is an algebraic set.

2.3.3 Projective and quasiprojective varieties

The polynomial ring K[z, ..., z,] = @ cpnr1 K2* is an N"T-graded ring, i.c.

Kz K2’ C Kz®*? for all o, € N*H!

where for o = (ap,...,o,) € NP1 go = T 28", The polynomial ring
Kz, ..., 25 = @,cn Ko, . . ., Ty); is also an N-graded ring where

|a|=i

An element of K|xg,...,z,); is called a homogeneous polynomial of degree i.
Clearly, for all f(xg,...,z,) € K[zg,...,x,]; and X € K|

fAxg, ..., xn) = Nf (20, .., Tn).

The definition of projective varieties is similar to affine varieties except that the
projective varieties are defined in projective space. Let K be an algebraically
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closed field. The n-dimensional projective space over K, denoted by P} or simply
P, is the set of equivalence classes of n + 1-tuples (aq, ..., a,) of elements of K
such that not all a; = 0, i.e. P" is the set of equivalence classes of A%\{0},
under the equivalence relation given by

(ag,...,a,) ~ (Aag,...,Aa,) forall A e K, \#0.

Definition 2.47. Let K be an algebraically closed field. If T is any subset of
homogeneous polynomials of the polynomial ring K[z, ..., x,], we define an al-
gebraic set, denoted by V(T'), to be the subset of the projective space P} that is
the set of common zeros of T. Explicitly,

V(T)={aeP"|f(a)=0 forall feT}.
For a subset X C P", the ideal
I(X)={f € Klzo,...,x,]| f(a) =0 forall a € X}

is a homogeneous ideal of the polynomial ring K[z, ..., x,).

Zariski topology on the projective space P".

Proposition 2.48. ([29, Proposition 2.1].) The union of two algebraic sets is
an algebraic set. The intersection of any family of algebraic sets is an algebraic
set. The empty set and the whole space are algebraic sets.

Proposition [2.48 shows that the collection of algebraic sets in P™ satisfy the axioms
of topological space for closed sets. This topology in which the open sets are the
complements of algebraic sets is called the Zariski topology on P". The notions of
irreducible and the dimension of algebraic set in topological space on affine space
that defined in will also apply to topological space on projective space.

Definition 2.49. A projective algebraic variety or projective variety is an ir-
reducible algebraic set in the projective space P", with the induced topology. A
quasiprojective variety is an open subset of a projective variety.

2.3.4 The dynamical Mordell-Lang conjecture

A (discrete) dynamical system is a pair (X, ®) where X is a set and @ is a self-map
on X, i.e.
O X - X, v P(2)
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is a map on X. The goal of dynamics is to study the behaviour of points in the
set X under applying ® repeatedly. For any point oo € X, we write

P"(a)=Podo---0d(a).

n times

The number n is called the number of iterations. The orbit of « is the set of
iterates of ® to a, denoted by

Og(a) = {a, ®(a), ®*(a), ®*(a),.. .},

where we assume ®°(a) = « is the identity map on X. The orbits in the (dis-
crete) dynamical system are sequences. So, the orbits could be finite or infinite.
If Og(c) is finite then the point « is called preperiodic.

Definition 2.50. An arithmetic progression, also known as an arithmetic se-
quence, is a sequence of the form

{an+b | n € N},

with a,b € N possibly with a = 0. Note that, if a = 0 then the set consists of a
single element.

Dynamical Mordell-Lang conjecture [17]. Let X be a quasiprojective vari-
ety defined over C, let ® be any endomorphism of X, let o € X, and let V C X
be any subvariety. Then the set

S={neN|d"(a) eV} (2.1)

is a union of finitely many arithmetic progressions.

2.3.4.1 Dynamical Mordell-Lang conjecture in characteristic 0

The dynamical Mordell-Lang conjecture in fields of characteristic zero has been
proven for some cases under certain conditions (see [6], [7], [8], [18], [22]).

Definition 2.51. ([17, p. 22].) Let (X,®) be a discrete dynamical system. A
point p € X 1is periodic of period n if there exists an integer n > 1 such that
®"(p) = p. A curve C on X is periodic if ®"(C) C C for some n € N and n
called a period of C.
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If the dynamical Mordell-Lang conjecture is true and S (i.e VNOg(c)) is infinite,
then V' must contain the set

d"(a), "t (a),..., " (a), . ..

for some arithmetic progressions {r + km | k € N}, which is invariant under
®™, Then if we take the Zariski closure of these sets we will have a positive
dimensional subvariety of V' that is periodic under ® [34].

The following theorem shows that the conjecture is true for maps of the form

i A2 A2 B(r,y) = (f(2),9(1)) (2.2)

defined over field of characteristic zero where f,¢g € K[t] are polynomials and V'
is a line.

Theorem 2.52. ([7, Theorem 1.4].) Let K be a field of characteristic zero, let
f,9 € K[X], and let xy,yo € K. If the set

{(f"(20), 9"(30)) | n € N}

has infinite intersection with a line L in A% defined over K, then L is periodic
under the action of (f,g) on A

Definition 2.53. A sequence of numbers a = {a,,} is complete if every positive
integer n is the sum of some subsequence of a, i.e. there exist integers r; = 0 or

1 such that .
n = Z r;a;.

=1

A sequence that is infinite in both directions, i.e. that has neither a first nor a
final element is called doubly infinite sequence.

The conjecture is also known in the case of YV is any affine variety and o is an
automorphism of Y as given in the next theorem.

Theorem 2.54. ([16, Theorem 1.3].) Let Y be an affine variety over a field K
of characteristic zero, let q be a point in'Y and let o be an automorphism of Y.
If X is a subvariety of Y, then the set {m € Z|o™(q) € X} is a union of a finite
number of complete doubly-infinite arithmetic progressions and a finite set.
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2.3.4.2 Dynamical Mordell-Lang conjecture in characteristic p

If the field K has characteristic p > 0 then counterexamples have been found for
the dynamical Mordell-Lang conjecture. Before we give a counterexample, we will
define algebraic K-torus since the proven cases of the conjecture in characteristic
p, so far, are for X is an algebraic K-torus.

For any field K, the multiplicative group of K, denoted by K* or K* or G,,(K),
is the group of all nonzero elements of K under multiplication. An algebraic
K-torus is an algebraic group that is isomorphic to some power of multiplicative
group over K, the algebraic closure of K. So, if K is an algebraically closed field,
then algebraic K-torus is an algebraic group that is isomorphic to some finite
product of copes of the multiplicative group of K. The following example shows
that if X = G3, the set S in the dynamical Mordell-Lang conjecture cannot be
written as a finite union of arithmetic progressions.

Example 2.55. ([9, Ezample 1.2].) Let char (K) =p > 2, K =F,(t), X = G2,
d:G} -G, B(x,y,2) = (tz, (1 +t)y, (1 —t)z)
and V C G2, be the hyperplane given by the equation
Yy+z—2r =2,

and let o = (1,1,1). Then the set S from the dynamical Mordell-Lang conjecture
consists of all numbers of the form p™ + p™ for ny,ny € N.

Therefore, the following conjecture in positive characteristic was proposed in ([17,
Conjecture 13.2.0.1]).

Conjecture. ((Ghioca-Scanlon) Dynamical Mordell-Lang Conjecture in positive
characteristic). Let X be a quasiprojective variety defined over a field K of
characteristic p > 0. Let o € X(K), let V' C X be a subvariety defined over K,
and let

b: X =+ X

be an endomorphism defined over K. Then the set S := S(X, ®,V, «) of integers
n € Nsuch that ®"(«) € V(K) is a union of finitely many arithmetic progressions
along with finitely many sets of the form

{ chpkj”j |n; € N foreach j=1,... ,m}, (2.3)

J=1
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for some ¢; € Q, and some k; € N.

If kj =0foreach j =1,...,min (2.3)), then the corresponding set is a singleton.
Therefor, the set S in the conjecture can consist of finitely many elements (since,
the arithmetic progressions also can be a singleton).

The conjecture above has been proven for only few cases (see [I7]). The following
theorem shows that the conjecture is true in the case X = G is algebraic torus
and V is irreducible curve.

Theorem 2.56. ([9, Theorem 1.3].) Let K be an algebraically closed field of
characteristic p > 0, let N € N, let V C X := GY be an irreducible curve and
®: X — X be a self map both defined over K, and let o € G (K). Then the
set S of all n € N such that ®"(«) € V(K) is either a finite union of arithmetic
progressions, or a finite union of sets of the form

{ap*™ +b|n € N},

for some a,b € Q and k € N.

Also, the conjecture is proven in the case V is a surface in the following result.

Theorem 2.57. ([28, Theorem 1.2].) Let ® : G — GY be a reqular self map
defined over an algebraically closed field K of characteristic p > 0, let V. C GY
be a variety of dimension at most equal to 2, and let o € GY(K). Then the set of
n € N such that ®"(«) € V(K) is a finite union of arithmetic progressions along
with finitely many sets of the form

{co + c1p™™ + eop™™ |y, ny € N},

for some ¢y, c1,co € Q and some ki, ky € N.

2.3.4.3 A criterion for the set S to be infinite

As we mentioned before the set .S, in the dynamical Mordell-Lang conjecture for
both characteristic 0 or p, can be finite or infinite. Since we are interested in
whether the base ring in Theorem has a o-unstable prime ideal p for which
there exist infinitely many integers i with a € o%(p), so we concerned about the
case S is infinite. Proposition [2.60] gives a criterion for S to be infinite, provided
that S is a union of at most finitely many arithmetic progressions.
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Definition 2.58. Let V' and W be varieties over K, and consider pairs (U, ¢y )
where U is a dense open subset of V' and oy is a regular map U — W. Two
such pairs (U, oy) and (U, ;) are said to be equivalent if py and ¢}, agree on
UNU'. An equivalence class of pairs is called a rational map ¢ : V --» W.

A rational map ¢ : V --» W is a map not everywhere defined, sometimes the
map can be extended to a larger open set in which ¢ is defined and the largest
possible open set in which ¢ is defined is called the domain of ¢ [10]. For example,
let (U, ou) ~ (U, ¢p) be equivalent rational maps, then one can extend (U, ¢p)
to

where A denotes the equivalent class. The points in V' — U is called points of
indeterminacy. We denote by I(p) C V the indeterminacy set of .

Definition 2.59. ([22, Definition 4.1].) Let X be a smooth surface defined over
an algebraically closed field, and f : X --+ X be a rational transformation. We
say that the pair (X, f) satisfies the DML property if for any curve C on X
and for any closed point x € X such that f*(z) ¢ I(f) for all n > 0, the set
{n € N| f*"(z) € C} is a union of at most finitely many arithmetic progressions.

Proposition 2.60. ([22, Proposition 4.2].) Let X be a smooth surface defined
over an algebraically closed field, f : X --+ X be a rational transformation
and I(f) be the indeterminacy set of the map f. The following statements are
equivalent.

1. The pair (X, f) satisfies the DML property.

2. For any curve C' on X and any closed point v € X such that f"(z) ¢
I(f) for all n > 0 and the set {n € N| f"(x) € C} is infinite, then x is
preperiodic or C' is periodic.



Chapter 3

Generalized Weyl algebras and
their properties

Generalized Weyl algebras are a class of algebras that generalizes the Weyl al-
gebras. In this chapter, we present the definition of generalized Weyl algebra of
degree n and its properties.

3.1 Definition of generalized Weyl algebra

Definition 3.1. ([{2, Definition 1.1].) Let D be a ring, o = (01,...,0,) be a set
of commuting automorphism of D, i.e. 0,0; = 0,0;, and a = (ayq,...,a,) a set of
nonzero elements of the centre Z(D) of D, where o;(a;) = a; for all i # j. The
generalized Weyl algebra A = D(o,a) of degree n is a ring generated by the
ring D and the 2n indeterminates Xy ..., X" and Xy ,..., X, that are subject
to the defining relations:

XPXf=an XPXT =oifa)
Xfa =0 a)X VYaeD,

X7 X7 = (X5, X = X7, X7]1=0, Vi#j.

The ring D 1is called the base ring of the GWA. The sets o and a are called
the set of defining automorphisms and the set of defining elements of the GWA,
respectively.

The generalized Weyl algebras A = D(o,a) of degree 1 that defined in Chapter
is a case of GWA of degree n where X = X;" and Y = X .

40
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Example 3.2. ([/2, Example 1.2].) The Weyl algebra A, = A,(K) of degree n
over a field K s algebra with 2n generators X, ..., Xy, 01,...,0, which satisfy
the classical commutation relations

[XZ',XJ‘] = [82,83] = [8Z,Xj] = 0 fOT Z?é.] cmd [81,XZ] =1.

The Weyl algebra A, is the GWA A = D(o,a) of degree n with base ring D =
K[Hy, ..., H,] is a polynomial ring in n variables, set of defining elements {a; =
H;|1<i<n}, and set of defining automorphisms {o;} such that

1 P
Ui(Hj) = ’ Zf Z ].7
H; if 1 # .
Furthermore, the map
X2_>XZ+7 8z-—>X[, 61X1—>H“ 1=1,...n,

1s an isomorphism of the algebras.

3.2 Properties

In this section, we present the main properties of generalized Weyl algebras A of
degree n.

3.2.1 Graded and tensor product of GWAs

The properties, in this section, are from [42] and [44].

Let A = D(o,a) be a GWA of degree n. For any vector k = (ky,...,k,) € Z" we
put vy = vk, (1) ... vk, (n) where for 1 <7 <n and m > 0:

Vi (1) = (XF)™, vp(i) = 1.

In the case n = 1, we write v, instead of v,,,(1) and for any integers n and m, we
define the elements (n,m) and (n,m) of D:

VnUm = (0, M)Upsm = Vppm (0, m).

It is clear that (n,m) = o™t ({n,m)). If n > 0 and m > 0 it follows from the
defining relations that

n>m:(n,—m)=0c"a) """ (a), (—n,m)=0c""(a) o7 (a),
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)

n<m:(n,—m)=o0"a) --o(a), (—n,m)=oc -a,

in other cases (n,m) = 1.

It follows from the definition of the GWA that the generalized Weyl algebra A of

degree n
A= @a

kezn
is a Z"-graded algebra (AyA. C Agie for all k,e € Z"), where Ay = Duy.

The category of generalized Weyl algebras is closed under the tensor product
(over a base ring or field) of algebras:

A A =D®D'(cUd,aUd).

This is a very important property it allows us to build a GWA of degree n from
GWASs of degree 1, as follows

let A; = D;(0;,a;) (i =1,...,n) be generalized Weyl algebras of degree 1 over
some field K such that each o; is a K-automorphism then by tensor product we
will have a GWA of degree n over K,

A =&7A\; = (®1Di)((0:), (@)

For example, the n-th Weyl algebra A,, is the tensor product of the first Weyl
algebra A; n times, that is

An:A1®®A1
—_—

n times

Also, the algebra opposite to a GWA A = D(o,a),
AP = DOp(O'_l,O'(a)), where o' = (0-_1), o(a) = (o4(a;)),

)

is again a GWA, and so there exists a symmetry between the left modules, ideals,
etc., and their right analogs.

3.2.2 Noetherian property and integral domains

The generalized Weyl algebra A = D(o, a) has some inherited properties from its
base ring D. The following proposition gives these properties.
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Proposition 3.3. ([{Z, Proposition 1.3].) Let A be a GWA of degree n with base
ring D. Then:

1. If D is a left (right) Noetherian ring, so is A.

2. If D is an integral domain and a; # 0 for all i = 1,...,n, then A is an
integral domain.

3.2.3 The simplicity criterion for GWAs

Given any generalized Weyl algebra A = D(o,a). The cyclic group G = (o)
obviously acts on the set of maximal ideals of Spec (D) of the ring D [44],

(o,m) — o(m), m € Spec (D).
So, for any maximal ideal m of D the orbit O equals to
O(m) = {o'(m) |i € Z}.

An ideal p of D is called semistable (or o-semistable) if o'(p) = p for some i > 1,
i.e. the orbit O(p) = {c*(p) |i € Z} is finite. Also, if I is any ideal of D then it
is called o-stable (or, o-invariant) ideal if o(I) = I and the ring D is o-simple
if 0 and D are the only o-stable ideals of D. The orbit O that contains an
ideal p such that a € p called degenerate orbit and such ideals are called marked
ideals. The degenerate orbits that contain more than one marked ideal are called
strong degenerate orbits. Let Inn(D) = {w,|u € D*} be the group of inner
automorphisms of D where w,(a) = uau™?.

The following theorem gives a criterion for generalized Weyl algebra A = D(0, a)
of degree n to be simple algebra.

Theorem 3.4. ([39, Theorem 4.5].) Let A = D(o,a) be a generalized Weyl
algebra of degree n, D has no zero divisors. Then A is simple if and only if the

following hold

1. D has no proper o-stable ideals;

2. the subgroup of the factor group Aut(D)/Inn(D) generated by images of all
oith is isomorphic to the free abelian group 7",

3. Da; + Do™(a;) = D for anym >1 andi=1,...,n.
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Let G be a group and g € G. The order of g, denoted or (g), is the minimum non
negative integer n such that ¢" = e, that is

or (g) = min{n > 1[g" = e},

where e is the identity element. If Aut(G) is the group of automorphisms of G
and o € Aut(G) then or (0) = min{i > 1| ¢’ = id}, where id is the identity map
on G. If no such n exists, o is said to have infinite order.

Let A = D(o,a) be a GWA of degree 1 where the base ring D is a commutative
Noetherian ring. Then the following result gives a simplicity criterion for A.

Theorem 3.5. ([3, Theorem 6.1].) Let D be a commutative Noetherian ring with
an automorphism o and let a € D. The ring A = D(o,a) is simple if and only if
o has infinite order, a is reqular, D is o-simple and, for all positive integers n,

Da+ Do"(a) = D.

3.3 The centre of K|H,(C|(c,a) with affine auto-
morphism o

In this section, firstly we find the ring of o-invariants D for D = K[H,C] and
o is an affine automorphism of the polynomial algebra D. After that, we prove
Theorem |1.4] that describe the centre Z(A) of the algebra A = K[H, C|(0,a).

The algebra of o-invariants D?. Let A be an algebra over a field K, Autg(A)
be the group of K-algebra automorphisms of A and G be a subgroup of Aut(A).
The set of G-invariants

AY ={ac A|gla) =a forall g€ G}

is a subalgebra of A which is called the algebra of G-invariants. If H is a subgroup
of Auty(A) such that H C G then A¥ D AY.

Let K be a field. The set K* := K\{0} is a multiplicative group. For each
natural number n > 1, let P, = P,(K) be the set of elements in K* of order
n. In general, the set P,(K) can be an empty set: If Fo = {0, 1} is the field of
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characteristic 2 then P,, = 0 for all n > 2. For each natural number n > 1, the
set

M, ={ e K|\" =1}

is a subgroup of K*. If njm then M,, € M,,. The union My, = {J,»; My, is
a subgroup of K*, the group of roots of 1. Let I' be an abelian group. It can
be seen as a Z-module. Then Q ®z I' is a vector space over the field of rational
numbers Q and rk (I') := dimg(Q®zI) is called the rank of I'. Clearly, rk(I') = 0
if and only if every element of I' has finite order. If

0—-TI1—-I—=TIy—0

is a short exact sequence of abelian groups then rk (I') = rk (I'y) 4 rk (I'y).

Let o be the automorphism of the polynomial algebra D = K[H, C] given by the
rule o(H) = AH and o(C) = uC for some elements \, u € K*. Let G = (\*!, u*1)
be the subgroup of K* generated by the elements A and p. Let I' be the kernel
of the group epimorphism

€:7% = G, (i,5) = Ny
So, I'={(i,j) € Z* | N'p/ = 1}. Since o(H'C?) = Ny H'CY
DU = @(i7j)eFﬁN2KHiCj. (31)

If rk (G) =2 then I' = {(0,0)} and D = K.

If rk (G) = 1 then rk (T') = 1 and T’ = Z(s, t) for some nonzero element (s,t) € Z>
such that either s > 1 or t > 1. Then

Do — K[H*C" if s>0,t>0,
K otherwise.
If rk (G) = 0 then the group G is a finite group, and vice versa. Let n = or (\)
and m = or (u) be the orders of the elements A\ and p of the group G, i.e. A € P,
and u € P,,. Let Z, = Z/nZ and Z,, = Z/mZ. The group I' contains the
subgroup nZ ¢ mZ. There is a short exact sequence of abelian groups

0T —Z,®Zy —G—1 where T :=T/(nZ ® mZ).

Notice that the factor monoid N,, := N/nN = {i =i +nN|0 < i < n— 1} is
a group isomorphic to Z, via N, — Z,, i — 1. We identify these two groups,
N,, = Z,,. We also identify the set N,, with a subset of N via the injection

N, = N, i+ ¢ where i =0,1,...,n— 1.
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So, N,, C N. Then N, & N,, C N2, and so

€%, ®%,=N,®N,, CN. (3.2)

By (1) and (52,

D? =& jrK[H",C"H'CY.
The statement 2 of Proposition [3.6 has been proven.

Proposition 3.6. Let D = K[H,C] be a polynomial algebra over a field K of
characteristic p, o be a K-algebra automorphism of D and A\, p € K*.
1. Ifo(H) =H —1 and o(C) = \C then

K[H,,C" if p>0, € P,,

DO’_ K[Hp] pr>07)\¢Mooa
K[Cm] ifsz,)\ePn,
and
lem(p,n) if p >0, X € Py,
%) otherwise,
where H,, = - (H—n+1) forn>1.

2. Suppose that o(H) = AH and o(C) = pC. We keep the notation as above
(G = (\*, u*), ete.). Then

or (o) =

lem(n,m) if A€ P, p € Pp,
00 if either A& My or p ¢ My

(a) If rkéG) = 0 then D7 = @, e K[H",C"|H'C? where A\ € P, and
(€ Py

(b) If rk(G) = 1 then T = Z(s,t) for some nonzero element (s,t) € Z*
such that s > 1 ort > 1, and

Do — K[H*C" if s>0, t>0,
K otherwise.

(c) If tk(G) =2 then D° = K.
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3. Ifo(H)=H —1 and o(C) = C + H then

D? = q K[Hp,n] if p>2, and  or(c)=qp if p>2,
K{n] if p=0, o if p=0,

where Hy := H(H — 1), H,:=H(H—-1)---(H—p+1),0=H*(H+1)+
C(C+1) andn:C#—w.

4. If o(H) = AH + C and o(C) = AC' for some X\ € K* then
K[H,,C] if \=1,p>0,
K[C™] ifANEPp, m>2p>0,ptm,

K[C™] if N € Pm, p=0,
K otherwise,

D7 =

and
{pm if X€Pp,p>0,ptm,
or (o) =

RS otherwise,
where H, = [['—y o'(H) = H(H + C)(H +2C)--- (H + (p — 1)C).

Remark. For the automorphism o in statement 4, it is shown in the proof that
there is no automorphism o such that A € P,,, m > 1, p > 0 and p|m.

Proof. 1. Notice that the vector space D = @®;5oK[H]C" is a direct sum of o-
invariant subspaces. Furthermore, for each i > 0, the vector space K[H]C" is the
union |5, ker(g; — X')7 where o; is the restriction of o to K[H]C". Therefore,

Since K[H|” = K[H,] if p > 0 and K[H]? = K if p = 0, statement 1 follows.
2. Statement 2 has already been proven.

3. By induction on 7, we have the equalities

' ' 1
o' (H)=H—1 and o'(C) =C+iH — Z<Z2 ) for ¢ > 1. (3.3)

(i) Case p=2: By (3.3), 0?(H) = H and ¢*(C) = C' + 1. Hence, the order of the
automorphism o is 4. Clearly, D" = K[H, ] where £ = Co*(C) = C(C + 1).
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Notice that § = HoH + &, and so 0(6) = Hy(H + 1) + € + Hy = 0. Therefore,
0 € D° and D" = K[f][H]. Now, D”° D D’ = (D°")° = K[0][H,], as required.

(ii) Case p > 2: Clearly, n € D°. Now, D = K[C, H| = K[n] ® K[H]. Therefore,
D7 = Kn|® K[H]” = K[n] ® K[H,] = K[n, H,].
By (3.3), the order of the automorphism o is p.

(iii) Case p = 0: Clearly, n € D°. Now, D = K|n|[H]. In particular, every
element f € D7 is a unique sum f = > ja;H" for some elements o; € K[n].
We have to show that f € K[n]. Now,

O=o(f)— f=aiH" "+

where the three dots mean an element of degree < n— 1 in H. This is possible if
and only if oy = -+ = o, = 0, that is f € K[n], as required. By (3.3)) the order
of the automorphism o is cc.

4. By induction on 7, we have the equalities

o'(H) = \NH +iN"'C and o'(C) = \'C for i>1. (3.4)

Suppose that [ := or (¢) < 0. By (3.4)), ¢! = id if and only if X' = 1 and IN"! =0
if and only if A € M,;, p > 0 and p|l. Let m = or(A). Then p f m (otherwise,
m = pj for some 7 > 1, and so 0 = \™ — 1 = (M — 1)? implies MV = 1 and so
j > or(\) = pj, a contradiction). Then [ = im for some i > 1 (since A\! = 1).
Notice that p|l if and only if plim if and only if p|i (since p { m). Then, by (3.4),
oP™ = id, hence [|pm (since [ = or (¢)) and also pm|l (since m|l, p|l and p ¥ m),
and so [ = pm. This proves that or(c) < oo if and only if or(c) = pm, A € Py,
p > 0 and p f m. Also, there is no automorphism o such that A € P,,, m > 1,
p > 0 and p|m.

The polynomial algebra D = ®;>¢D; is an N-graded algebra where
D; = @i KC°H".

The automorphism o respects the N-grading (o(D;) = D; for all i« > 0). Fur-
thermore, every graded component D; admits an ascending filtration by the de-
gree of H that is D; = Ué‘:o D, ; where D, ; = @{ZOKC’i*th. The automor-
phism o respects the filtration on each graded component D; (o(D;;) = D;;
for all j = 0,...,4). The (i +1) x (¢ + 1) matrix M;(o) of the K-linear map
olp, : D; = D;, d — o(d) with respect to the basis {C?, C*"'H, ..., H'} is an up-
per triangular matrix where the diagonal elements are all equal to A’. Therefore,

Do — Di>oDy,;, i Ae Py, m>1,
K if A\ ¢ M.
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(i) Case A = 1: In this case, 0(H) = H+ C and o(C') = C € D?. If p =0 then
D = K|[C]. Suppose that p > 0. Notice that

R:= K[C,H,] C D,

the algebra D is a free R-module and the set {1, H,..., H?"'} is a free R-basis.
Suppose that R # D, we seek a contradiction. Let us choose an element f &€
D?\R. Then f = 3" a;H' for some elements o; € R. Let n = max{i | a; # 0}.
Then n > 1. We may assume that n is the least possible. Then n > 1 since
otherwise f = g+ a1 H and 0 = o(f) — f = a4 C # 0, a contradiction. Now,

0=o0(f)— f=na,CH" ' + ...
where the three dots mean a polynomial in 2?2—02 RH®. We must have na,C = 0,

a contradiction since 1 < n < p.

(ii) Case A\ € P,,, m > 2, p = 0: Notice that S := K[C™] C D7 = @&;>,D7,.
To prove that the reverse inclusion holds we have to show that for each ¢ > 1,
D7 . = KC™ (this fact would imply the equality D° = S). Suppose that S # D,
we seek a contradiction. We can choose a polynomial

f=Cm"H% ... € DI \KC™ for some i >1 and d > 1
where the three dots mean the smaller terms, i.e. of H-degree < d. Then
0= O,(f)_f — )\mifdcmifd()\H_i_c)d_cmided_i_. R d)\miflcmifdJrldel_i_. e

and so dA™~! = 0, a contradiction (since d > 1).

(iii) Case A € Py, m > 2, p > 0: We have to show that D7, = KC™ for all i > 0.
Clearly, D%, 2 KC™ for all i > 0. Suppose that D7 . # KC™ for some i > 0.
The necessarily ¢ > 1 (since Dj = K) and there exists a o-invariant element, say
g, of D? . of H-degree n > 1. Without loss of generality we may assume that

g=C™ " H" 4 yCm™ gl oo for some v € K.

Then '
— O'(g) —g= n)\—lc«mz—n—i—lHn—l 4.

where the three dots mean a polynomial in D,,; of H-degree < n—1. Hence, n = 0
(the equality holds in the field K), i.e. p|n, a contradiction (since 1 <n < p—1).
O

Proof of Theorem 1. The algebra A = ®;czA; is a Z-graded algebra
where A; = Duv; (for i > 1, v; = X* and v_; = Y?%; and vy := 1). Hence, the
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centre Z = Z(A) is a Z-graded subalgebra of A, Z = @®;czZ; where Z; = Z N A;.
Clearly, Zy = D? (an element d € D belongs to Z if and only if

0=Xd—dX =(o(d)—d)X and 0=Yd—dY = (¢7(d) —d)Y

if and only if 0*!(d) = d if and only if d € D). The algebra A = A, + A_ is
a sum of its two homogeneous subalgebras A, = D[X;0] and A_ = D[Y;071].
Notice that

De[X"] if n < oo,

Doly™ if
_ and  Z(A.) = Y7] it n <o,
D if n = o0,

D° if n=o0.

Z(Ay) = {

For all i > 0, Z; C Z(Ay) and Z_; C Z(A_) since the algebras Z;, A, and A_
are homogeneous. So,

Z CZ(Ay)+Z(AD).
On the other hand, Z(Ay) C Z. This is obvious if n = 0o (D7 C Z C Z(A) +
Z(A_) = D). If n < oo then it follows from
X"Y" = (n,—n) =0o"((—n,n)) = (—n,n) = Y"X".

Therefore, Z = Z(A;) + Z(A-) and the theorem follows.

2. By Proposition [3.6, the algebra D is finitely generated. Hence, so is the
algebra Z(A), by statement 1.

3. Statement 3 follows from statement 1. O



Chapter 4

The global dimension of
S—IK[H,C)(0,q)

In this chapter, we prove our main result, Theorem [I.5] and as an application of
it and Theorem [4.2], we compute the global dimension of many classical algebras
that are examples of GWAs in Theorem [L.7] (see section[£.2). Also, in section [4.4]
the exact value of the global dimension of ST'K[H,C][X,Y’;0,a] is computed
under the assumption that gld (S™'K[H,C][X,Y;0,a]) < oco. Furthermore, we
compute the global dimension of tensor product of GWAs in section [4.5 We
conclude the chapter by finding the global dimension of some GWAs where the
field K is not assumed to be algebraically closed.

4.1 The global dimension of GWAs A = D(o,a)

The global dimension of GWAs A = D(o,a) of degree 1 were studied in a series
of papers (see [42], 43, [44]). In this section, we present some known results that
are used in the proofs. We start by presenting a result that gives the possible
values for the left global dimension of A.

Theorem 4.1. ([44, Theorem 2.7].) Let A = D(o,a) be a GWA. Thenlgd (A) =
lgd (D), lgd (D) + 1 or oco.

When the ring D is a commutative Noetherian ring the theorem below gives

more accurate estimates for the global dimension of the generalized Weyl algebra
A= D(o,a).

51
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Theorem 4.2. ([/4, Theorem 3.7].) Let D be a commutative Noetherian ring of
global dimension n < oo, A= D(o,a) be a GWA and the element a be a reqular
element of D. Suppose that gld (A) < oco. Then gld (A) = n+ 1 if and only if
either there is a semistable mazximal ideal of D of height n or there are mazrimal
ideals p, q of D of height n such that o'(p) = q for some i # 0 € Z and a € p,q.

The next result shows the global dimension of A = D(0,a) with D a commutative
Dedekind domain.

Theorem 4.3. ([46, Theorem 1.6].) Let A = D(o,a) be a GWA where D is
a commutative Dedekind domain and Da = pi*---p2 is a product of distinct
mazimal ideals of D. Then

4 . .
oo if a=0 ormn; > 2 for some i,

2 ifa#0,n=---=nys=1 s>1
or a 1s 1nvertible, and there exists an integer k > 1
such that either o®(p;) = p; for some i, j

or a*(q) = q for some mazimal ideal q of D,

1 otherwise.

If the base ring D is commutative Noetherian domain, the following result verify
whether an algebra A = D(o,a) has infinite global dimension or not.

Theorem 4.4. ([/4, Theorem 3.5].) Let A = D(o,a) be a GWA where D is
a commutative Noetherian domain of finite global dimension and a # 0. Then
gld (A) < oo if and only if pd, (AJ/A(X,p)) < oo for all prime ideals p of D such
that a € p.

4.2 The global dimension of Witten’s, Woronow-
icz’s deformations and quantum algebras

The aim of this section is to apply Theorem for computing the global dimen-
sion of many classical algebras given in Corollary [I.7] In this section, K is an
algebraically closed field.
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Examples of generalized Weyl algebras.

1. For ¢, h = ¢— ¢! € K = C such that ¢ # +1, the algebra U, = U,sl(2) is
generated by X,Y, H_ and H, subject to the defining relations [44]:

_ _ 41 _ 7Tl _Hi_HE
H H =HH, =1, XH,=q¢"'H.X, YH, =¢7'H.Y, [X,Y]= —

It follows that the algebra U, is a GWA,

U, ~ K[C,H,H (0,0 =C+ (H*/(* = 1) — H?/(¢"2 = 1)) /2h)  (4.1)
where o(H) = qH, o(C) =C.
Corollary 4.5. gld (U,sl(2)) = 3.

Proof. Let U = Uy,sl(2).

(i) gld (U) < oo: Since g—g =1 (see ) Hence, gld (U) < oo, by Theorem .
(i) If q is a root of unity then gld (U) = 3: If ¢" = 1 for some n > 1 then ¢" = 1.
Since gld (U) < oo, we must have gld (U) = 3, by Theorem [4.2]

(iii) If q is not a root of unity then gld (U) = 3: Since ¢ is not a root of unity,
every o-orbit of a maximal ideal of the algebra D = K[C, H, H '] is infinite.
Furthermore, for all integers ¢ > 1, Da 4+ Do'(a) = Da + D(0'(a) — a) = Da +
D(L=LH? — 5= H2) # D. Therefore, gld (U) =3, by Theorem 1.2 O

g 2-1

2. Woronowicz’s deformation V is an algebra generated by elements V5, V_ and
V. subject to the defining relations, where s € K and s* # 0,1 [4]:

[‘/0) V—i—]sQ = SQ%V—F - S_ZV-I—‘/O = V+7 [V—7 ‘/0]32 = V—a [V—i-u V—]l/s = S_1V+V_ -
SV_V+ = %

The algebra V is a GWA,
VEK[T’%U](U?CL:,U)? VJer? Vnyu %(-)U, vaJrHU

where o : u — s*(s*u — 1), v — s?v + su, is the automorphism of the polynomial
ring K[u,v| in two variables u and v. Let

H=u+s*/(1-5" and Z =v+u/s(l —s%) +s°/(1 - s?)(1 — ).
Then o(H) = s*H, 0(Z) = s*Z and K|u,v| = K[H, Z]. So,

V~K[H Z|(oc,a=Z+aH+8), Vi< x, V_oy, Voo H—5"/(1-s"
(4.2)
where 0 : H — s*'H, Z — s°Z; a = —1/s(1 — s?) and 8 = s/(1 — s%).
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Corollary 4.6. The global dimension of Woronowicz’s deformation is 3.

Proof. By (4.2), g—g = 1. Hence, gld (V) < oo, by Theorem . The maximal
ideal (H, Z) of the polynomial algebra K[H, Z] is o-invariant. Hence, gld (V) = 3,
by Theorem O

3. Witten’s first deformation E' is an algebra generated by elements Ejy, £ and
E. subject to the defining relations [4]:

[E07 E+]p = pEOE+—p71E+EO = E+7 [E77 EO]p = E*a [E+7 E*] = EO_(p_l/p>Eg

where p € K and p* # 0,1. The element C = E_F, + E;(gﬁf) is central in F.
Witten’s first deformation is a GWA,

E~K[C,H|(c,a=C—-HH+1)/(p+p "), Ex <z, E_<y, EpH

where o0 : C' — C, H — p*(H — 1).
Let A\ =p%/(p? — 1) and H' = H — \. Then K[C, H] = K[C, H'] and

H + N)(H +A+1)
p+p

B~ KO, H)(o,a = C — ¢ ) (4.3)

where ¢(C) = C and o(H') = p*H'.

Corollary 4.7. The global dimension of Witten’s first deformation is 3.

Proof. By (4.3), g—g = 1. Hence, gld (E) < oo, by Theorem . The maximal
ideal (C, H') of K[C, H'] is o-invariant. Hence, gld (E) = 3, by Theorem 0

4. Witten’s second deformation W is an algebra generated by Wy, W_ and W,
subject to the defining relations [4]:
[W07 W—i—]r = W+7 [W—7 WO]T‘ = W—a [W-‘m VV—]l/’/‘2 =Wy

where r € K and 7! # 0, 1. The algebra W is a GWA [44]:

W K[H,Cl(o,a=C=a), Wy o X, Wo oV, Woo H-- d

— 2

(4.4)

where 0(C) = r'C, o(H) = r*H and a = (H — —5)(H —

1—r2

) [r(r .

Corollary 4.8. The global dimension of Witten’s second deformation is 3.
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Proof. By , g—g =1, and so gld (W) < oo, by Theorem . The maximal
ideal (H,C) of K[H,C] is o-invariant. Hence, gld (W) = 3, by Theorem [{.2] O
5. The quantum group
Op(so(K,3)) = K[H]{o;b = (¢ — ¢ )H,p=1),
o(H) = ¢*H, q € K [32], is isomorphic to the GWA of degree 1:
Op(s0(K,3)) ~ K[H,C)(o,a = C + H*/q(1+ ¢*)), o(H) = ¢*H, o(C) = C.

Corollary 4.9. The global dimension of the quantum group Oz (so(K,3)) is 3.

Proof. Since 2& = 1, gld (Op(so(K,3))) < oo, by Theorem . The maxi-
mal ideal (H,C') of K[H,C| is o-invariant. Hence, gld (Op(so(kK,3))) = 3, by
Theorem 4.2 O

6. Let N = KX @& KY @& KZ be the 3-dimensional Heisenberg Lie algebra where
[X,Y] = Z is a central element of N and H = U(N) be its universal enveloping
algebra. The algebra H is a GWA.

H~ K[H,Z|[X,Y; 0, H] (4.5)

where o(H) = H+ Z. (Since XH = XY X =YX+ [X,)Y)X =(H+2)X =
o(H)X).

Corollary 4.10. gld (H) = 3.

Proof. By 1} g—l‘f[ =1, and so gld (H) < oo, by Theorem The maximal
ideal (H,Z) of K[H,Z] is o-invariant. Hence, gld (H) = 3, by Theorem 4.2| O

7. The quantum Heisenberg algebra ([11, 24, 2]):
H,=K(X,)Y,H|XH=¢HX,YH =q ?HY,XY — ¢ *YX =q 'H),

qge K, ¢* #0,11is a GWA [40]:

H

Hy= KIHCllga= (0~

) (4.6)

where o(H) = ¢*H and o(C) = ¢ 2C.
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Corollary 4.11. gld (H,) = 3.

Proof. By ({.6), 22 = ¢* # 0, and so gld (H,) < oo, by Theorem . The
maximal ideal (H, C) of K[H, C] is o-invariant. Hence, gld (#,) = 3, by Theorem
4.2 O

8. Recall that the algebra
Usl(2) = K(X,Y, H|[H,X] = X, [H,Y] = =V, [X,Y] = 2H)

is the universal enveloping algebra of the Lie algebra sl(2) over a field of charac-
teristic zero K [41]. Let us consider its deformation ([30} 40} 43]):

A(b) = K(X,Y,H|[H,X] = X, [HY] =Y, [X,Y] = H) (4.7)
where b € K[H|. The algebra A(b) is a GWA (see [46, Example 3]):
A(b) ~ K[H,C|[X,Y;0,a=C —qf (4.8)

where o(H) = H — 1, 0(C') = C and o € K[H] is a solution of the equation
a—o(a) = b (which exists as the map 1 —o : K[H] — K[H] is a locally nilpotent
map that is K[H] = U;>1ker(1 — o)?).

Corollary 4.12. 1. gld (A(0)) =3 and if b # 0 then

2l (A(b)) = {3 if a(p) = a(p + i) for some p € K andi € N\{0},

2 otherwise.
2. gld (Usl(2)) = 3.

Proof. 1. By , 2o =1, and so gld (A(b)) < oo, by Theorem. If b = 0 then
a = C (since 0—o(0) = 0). Then the maximal ideals (H,C) and ¢(H,C) = (H —
1, C) both contain the element a and are distinct. By Theorem [4.2] gld (A(0)) =
3. Suppose that b # 0. Since char (K) = 0, for every maximal ideal its o-orbit
is infinite. Since a = C' — a, gld (A) = 3 if and only if there is a maximal ideal
(C =\, H—p) of K[H,C] that contains a (i.e. A = a(u)) such that the maximal
ideal
o (C—MNH—p)=(C—-\NH—i—p)

also contains the element a (i.e. A = a(p + 7)) for some natural number i > 1 if
and only if a(p) = a(p + i) for some p € K and i € N\{0}. Now, statement 1
follows from Theorem [4.2]
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2. Since b = 2H, the element « can be chosen as & = H(H + 1) (since a —o(a) =
H(H+1)—(H —1)H = 2H). Hence, gld (Usl(2)) = 3, by statement 1, since
a(=1)=«a(0)=0. O

9. In [35], it was shown that the the algebra O,(SLy(K)) (the coordinate ring of
the quantum SLy(K) where ¢ € K is such that ¢* # 0,1) is the GWA,

0,(SLy(K)) ~ K[H,C|[X,Y;0,a =1+ ¢ *HC|
where o(H) = ¢*H and o(C) = ¢*C.

Corollary 4.13. gld (O,(SLy(K))) = 3.

Proof. Since a = 14+¢ 2HC and grad(a) = ¢ *(C, H), we have that gld (O,(SLy(K))) <
00, by Theorem . The maximal ideal (H,C) of K[H,C] is o-invariant. Hence,
gld (O,4(SLy(K))) = 3, by Theorem 1.2 O

4.3 Proof of Theorem [1.5

The aim of this section is to prove Theorem [I.5] The strategy of proving Theorem
is roughly as follows. A small class of left ideals of the GWA A is considered
that has property that gld (A) < oo if and only if their projective dimensions are
finite (Theorem 4.4)). For every such left ideal an explicit projective resolution is
produced (Theorem [4.23). A criterion (Theorem is given for all such left
ideal to have finite projective dimension from which Theorem follows (using
some other results). In order to produce the projective resolution in Theorem

4.23| the 4 x 4 matrices e and d are used, see (4.14]). We study their properties
first (Proposition and Lemma [4.22]).

Proposition 4.14. Let D be an arbitrary ring and A = D[X,Y;0,0] be a GWA.
Then l.gld (A) =r.gld (A) = cc.

Proof. Let us show that l.gld (A) = oo. Using the Z-grading of the GWA A, we
obtain the following short exact sequences of left A-modules:

0=+ AX 5 A5 AY =0, alu) =u, pv)="1Y, (4.9)

05 AY 5 A% AX -0, Bu) =u, ¥(v) =vX. (4.10)
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Notice that AX = @;>1DX" and AY = @®;5;DY" (since a = 0). The short
exact sequence does not split since otherwise we would have a splitting
homomorphism y : A — AX, ya = id where id is the identity map on AX. Then
X =yxa(X)=x(X)=Xx(1) € X - AX = ®;>,DX", a contradiction.

By a similar reason, the short exact sequence does not split. So, the left
A-modules AX and AY are not projective. Therefore, l.gld (A) = oo. Since the
opposite algebra A% to the GWA A is the GWA D[Y, X; 0,0], we have that
r.gld (A) = l.gld (A?) = Lgld (D?[Y, X;0,0]) = 0. O

Lemma 4.15. ([{6, Lemma 7.3].) Let A= D[X,Y;0,a] be a GWA where D is
a commutative ring, a is a reqular element which is not a unit and p be an ideal
of D containing a.

1. The following sequences of A-modules are exact:
0= Alo(p),Y) S Apa A5 A(p, X) = 0 (4.11)
where p(w) = (wX,w) and Y(u,v) =u—vX,

0= A(p, X) 5 Ao(p) @ A S A(o(p),Y) = 0 (4.12)
where  p(w) = (WY, w) and P(u,v) =u—vY.

2. The sequence (or ) splits if and only if p(1 — py) C Da for

some element py € p.

3. If, in addition, D is a Dedekind domain and p is a mazimal ideal of D then

the sequence (or (4.13)) does not split if and only if a € p>.

Till the end of the section let D = ST'K[H, C| be a localization of the polynomial
algebra K[H,C| at a multiplicative set S. If S = {1} then D = K[H,C]. Let D*
be the group of units of D. The polynomial algebra K[H,C| is a unique factor-
ization domain (UFD). Hence, so is the algebra D. A set of ideals {a;|i € I} of
a ring R is called a co-mazimal set of ideals if a; + a; = R for all ¢ # j.

Definition 4.16. We say that an element a € D\D* is co-maximal if the ideal
Da = py---ps is a product of co-maximal height 1 ideals py,...,ps, i.e. either
s =1 or otherwise, p; +p; = D for all i # j.
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Proposition 4.17. Let an algebra D be a localization of the polynomial algebm

K[H,C] of Krull dimension 2. Suppose that a ¢ D*. Then Da = pi*---p2
(s > 1) is a unique product of height 1 ideals p; of the algebra D (where n; is the
multiplicity of p;) and the following statements are equivalent.

2. The left ideal A(p;, X) of the algebra A is a projective left A-module.
3. The short exact sequence splits where p = p;.

4. ni=1andp,+p; =D for all j #1.

Proof. (1 & 2 < 3) Let p = p;. The polynomial algebra K[H,C] is a unique
factorization domain, hence so is the algebra D. So, p = Dp for an element p € p.
Therefore, Ap ~ A ~ Ac(p), as left A-modules. In particular, the middle terms of
the short exact sequences (4.11)) and (4.12)) are free/projective A-modules. Now
1 < 2 < 3, by Lemma [£.15](1).

(3 < 4) By Lemmal[4.15](2), the short exact sequence (4.11) splits for p = p; = D
if and only if 1 — pg € Dap~! for some element py € p if and only if the element

ap~t + p of the factor ring D/p is a unit if and only if n; = 1 and all the elements
p; +p (j # 1) are units of D/p (where p; = Dp; for some element p; € p;) if and
only if n, =1 and p; +p; = D for all j #1i. O

The next corollary is a ‘dual’ version of Proposition 4.17]

Corollary 4.18. Suppose that D and a be as in Proposition[4.17. Then Da =
pit-opt (s > 1) is a unique product of height 1 ideals p; of the algebra D and
the following statements are equivalent.

1. pdy A(o(p:),Y) < 0.
2. The left ideal A(o(p;),Y) of the algebra A is a projective left A-module.
3. The short exact sequence splits where p = p;.

4. n;=1andp;,+p; =D for all j #1.

Proof. (1 < 2 < 3) Let p = p;. The algebra D is a unique factorization domain.
So, p = Dp for an element p € p. Therefore, Ap ~ A ~ Acg(p), as left A-modules.
In particular, the middle terms of the short exact sequences and are
free/projective A-modules. Now 1 < 2 < 3, by Lemma M(l)
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(3 < 4) By Lemma [4.15](1), the short exact sequence (4.12)) splits if and only if
the short exact sequence (4.11)) does. Now, the equivalence (3 < 4) follows from
the equivalence (3 < 4) of Proposition 4.17. O

Corollary 4.19. Suppose that the element a € D\D* is co-mazimal and an
element d € D\D* is a divisor of a. Let p = Dd. Then the left ideals A(p, X)
and A(o(p),Y) of the GWA A = D(o,a) are projective A-modules.

Proof. Since the element a is co-maximal, the ring D is a unique factorization
domain and d|a, the ideal p is a product of co-maximal height 1 prime ideals,
say p = p1---p. Then D/p = D/py---p, = D/N'_p; ~ [['_, D/p; since the
ideals pq,...,p; are co-maximal. Let p; = Dpy,...,p; = Dp; for some elements
P1E P1,y---, P € Py Since a is co-maximal and d|a, we have that the image of the
element b = ad~! € D in the factor ring D/p is a unit. Therefore, cb = 1 — p, for
some elements ¢ € D and py € p, i.e. d(1—po) = ca € Da, and so p(1—py) C Da.
By Lemma [£.15(2), the short exact sequence splits. Therefore, the left
ideals A(p, X) and A(o(p),Y’) are projective A-modules. O

Lemma 4.20. Let a € D\D* be a co-maximal element and m = (H — o, C' — 3)
be a maximal ideal of D such that a € m where o, f € K. Then a = a;(H —a)+

as(C — B) for some elements ay,ay € D and for arbitrary choice of the elements
ay and ay either (C'— B) {ay or (H — «) 1 as.

Proof. Since m = (H —«, C'— f3) is a maximal ideal the elements H —a and C'—
are not units. Suppose for some choice of the elements a; and as, (C' — )|a; and
(H — «)]ag, we seek a contradiction. Then a = (H — «)(C — §)b for some element
b. The element a is co-maximal. So, D = D(H —a) + D(C — ) =m # D, a
contradiction. O

The matrices e and d. Suppose that a € D\D*, m = (H—«, C—/3) is a maximal
ideal of D such that a € m where o, § € K, i.e. a = a;(H — «) 4 az(C — ) for
some elements aj,as € D. We denote by M, (D) the algebra of all n x n matrices
with entries in D. The automorphism o of the algebra D can be extended to an
automorphism of the algebra M, (D) by the rule: For a matrix (a;;) € M,(D),

o((aij)) = (o(ai;)). Let

a1 as

A= <C—ﬁ —(H—a)> € My(D).



CHAPTER 4. THE GLOBAL DIMENSION OF S~!'K[H,C|(c,a) 61

Then det(A) = —(a1(H — ) + aa(C — ) = —a and

e (o) ) e

where D, = S;'D and S, = {a'|i > 0}.

The matrix A = —det(A) A" = (g _g a; ) satisfies the property that
—b —m
- 10
AA = AA =a where a=a (0 1) . (4.13)

Let us consider the following matrices of M,(A):

aq (05} -Y 0
|o-8 —(H-a 0 -y
°= X 0 —0(H — o) —o(ag) and
0 X —o(C =) ol(ar) L4
H—a a -Y 0 (4.14)
d = C - B —ay 0 -Y
- X 0 —o(ay) —o(as)

0 X —o(C—-p) o(H—-«)

The matrices e and d can be written as 2 X 2 matrices with entries in 2 x 2

matrices as follows
e = A _Y~ and d = A —Y
X —0(A) X —0(A)

where X = ()(f )(i,) and YV = }(; }(3. . Let A* = {(uy, ug, uz, uy) |u; € A} be
a free left A-module of rank 4 and the set {e; = (1,0,0,0),...,e4 = (0,0,0,1)}
be its canonical basis. The matrices e and d determine A-homomorphisms of A4
by the rule

e: A =AY w = (uy,. .., uy) > ue,
d: A* = A u=(ug,...,ug) — ud.

In particular, ker(e) = {u € A*|ue = 0}, im(e) = Ae, ker(d) = {u € A*|ud =
0} and im(d) = A%d.
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Proposition 4.21. 1. ed =0 and de = 0.
2. ker(e) = im(d) and ker(d) = im(e).

Proof. 1.

ed:(}A{ _;&)) ()f(t _;z@) _ AA-YX —AY+Y0(A)>

(XA—J )X —XY +o(AA)
(a—a

0 +d)>:Q

e (3 IG5 - (s S
<a —a

0 +d)>za

2. (i) ker(e) = im(d): ker(e) = {(wy,wq) € A% x A?|(wy,ws)e = 0}. Notice that
0 = (w,wy)e = (wy,ws) <A _Y~) w1A+w2XfO

' ’ X —o(A) w1 Y +wyo(A) =0
wy X =0,

<:>'w1./4+

since the second equation is redundant. Indeed, the map

o(A): A7 — A% w i wo(A)

is a monomorphism since ¢(A) o(A) = 0(AA) = o(a)E where E = ((1) (1)> So,

by applying the map - o(A) to the second equation we have that
0 = w Yo(A) +wyo(AA)
= w1 AY—i-wga(a)E
= w1 AY + wo XY
= (w1 A + wo X)Y
< w1 A+ we X =0
since the map Y : A2 = A% w +— wY is a monomorphism. Therefore,

ker(e) = {(wy,ws) € A*> x A* |w; A+ wy X = 0},

The algebra A contains subalgebras A_ = ®;50DY" and A, = @®;5oDX". Clearly,
A=A_ DA X =AY @ A,. So, the elements w;, wy € A? can be uniquely
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written as follows: wy = w; y X +w; - and wy = wy 4 +wy Y for some elements
w4, woy € AL and wy _, wy_ € A_. Now,

0 = w A+ Wo X = (w1,+ X + ’LUL_).A + (w2,+ + Wa, — Y)X
= (w14 0(A) +we )X + (w1 +we_ A)A.

Hence, using the Z-grading of the GWA A we see that (w4 0(A) + w1 )X =0
and (wy 4wy — A)A = 0. Equivalently, wy  0(A)+wy y = 0and wy _+wy _ A =
0 (since the maps -X and - A are injections). Finally,

(w1, ws) = (w14 X —wo_ A, —wy o(A) +ws, - Y)
(w1 4+ X, —wy 4 0(A)) — (we,— A, we_ (—=Y)).

This means that the element (wy,ws) of ker(e) is an element of the A-submodule

. (A =Y
4 _
of A* generated by the 4 rows of the 4 x 4 matrix < X —of l)) = d. Therefore,

(wy,wy) € im(d), i.e. ker(e) C im(d). By statement 1, ed = 0, and so we have
im(d) C ker(e). Therefore, ker(e) = im(d).

(ii) ker(d) = im(e): The statement (ii) follows from the statement (i) in view of
(A, A)-symmetry: The matrix d is obtained from the matrix e by replacing A by
A, and vice versa. The facts used in the proof of statement (i), which are the
equality and statement 1, are also (A, A)-symmetrical. O

Lemma 4.22. We keep the notations of Proposition[4.21]. In the equalities below

1 stands for (é [1)) and the three matrices in the middle in statements 1 and 2

are equal to the three matrices on the RHS, respectively.

1. e=e_eyey = ()“? )0() ((1) 8) ((1) _A;Y).
vt = (4 o) (01) (ear )

XA 0 Y 0
3. d+e:( 0 —X) and ey d_ = (O Ya(A))'

Proof. Straightforward. O
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Let R be a ring and M be an R-module. A projective resolution of the R-module
M of the type

N N N Ny - NN LNy NELN N
is called an n-periodic projective resolution or a projective resolution of period

n. A projective resolution of the R-module M is called an eventually n-periodic
projective resolution if it becomes n-periodic at certain point. An A-module M
admits an n-periodic projective resolution if and only if there is an exact sequence

of the type

O—+M-—-PFP, 41— - —=>F—=+M=0

where Py, ..., P,_1 are projective A-modules.

A projective resolution for the left ideal A(c(m),Y). The next theorem
gives such a resolution.

Theorem 4.23. Let an algebra D be a localization of the polynomial algebra
K[H, C| of Krull dimension 2. Suppose that the element a € D\ D* is co-mazimal,
m = (H —a,C — ) is a mazimal ideal of D such that a € m where o, € K, i.e.
a=a(H — a)+ ax(C — ) for some elements ay, az € D. Then

e AL A S A At s A D 43 S A(o(m),Y) = 0 (4.15)

is an eventually 2-periodic projective resolution of the left ideal A(o(m),Y") of the
GWA A where the maps/matrices e and d are as in Proposition

flur, ug,us,uy) = (Y +ugo(ar) + ugo(C — B),usY + ugo(az) — ugo(H —
a),ur(H—a)4us(C—p)4usz X) and g(vy,ve,v3) = v10(H—a)4vy0(C—p)—v3 Y.

Proof. (i) g is an epimorphism (since A(o(m),Y) = Aoc(H—a)+Ao(C—5)+AY).

(ii) gf = 0: Let the set of elements e; = (1,0,0,0),...,e4 = (0,0,0,1) be the
canonical basis of the free A-module A* = @}, Ae;. Then

gf(er) = Yo(H—a)—(H—-a)Y =0,

gf(es) = Yo(C—p)—(C—=pB)Y =0,

gf(es) = o(ar)o(H —a)+o(az)o(C —p) — XY
(

9flen) = o



CHAPTER 4. THE GLOBAL DIMENSION OF S-'K[H,C](0,a) 65

(iii) ker(g) C im(f): Recall that the elements eq,...,es are the canonical free
generators of the left free A-module A*. Consider their images under the homo-
morphism f,

By Lemma [4.20} either (C' — ) f a1 or (H — ) { as. Up to interchanging
the elements H and C, we may assume that (C'— ) 1 a;. In this case, a; # 0.
Furthermore, we can choose the element a; from the set D*K[H]\{0} := {dp|d €
D*, p e K[H]\{0}}. Let an element v = (v, v, v3) € A3 belong to ker(g),

gv)=vio(H —a)+v0(C —p)—v3Y =0. (4.16)

Notice that A = AY + 3" ,., X'D. Then the element v; (respectively, vs) up to
addition of an element of A€} (respectively, Aej) is a sum v; = >_.o o X'o(;)
(respectively, vo = > .o, X?0(f;)) for some elements a; € D (respectively, 3; €
D). Furthermore, up to addition of an element of the left ideal Aej + Ae) we can
assume that all «; € K[H| satisfy degy () < dy where d; is the dimension of
the factor algebra

D/(Do(ay) + Do(C — ) =a(D/(Day + D(C — B)) = o(®%, ' KH)

and o (o) is defined up to D o(a;)+D o(C—f). By (4.16) and vy, vy € 3,50 X' D,
we have vy € 3,0 X'D, ie. v3 =Y, o X"y, for some elements »; € D, and

o(a;)o(H—a)+o(B;)o(C—pB)=0c(a)o(y;) for i>0. (4.17)

Replacing the element a in (4.17)) by the sum a = a;(H — «) + ao(C — ) and
then taking the result modulo Do(C — ) we obtain the equality

(0(a;) —o(ar)o(v))o(H—a)=0 mod Do(C — p)

in the domain D/Do(C — ). Hence, the first factor must be zero. This means
that
o(a;) € Do(ay) + Do(C — p).

Hence, v, € Aefy + A€ € im(f). So, we can assume that v; = 0 (all a; = 0).
Then the equalities (4.17)) take the form after applying o'

Bi(C — ) =ay; for i>0. (4.18)
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Since the element @ is co-maximal and a; € D*K[H]\{0}, (C' — /) 1 a (since
otherwise we would have (C' — f)|a1(H — «), a contradiction as (C' — f3) { a; and

(C—=p) 1 (H—a)). By (A18), (C = f)|y for i = 0, and so f; = vja = 7YX
where 7/ = (C' — 3)~'y; € D. Now,

U= (0,1}2,1)3) = ZXl P)/z ZXH_l )

= <ZXia(7£)) (0,0(a),0(C —B)X) €im(f)

since

(0,0(a),0(C=P)X) = o(C=p)es—(o(C = P)o(a) o(C = B)a(az) —0o(a),0)
= 0(C—P)es—o(a)ey € im(f)

as 0(C — B)o(ay) —o(a) = —o(H — f)o(ay). The proof of statement (iii) is

complete.

(iv) ker(f) = A0 + Aby + Any + Ane = im(e) where 0, = (a1, a2, —Y,0), 0 =

(C_B7 —(H—Oé), 07 _Y>7 = (X? 07 _O-<H_Oé>7 _U(GQ)) and T2 = (07X7 _U(C_

B),0(a1)) are the rows of the matriz e: It can be easily verified that the elements

01,05, n1 and 1, belong to ker(f). An element u = (uy, us, us, uy) € A* belongs to
ker(f) if and only if

u1 Y = —ugo(a)) —ug0(C — ),

ug Y = —ugo(ag) + uso(H — ),
u(H —a)+u(C—B)+us X =0.

Then

upa = wYX=—-uzo(a)X —us0(C —05)X = —uz Xay —uys X(C — ),
usa = uYX =—uzo(a)X +ugo(H —a)X = —uz Xas +uy X(H — «).
Hence, u; = —uz Xaja™' —uy X(C' — B)a™! and uy = —uz Xasa ™ + uy X(H —
a)a~t. Now, the third equation of the system is redundant:
u(H — ) +up(C — B)+uzs X = —uzX((a1(H — ) +ax(C—B))at —1)
~us X((C = B)(H — ) = (H = a)(C = p))a”"
= —uzX(aa ™t —1)=0.

So, the third equation can be dropped. The elements uz and u, are unique sums

=3 Y'Y Xio(y), =) Y +) X'os

i>1 >0 i>1 i>0
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where v;,6; € D and i € Z. Now,

u = —uzXaa 't —ug X(C—p)a?
= =) (=Y + 0 THC = B)) = > X (a1 +6:(C — B)) o,
i>1 >0
uy = —uzXasa ' +us X(H—a)a!
= =) (=Y"Tlay— oY H - a)) = > X (yiap — 6;(H — a))a".
i>1 >0

The conditions that u; € A and uy € A are equivalent to the following conditions:
For all 7+ > 0,

viar + 6;(C — ) € Da, (4.19)
Yiy — 5Z(H — Oé) € Da. (420)

By multiplying the first inclusion by H — a and the second one by C' — § and
taking their sum we obtain that

am 3 y;(a1(H — a) + a2(C — B)) = va,
and so y; € m. So,

v =7 (H —a) +7;(C — ) for some elements ~;, 7/ € D. (4.21)

(iv-1) For alli > 0, §; = vlag — v/ay: Let A; := §; — (yiaz — v/ay). Suppose
that A; # 0, we seek a contradiction. Notice that (C' — f)as =a—a(H —a) =
—ai1(H —a) mod Da. By taking (4.20) modulo Da and using (4.21)), we obtain
the equality

0= (v(H —a) +%/(C—P))az—6(H —a) = =Ai(H — ).

Notice that (H — a)a; = a — as(C — ) = —ay(C — ) mod Da. Similarly, by
taking (4.19) modulo Da and using (4.21]), we obtain the equality

0= (%(H —a)+7/(C=B))ar+6(C = B) = A(C = B).

So, we have A;(H — a) = p;a, A;(C — ) = ga for some nonzero elements p;
and ¢; (since A; # 0). Since a = a1(H — a) 4+ a2(C — ), the first (respectively,
second) equality yields (H — «)|ay (respectively, (C'— f)|ay). This means that
a=(H —a)(C—p)d for some a’ € D\{0}. The element a is co-maximal. So,
D = D(H — a)+ D(C — ) = m, a contradiction. Therefore, A; = 0, the proof
of statement (iv-1) is complete.
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(iv-2) For alli > 1, (yiaa — 6;(H — @) a™* =+ and (y;a1 + 6;(C — B)) a™ ' = ~:

Yiag — 6i(H —a) = (vi(H — ) +7/(C = B))az — (vjaz — v/ a1)(H — )
= /(a(H — a) + ax(C - B))
= a

Yiar +6;(C = B) = (yi(H —a) 4+ (C = B))ar +

1 iz —7;a1)(C — f)
Yilar(H — a) + ax(C — B))

(via
Via

By statements (iv-1) and (iv-2),

u = (ur, Uz, Uz, ua) = — (30,51 7=V ) 01— (305 0-Y" 1) o= (3,50 X0 (7)) —
(Zizo X'o(v{')) n2.

This finishes the proof of statement (iv). Now, the fact that (4.15]) is an eventually
2-periodic resolution follows from Proposition 4.21. O

Criterion for the left ideals A(m, X) and A(c(m),Y’) to have finite pro-
jective dimension. Below such a criterion is given.

Theorem 4.24. Let D be as in Theorem [£.23. Suppose that the element a €
D\D* is co-mazimal, m = (H — o,C — ) is a mazimal ideal of D such that
a € m where a, § € K, i.e. a =a1(H — )+ ay(C — B) for some elements a,
as € D. The following statements are equivalent.

1. pdy A(o(m),Y) < occ.
2. pdy A(o(m),Y) = 1.
8. a¢m?

4. The A-submodule A*e of A* is a projective A-module where e is as in The-

orem [{.23,

5. The A-submodule A*d of A* is a projective A-module where d is as in The-

orem [{.23,
6. pdy A(m, X) < o0.

Proof. (2 = 1, 7 = 6) The implications are obvious.
(1 & 4 < 5) The implications follow at once from the exact sequence (4.15)).
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(2 < 1< 6 = 7) The ring D is a Noetherian ring of global dimension 2 and
pdpm = 1. Then pd, (Am) = pd, (A ®p m) = pdp (m) = 1, by [44, Corollary
2.3]. Therefore, pd, (Am @& A) = 1. Similarly, pd, (Aoc(m) @ A) = 1. Now,
by the short exact sequence and either the left ideals A(m, X)) and
A(o(m),Y) have both infinite projective dimension as left A-modules or otherwise
they both have the same projective dimension as the left A-modules Am @& A and
Ao(m) @ A, ie. 1.

(5 = 3) In view of the exact sequence (4.15)), there is a short exact sequence
0— A*/A% 5 A* L A'd — 0. (4.22)

By the assumption the submodule A*d of A% is projective. Hence, the short exact
sequence 1) splits. In particular, the monomorphism A*/A%*d % A* admits
splitting. This means that there is a matrix ¢’ € My(A) such that

e/ +dd=1 (4.23)
for some matrix d’ € M,(A) where 1 is the identity element of the algebra My(A).

The matrix algebra
My(A) = My(K) @k A= My(D)[X,Y;0,d (4.24)

is a GWA where the new automorphism o € Autg (M, (D)) is a unique extension
of the old automorphism o € Autg(D) that acts as the identity map on the
subalgebra of scalar matrices My(K) in My(D) = My(K) ®x D. Using the Z-
grading of the GWA M,(A) and, in particular, the fact that the identity matrix
1 of My(K) belongs to the zero component My(D) of the GWA My(A), we see

that the equality (4.23)) yields the equality

(o) Gl D (0 ) (3 ) =6 )

10
0 1
equating the (1, 1)-elements of the matrices on both sides of the equality we obtain
the equality in the matrix algebra My (D):

for some matrices €/, ey, dy, diy € Ms(D) where 1 = € My(D). By

= 1
Aejy —aey +dyy A+djya= (O (1)) : (4.25)

The algebra My(D) contains the ideal My(m). Bearing in mind that

a a ~ H—a a
a € m, A:(C’—lﬁ —(H2—a)> and A:(C—B _;1>
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and taking the equality (4.25) modulo the ideal M,(m) we obtain the equality in
the matrix algebra My(D)/Msy(m) ~ My(D/m) ~ My(K):

a; az\ , (0 ax\ _ (1 0

By equating the (1, 1)-elements of the matrices on both sides of the equality we
see that

1€ Day + Day +m. (426)

Equivalently, Da; + Das € m. Since a = a1(H — a) 4+ a2(C' — ) € m, we conclude
that a ¢ m? (since

@ =@(H—a)+@&(C - §) € m/m? = K(H —a) & K(C = §)

and either a; € K\{0} or a; € K\{0}, hence @ # 0 where the bar means modulo
m?).

(3 = 5) By the assumption, a € m\m? which is equivalent to (4.26). This means
that there are elements af, ..., a) € D such that

aray +azay,+ay (H—a)+ay (C—p) =1 (4.27)

We have to show that the short exact sequence (4.22)) splits, i.e. the equality
(4.23]) holds for some elements €', d' € My(A).
/ / / !/

) ,_ (€1 Yo(A) 1 [ T€22 AY o (@1 Oy
CLAIM: Let e = (X.A o (eh) ,d = c(AX o) , €] = o, —d
_ A4 A
and ey = ( %3 (,14) Then ee’ +d'd =1 in My(A).

—ay
The equality ee’ + d'd = 1 follows by direct computation and using the equalities

YX = a, XY = o(a), AA = AL, Ad), — A — (1 0) and ¢, A — Ach, =

0 1
1 0\
0 1)

(A Y N (e YolA [~ A \[A ¥
cordd = (X —a<A>) (XA o(es) ) T \o(X —oen)) \X —o(a)
( Aey —aA — 6/22./1 +Aa (A ey +ehy — AY)Y )
X(efy —AA+ AA—€))) o(aA— Aeyy, — Aa+ €),.A)

- ((1) 0(01)>:1'
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In more detail,
A — A = ap as ay ay\  [(—ay —ay\ (H—-a a
uT 2t = o-p —(H —a)) \a, —d} —ay, a) C—-03 —a
(L 0 (10
- \0 £) \0 1
where £ :=ay a} + agah + a4 (H —a) +a) (C — ) =1, by (4.27)). Similarly,
! _ Al ay  ay ay as B H—«o a —ay —a)
A —Aey = (a’2 —ag) (C’— g —(H - oz)) (C’— p—ay) \—dy, a)

- (E9-(Y)

The proof of the theorem is complete. O

For a commutative ring D, we denote by Max (D) its mazximal spectrum, the set of
maximal ideals of D. For an element d € D, let V(d) := {m € Max (D) |d € m}.

Lemma 4.25. Let an algebra D be a localization of the polynomial algebra K[H, C)|
of Krull dimension 2, a € D\D* and K be an algebraically closed field. Then the

following two statements are equivalent.

1. For allm € V(a), a ¢ m*.

2. For allm € V(a), D 2% + D22 ¢ m.

Proof. Fix a unit v € D* N K[H,C| such that « := ua € K[H,C]. Then
V(a) = V(d') and for every m € V(a) = V(d'), a € m (respectively, a € m?)
if and only if ' € m (respectively, @’ € m?). Since the field K is algebraically

closed, every maximal ideal m is equal to m = (H — a, C' — 3) for some elements
a, e K. Let m=(H —a,C — ) € V(a). Now, the lemma follows from

od’ dd’ 0 0
a = @Z(H—a)—l—%(C—ﬂ)Eu(a—Z](H—a)—l—%(C—ﬁ)) mod m. O

Every element a € D\ D* determines an algebraic curve V(a) = {m € Max (D) |a €
m}. It is given by the equation a = 0 (in Max (D) C K? viam = (H—a,C—3) +
(e, 3))-
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Definition 4.26. The algebraic curve a = 0 (in Max (D) C K? where a € D\D*)
18 called a smooth algebraic curve if it satisfies the second condition of Lemma
which means that the dimension of the tangent space at every point of the
algebraic curve is a 1-dimensional vector space over the field K.

Lemma 4.27. Let D and a be as in Lemma[/.25. If the algebraic curve a =0 is
smooth then the element a is co-maximal.

Proof. The element a = p; ---ps is a product of irreducible elements of D. If
s = 1 there is nothing to prove. Suppose that s > 2. We have to show that
Dp; + Dp; = D for all i # j. Suppose this is not the case for some ¢ # j. Then
there is a maximal ideal m of D such that p;, € m and p; € m. Clearly, g—l‘fl em
and g—g € m. This contradicts to the assumption that the algebraic curve a = 0
is smooth. O

Proof of Theorem [1.5] If @ = 0 then gld (4) = oo, by Proposition 4.14] If
a € D* then A ~ D[X, X ;0] and gld (A) < gld (D) +1 < oo, by [19, Theorem
7.5.3]. If a € D\D* and a # 0 then by [44, Theorem 3.5], gld (A) < oo if and
only if pd, A(p, X) < oo for all prime ideals p of the algebra D that contain
the element a if and only if the element a is co-maximal (Proposition and
a ¢ m? for all maximal ideals m of D that contain a (Theorem if and only
if a is co-maximal and the algebraic curve a = 0 is smooth (Lemma it and
only if the algebraic curve a = 0 is smooth (Lemma [£.27). O

Proof of Theorem (1.9 By Lemma the algebra E = D[X,Y;0,a = H]| is
a GWA where D = D[H| and o(H) = pH +b.

(i) For all natural numbersn > 1 0™(H) = p"H+E, where &, = S0~ o?(p"~"~1b):

The statement is proven by induction on n. The initial case n = 1 is obvious
(c(H) = pH +b). So, let n > 1 and we assume that the equality holds for all
n’ < n. Now,

o"(H)=c(p" "H+ &) =p"H+p" o +0(6 1) = p"H + &,

as required.

(ii) If D is a field then the algebra D = D[H] is a Dedekind domain and statement
1 follows from Theorem [£.3] Suppose that the algebra D is not a field. Then the
algebra D = D[H| = S~'K|[C, H] has Krull dimension 2.

(iii) gld (E) = 2 or 3: Since grad(a) = grad(H) = (1,0), gld (E) < oo, by
Theorem [L.F], and so gld (E) = 2 or 3, by Theorem [4.1]
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(iv) gld (E) = 3 if and only if there are natural number n > 1 and an element
B € K such that DE, + D(o™(C) — ) # D (where K is an algebraically closed
field): By Theorem [4.2] gld (E) = 3 if and only if there is a maximal ideal
m = (H,C — ) (where 8 € K) such that H € ¢™(m) for some natural number
n > 1. By the statement (i), 0™(m) = (p"H +&,,0"(C) — 8). Hence, H € ¢"(m)
if and only if DE,, + D(c™(C) — ) # D. The proof of Theorem [1.9|is complete.
a

4.4 The global dimension of S~'K[H, C|(c,a) with
affine automorphism o

In this section, A := K[H,C|[X,Y;0,a] is a generalized Weyl algebra where
D = K[H,C] is a polynomial algebra in two variables over an algebraically
closed field K, o is an affine automorphism of D and S is a multiplicative subset
of K[H,C]\{0} such that ¢(S) = S. The algebra A = S7'A =D(0,a) isa GWA
where D = S7!'D and the automorphism o is defined by the rule o(s7'd) =
o(s)"to(d). As we already mentioned in Chapter [l we will assume that the
Krull dimension of D is 2.

The aim of the section is to calculate an explicit value of the global dimension
of A (respectively, A = S7'D(0,a)) in terms of the roots of the polynomial
a € K[H,C] (respectively, a € ST'D) accordingly to the four cases of the affine
automorphism o.

Proposition 4.28. Let K be an algebraically closed field and A = K[H, C](c,a)
be a GWA. Then gld (A) < oo if and only if either a € K* or a ¢ K and
a = p1---ps s a product of irreducible polynomials such that (p;) + (p;) = (1)
for all i # j and the algebraic curves p; = 0 are smooth (i.e. the algebraic curve
a =0 is a disjoint union of smooth algebraic curves p; =0).

Proof. The proposition is a particular case of Theorem [[.5] O

In the following theorems we assume that gld (A) < oo and we find the values of
gld (A) for the four types of automorphism ¢ of D. Now, If ¢ of type 1 Theorem
gives the explicit value of the global dimension of GWA A.

Proof of Theorem [1.6] By Theorem [4.1] gld (A) = 2, 3 (since we assume that
gld (A) < o0).
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1. If char (K') = p then the maximal ideal (C, H) of the algebra D is o”-invariant.
Hence, gld (A) = 3, by Theorem [4.2] since gld (A) < oo. If char (K) = 0 then for
every maximal ideal m of D the orbit O(m) = {¢*(m)|i € Z} is infinite. Recall
that we assume that gld (A) < co. Then, by Theorem gld (A) = 3 if and
only if there exist elements «, § € K and i € N\{0} such that a(«, ) = 0 and
a(la+1i,A7'8) = 0.

2. By Theorem [A.1] gld (A) = 2, 3 (since we assume that gld (4) < co). Now,
statement 2 follows from statement 1.

3. Recall that the Krull dimension of the ring D is 2. Notice that there is a
maximal ideal m = (H — a, C' — 3) of D (where «, 5 € K) such that its o-orbit is
finite if and only if either char(K) # 0 and A is a root of unity or char(K) # 0,
A is not a root of unity and (H — a,C) # D. By Theorem gld (A) = 2,3
(since gld (A) < o0). Now, statement 3 follows from Theorem 0

Theorem 4.29. Let A = D(o,a) be a GWA such that D = K[H,C], K is an
algebraically closed field, c(H) = AH and o(C) = pC where A\, p € K*.

1. Suppose that gld (A) < co. Then gld (A) = 3.

2. Suppose that S is a multiplicative subset of D such that o(S) = S and the
algebra D = S™'D has Krull dimension 2. Let A = D(o,a) where a € D.
Suppose that gld (A) < co. Then gld (A) = 2,3. Furthermore, gld (A) =3
if and only if either A, i are roots of unity or X is not a root of unity, | is a
root of unity and (H,C — ) # D for some 5 € K or X is a root of unity, ju is
not a root of unity and (H —a, C') # D for some o € K or A, i are not roots
of unity and (H,C') # D or there is a mazimal ideal m = (H —a, C' — ) of
D (where a, 8 € K ) such that a € m and a € o'(m) = (H —\"a, C — pu~'B)
for some i > 1.

Proof. 1. By Theorem gld (A) = 3 since the maximal ideal (H,C) of the
polynomial algebra D is o-invariant.

2. Recall that the Krull dimension of the ring D is 2. By Theorem [4.1] gld (A) =
2, 3 (since we assume that gld (A) < c0).

In the last sentence of statement 2, the first four conditions are equivalent to the
fact that there is a maximal ideal of D of height 2 such that its o-orbit is finite.
Now, the ‘if and only if’ statement follows from Theorem £.2] O
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Theorem 4.30. Let A = D(o,a) be a GWA such that D = K[H,C|, K is
an algebraically closed field, o(H) = H — 1 and o(C) = C + H. Suppose that
gld (A) < oco. Then gld (A) =2,3 and

1. gld (A) = 3 if and only if either char (K) # 0 or char (K) = 0 and there
exist elements o, § € K and i € N\{0} such that a(a, ) = 0 and a(a +
: L)y
i,B —ia—=5~) =0.

2. gld (A) = 2 if and only if char (K)) = 0 and if a(a, B) = 0 for some o, B € K
then a(o + 1, — ia — @) # 0 for all i € N\{0}.

3. Suppose that S is a multiplicative subset of D such that o(S) = S and the
algebra D = S7D has Krull dimension 2. Let A = D(o,a) where a € D.
Suppose that gld (A) < co. Then gld (A) = 2,3. Furthermore, gld (A) = 3
if and only if either char(K) # 0 or char(K) = 0 and there is a mazimal
ideal m = (H — a,C — B) of D (where o, € K) such that a € m and
a € o'(m) = (H—&—i,C—ﬁ%—ith@) for some i > 1.

Proof. By Theorem 4.1} gld (A) = 2, 3 (since we assume that gld (4) < o).

1. If char (K) # 0 then, by Proposition , the order of the automorphism o
is finite. Hence, gld (A) = 3, by Theorem[4.2] since gld (A) < co. If char (K) =0
then for every maximal ideal m of D its orbit O(m) = {o%(m) |7 € Z} is infinite.
By Theorem [1.2] gld (A) = 3 if and only if there exists a maximal ideal m =
(H — «a,C — B) of D (where a, 8 € K) such that a € m and a € o'(m) for some
i > 1if and only if a(a, ) = 0 and a(a + 14, f — i — W) = 0 since, by ,

O’Z(m) = (H—Oé—i,C—l—iH—@_ﬂ) _ (H_(a‘i‘i),c—(ﬁ—ioz—i(i;_1)))_

2. Since gld (A) = 2, 3. Now, statement 2 follows from statement 1.

3. Recall that the Krull dimension of D is 2. By Theorem gld (A) = 2,3
(since gld (A) < oo0). Now, repeat the proof of statement 1 by replacing the ring
D by D. O

Theorem 4.31. Let A = D(o,a) be a GWA such that D = K[H,C], K is an
algebraically closed field, o(H) = ANH + C and o(C) = A\C where A € K*.

1. Suppose that gld (A) < co. Then gld (A) = 3.
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2. Suppose that S is a multiplicative subset of D such that o(S) = S and
the algebra D = S™'D has Krull dimension 2. Let A = D(o,a) where
a € D. Suppose that gld (A) < oo. Then gld (A) = 2,3. Furthermore,
gld (A) = 3 if and only if either \ is a root of unity, char(K) # 0 and
(H — a,C — ) # D for some a, 3 € K such that 5 # 0 or (H,C) # D
or X\ is a root of unity and (H — «,C) # D for some a € K or there is a
mazximal ideal m = (H — a,C' — B) of D (where o, B € K ) such that a € m
and a € o'(m) = (H — (A 'a —iAN"71B),C — X\7'B) for some i > 1.

Proof. 1. The maximal ideal m = (H, (') is o-invariant. Hence, gld (A) = 3, by
Theorem [£.2] since gld (A) < cc.

2. Recall that the Krull dimension of D is 2. By Theorem gld (A) = 2,3
(since gld (A) < o0). Given a maximal ideal m = (H — «,C — ) of the algebra
D (where a, § € K). Then, by (3.4)), for all i € Z,

o'(m) = (H+id'C—X"a, C—=\""B) = (H—(\""a—iA""'8),C—A""B). (4.28)

Then o'(m) = m for some ¢ > 1 if and only if (A" — 1) =0 and (A" — 1)a =
i "713 if and only if either 3 # 0, AX' = 1 and char(K) # 0 or 8 =0, a = 0
or =0, \X' =1 if and only if either \ is a root of unity, char(K) # 0 and
(H —a,C — ) # D for some «a, € K such that 8 # 0 or (H,C) # D or ) is
a root of unity and (H — «,C') # D for some o € K. Now, statement 2 follows
from Theorem 4.2l O

4.5 The global dimension of tensor products of
GWAs

The question about the global dimension of the tensor product of algebras of
finite global dimensions is one of the difficult questions concerning the dimension
of the tensor product. It is well known that for all left Noetherian algebras A
and B [26],

lgd(A® B) > 1gd A+ lgd B.

The equality is satisfied with some restricted conditions on the algebras A and B.

Definition 4.32. ([46, p. 2].) An algebra A is called a tensor homological
minimal (THM) algebra with respect to a class of algebras Q0 if

lgd (A® B) =lgd (A) +1gd (B) forall B € Q.
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Example 4.33. ([/4, p. 82].) The polynomial ring P, = K[x1,...,x,] is THM
with respect to any class of algebras, since

lgd(P, ® B) = n +lgd B = lgd P, + lgd B,

for any algebra B.

Let N be the class of countable Noetherian algebras (i.e. algebras that have
countable basis). In [44, Corollary 4.5], it was proved that the GWA A =
K[zq,...,2,](0,a) of degree 1 where K is an algebraically closed uncountable
field is THM with respect to N (as well as the tensor product of these algebras).

Theorem 4.34. Let K be an algebraically uncountable closed field, A = & A;
be a tensor product of finitely generated GWAs in Theorem (eg, all algebras
i Corollary . Then the algebra A is a THM algebra with respect to the class
N. In particular, 1gd (A) = "7 gld (A;).

Proof. By [44, Corollary 4.5], the algebras A; are THM with respect to the class
of algebras N and the result follows. O

4.6 Special cases of GWAs

In this section, we study some special cases of GWAs where the field K is not
assumed to be algebraically closed. The computation of the global dimension in
these cases is based on different ideas that can be useful in other situations.

Proposition 4.35. Let A = K[H,C|[X,Y;0,a] be a GWA of type 1 (c(H) =
H—1,0(C)=\AC) such that a € K[H|. Let K[Hl]a = p{*---p? be a product of
mazximal ideals of K[H| provided a € K[H|\K. Then

Y;0,al
ALY

)

1. The algebra A is a skew polynomial ring A'[C, 7] where A" = K[H|[X,
is a GWA with o(H) = H — 1; 7 € Autg(A’) where 7(X) =
T(Y)=AY and 7(H) = H.
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2. ¢gld (A) =gld (A") + 1 where

oo if a=0 orn; > 2 for some i,

2 ifa#0,ny=---=nys=1 s>1

old (A) = { or a s z'nve-rtible, kcmd there exists an ?nt'eger kE>1
such that either o®(p;) = p; for some i, j

or a*(q) = q for some mazimal ideal q of K[H],

1 otherwise.

Proof. 1. Using the Z-grading of the GWA A, we see that as a vector space
the algebra A is the tensor product of its subalgebras A’ ® K[C]. Therefore, the
algebra A is the skew polynomial algebra A’[C, 7] since CX = A\"1XC, CY =
AYC and CH = HC.

2. By [19, Theorem 7.5.(iii)] and statement 1,
gld (A) =gld (A'[C,7]) = gld (A") + 1.

Finally, by [46, Theorem 1.6], the expression for gld (A’) in statement 2 follows. O

Let A= K[H,C|[X,Y;0,a] bea GWA of type 1 (c(H) = H—1, 0(C) = AC) such
that a € K[C]. Then the algebra A is a skew polynomial ring A'[H; 7 := ida/, J]
of the GWA A" = KI[C|[X,Y;0,a] with o(C') = AC; and § is a 7-derivative of
algebra A’ given by the rule 6(X) = X, 6(Y) = =Y and 6(C) = 0.

Proposition and Proposition are special cases of generalized Weyl al-
gebras of type 2 and the global dimension of these algebras can be found by
applying some known results about GWAs and skew polynomial rings.

Proposition 4.36. Let A = K[H,C][X,Y;0,a] be a GWA of type 2 (c(H) =
AH, 0(C) = pC) such that a € K[H] and K[H|a = p{*---p2 be a product of
mazximal ideals of K[H| provided a € K[H|\K. Then

1. The algebra A is a skew polynomial ring A'[C, 7] where A" = K[H|[X,Y; 0, a]
is a GWA with o(H) = MNH; 7 € Autg(A") where 7(X) = p ' X, 7(Y)
wY and T(H) = H.
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2. ¢gld (A) =gld (A") + 1 where

( . .
oo if a=0 orn; > 2 for some i,

2 ifa#0,ny=---=nyg=1 s>1
old (A) — { or a s z'nve-rtz'ble, kcmd there exists an ?nt'eger kE>1
such that either o®(p;) = p; for some i, j

or o*(q) = q for some mazximal ideal q of K[H],

(1 otherwise.

Proof. 1. Using the Z-grading of the GWA A, we see that as a vector space
the algebra A is the tensor product of its subalgebras A’ ® K[C] where A’ is the
GWA as in statement 1. Therefore, the algebra A is the skew polynomial algebra
A'lC, 7] since CX = ' XC, CY = uYC and CH = HC.

2. By [19, Theorem 7.5.(iii)] and statement 1,
gld (A) =gld (A'[C,7]) = gld (A") + 1.

Finally, by 46, Theorem 1.6], the expression for gld (A’) in statement 2 follows.
O

Proposition 4.37. Let A = K[H,C][X,Y;0,a] be a GWA of type 2 (c(H) =
AH, 0(C) = pC') such that a € K[C] and K[Cla = p}*---p? be a product of
mazximal ideals of K[C] provided a € K[C|\K. Then

1. The algebra A is a skew polynomial ring A'[H, 7] where A’ = K[C|[X,Y; 0, d
is a GWA with o(C) = uC; 7 € Autg(A’) where 7(X) = A\7'X, 7(Y) = \Y
and 7(C) = C.

2. gld (A) = gld (A’) + 1 where

(00 if a=0 orn; > 2 for some i,

2 ifa#0,np=---=ny=1 s>1

, or a is invertible, and there exists an integer k > 1
gld (A') = . A -
such that either o®(p;) = p; for some i, j

or a*(q) = q for some mazimal ideal q of K|[C],

(1 otherwise.

Proof. 1. Using the Z-grading of the GWA A, we see that as a vector space
the algebra A is the tensor product of its subalgebras A’ @ K[H] where A’ is the
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GWA as in statement 1. Therefore, the algebra A is the skew polynomial algebra
A'[H, 7] since HX = \"'XH, HY = \YH and HC = CH.

2. By [19, Theorem 7.5.(iii)] and statement 1,
gld (A) =gld (A'[H,7]) = gld (A") + 1.

Finally, by 46, Theorem 1.6], the expression for gld (A’) in statement 2 follows.
(]

Let A= K[H,C][X,Y;0,a] bea GWA of type 3 (¢(H) = H—1, 0(C) =C+H)
such that a € K[H]. Then the algebra A is an Ore extension A'[C;7 = idu/, d]
of the GWA A’ = K[H|[X,Y;0,a] with o(H) = H — 1; and ¢ is a 7-derivative of
algebra A’ given by the rule 6(X) = —-XH, 6(Y) =Y H and §(H) = 0.

Theorem 4.38. Let A = K[H,C|[X,Y;0,a] be a GWA of type 4 (oc(H) =
AH + C,0(C) = A\C) such that a € K*C. Then

1. gld (A) = 3.

2. The algebra A is a skew polynomial ring A'[H; 7, 8] where A’ = K[C][X,Y; 0,al
is a GWA with o(C) = XC; 7 € Autg(A') where 7(X) = A1 X, 7(Y) = \Y
and 7(C) = C; and § is a T-derivative of the algebra A’ given by the rule
§(X)=-\"1CX,8(Y)=YC and §(C) = 0.

3. gld (A) = 2.

Proof. 3. By [46, Theorem 1.6], gld (A’) = gld (K[C]) + 1 = 2 since a is an
irreducible element of K[C] and o(K[Cla) = K[C]a.

2. Using the Z-grading of the GWA A, we see that as a vector space the algebra A
is equal to the tensor product of its subalgebras A’ ® K[H| where A’ is the GWA
K[C|[X,Y;0,a]. Therefore, the algebra A is the skew polynomial ring A'[H; T, ¢]
since XH = (AH + C)X, HY = Y(AH + C) and HC = CH (equivalently,
HX —\'XH=-X'CX, HY —A\YH =Y(C and HC — CH = 0).

1. By [19, Theorem 7.5.(3).(i)] and statements 2, 3, we have gld (4) < gld (A")+
1 =2+41=3 < oco. Notice that the maximal ideal m = (C, H) of the algebra
K|[C, H] is o-invariant of height 2. Therefore, gld (4) = gld (K[H,C]) +1 =
2+ 1 =3, by Theorem 1.2l O



Chapter 5

The Krull dimension of
S—IK[H, C](o,a)

This chapter contains the main work of finding the Krull dimension of general-
ized Weyl algebras S~'K[H,C][X,Y;0,a] and the proofs of Theorem and
Theorem [L.11]

5.1 The Krull dimension of GWAs A = D(o,a)

In this section, we present some of the known results about the Krull dimension of
the generalized Weyl algebra that will be used in our proofs. The Krull dimension
of generalized Weyl algebra A of degree 1 was studied in two cases, when the
base ring is a noncommutative ring, in [37]; and when it is commutative ring, in
[35]. Because our research has a focus on GWAs A when the base ring D is a
commutative Noetherian ring, the following proposition specifies the two possible
values for IC (A).

Proposition 5.1. ([34, Proposition 2.2].) Let D be a left Noetherian ring. Then

K(D)<K(A) <K(D)+1.

The next theorem gives more accurate result for IC (A), provided that K (D) < oo.

Theorem 5.2. ([35, Theorem 1.2].) Let D be a commutative Noetherian ring
with K (D) < 0o and A = D(0,a) be a generalized Weyl algebra. Then

K (A) =sup{K (D), ht (p) + 1, ht (q) + 1| p is a o-unstable prime ideal of D

81
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for which there exist infinitely many integers i with a € o*(p);

q is a o-semistable prime ideal of D}.

Let D be a commutative Noetherian ring with gld (D) = n < oo and a be a
regular element. Suppose that gld (A) < co. Then Theorem [4.2] says that

gld (A) =sup{gld (D), ht (p) + 1, ht (q) + 1| p is a o-unstable prime ideal of D
for which there exist distinct integers 7 and j with a € o'(p) and
a € 07(p); q is a o-semistable prime ideal of D}.

This formula of the global dimension and the formula of the Krull dimension given
in Theorem give a relationship between these two dimensions as follows [35],

K(A) < gld (A).

5.2 Maximal ideals of D = S~ K[H, (]

Let D = K[H,C] where K is an algebraically closed field. Suppose that D =
S~!D has Krull dimension 2. Recall that the maximal ideals of D are the prime
ideals of D of height 2. Recall that Max (D) = {(H —a,C — ) |a, 5 € K} since
the field K is algebraically closed. So, the set Max (D, ht = 2) of maximal ideals
of D of height 2 is equal to

{SYH —a,C—-p)|(H—a,C—-p)NS=0 where a,8 € K}.

The algebra D is a unique factorization domain (UFD), hence so is D. The group
D* of units of D is K* = K\{0} but the group D* of units of D is generated by
all the irreducible divisors of elements of S since D is a UFD.

Recall that a nonzero element p of a commutative domain R is called an irreducible
element of R if p is not a unit of R and p = ¢r for some ¢, r € R implies that
either ¢ or r is a unit. The set of irreducible elements of R is denoted by Irr (R).
Given p € R. Then p € Irr (R) if and only if up € Irr (R) for all u € R*.

For each height 2, maximal ideal m = S™'(H — o, C — f3) of D,
D/m~ S (D/(H —a,C - ) ~ K.
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The canonical epimorphism
Tm:D—D/m=K, stpr s ipdm (5.1)
is the evaluation map at the point (a, ),

(s~ (H, C)p(H, C)) = s~ (e, B)p(ev, B). (5-2)

Let D = S~'D has Krull dimension 2. Recall that Max (D, ht = 2) is the set of
maximal ideals of D of height 2 and let Max (D, ht = 1) be the set of maximal
ideals of D of height 1.

In general, under localization of the polynomial algebra D = K[H, C|, the maxi-
mal ideals have different heights (see statements 3 and 4 of Proposition [5.3)).

Proposition 5.3. Let D = K[H,C| where K is an algebraically closed field,
K = Ky U K¢ s a disjoint union of non-empty subsets, S is a multiplicative
submonoid of (D\{0},-) generated by the elements {H — o, C — B |a € Ky, p €
K¢} and D= S7'D.

1. D*={K*s"'|s,t € S} and D*ND = K*S ~ K* x S a direct product of
monotds.

2. Let o € K¢ and 8 € Ky. Then D/(H — ') ~ S;'K[C] and D/(C —
B ~ S;YK[H] where Sy (respectively, Sy) is a multiplicative submonoid
of (K[H\{0},-) (respectively, (K[C]\{0},-)) generated by the set {H —
ala € Ky} (respectively, {C — B| B € K¢}). Furthermore, (Sy ' K[C])* =
{K*s7'|s, t € Sy} and (S;'K[H))* = {K*s't|s, t € Si}.

3. Max (D,ht = 2) = {S™Y(H — 3,C — a)|a € Ky, B € K¢}, the set of
mazimal ideals of D of height 2.

4. Max (D,ht = 1) = {Dp|p = p(H,C) is an irreducible element of D which
is not of the type { K*(H —«a), K*(C - ) |a € Ky, f € K¢} and such that
p(B,a) #0 for allaw € Ky, B € K¢}

5. D(H — C) € Max (D, ht = 1).
Proof. 1. Notice that L := {K*s 't|s,t € S} C D*. Conversely, given an

element s~'d € D*, where s € S and d € D. Equivalently, d € D*. That is
sl_ldld = 1 for some s; € S and d; € D, and so did = s; € S. The ring D is a
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unique factorization domain and all the generators of the monoid S are irreducible
elements of D, hence d € S. Then s~!'d € L, and so D* = L, as required. Now,
DND=K*S=K*"xS.

2. Recall that o/ € K. Let

7:D—D=D/(H-d)~K[C], d—d=d+(H-d).
Then Sy = 7(S). Now, D/(H — ') = D/D(H —d') = S7'D/S7YH — &)
STYD/(H —a')) ~ S "D~ S;'K[C].

The ring K[C] is a unique factorization domain and the multiplicative monoid Sy
of (K[C]\{0},-) is generated by irreducible elements {C' — 3|3 € K¢} of K[C].
Therefore, (S, 'K[C])* = {K*s™'t|s, t € Sy}.

By the (H, C')-symmetry, we have the analogue results for the factor ring D/(C —
p') where g’ € Kg.

3. Let R be the RHS of the equality in statement 3.

(i) Max (D, ht = 2) 2 R: Given S™'(H—f3,C—a) € R (where 8 € K¢, a € Kpg).
By statement 2, the ideals D(H — ) and D(H — 3,C — «) are distinct prime
ideals since D/D(H — f3) ~ S; ' K[C] and

12

D/D(H — 3,C —a) ~ S;'K[C]/S; ' K[C)(C —a) ~ K
are domains. Hence,
0CDH-p)CDH-5,C—a)

is a chain of distinct prime ideals of D, and so Wt D(H — 5,C — ) > 2. On the
other hand,

htD(H — 3,0 —a)=ht S (H - 5,0 —a)<htD(H - 3,C —a) =2.

Therefore, ht D(H — 3,C — a) = 2, as required.

(i) Max (D, ht = 2) C R: Given m € Max (D,ht = 2). Thenm = S~ (H—a,C—
B) for some «, § € K. Then a € K (respectively, § € Kp) since otherwise the
element H — a € S (respectively, C' — § € S) is a unit of D, and the statement
(ii) follows.

4. Notice that an ideal of D belongs to Max (D,ht = 1) if and only if it is of
type Dp where p is an irreducible element of D which is not a unit of D (i.e.
p ¢ {K*(H — ), K(C — ) |a € Ky, B € K¢}, by statement 1) and is not
properly contained in a maximal ideal of D of height 2 (i.e. p(5,a) # 0 for
all « € Ky, B € K¢, by statement 3, and since ht (Dp) = 1 for all irreducible
elements p of D which are not units of D).
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5. The element p = H — C satisfies the conditions of statement 4: p = p(H, C)
is an irreducible element of D which is not of type

{K*(H —a), K*(C - p)|ae€ Ky, B € K¢}

and such that p(8,a) = 6 —a #0 for all « € Ky and 8 € K¢ (since otherwise,
a=p€ KynNKec=10,a contradiction). O

The next lemma is a criteria for the ideals D(H — «) and D(C' — () not to be a
maximal ideal of D where «, 8 € K.

Lemma 5.4. Let D = K[H,C] where K is an algebraically closed field and
D = S7'D has Krull dimension 2.

1. Suppose that H — o ¢ D* for some a € K (i.e. (H—«){s forallseS).
Let Sy o ={s+(H—a) € D/(H—a) ~ K|[C]|s € S}. Then D(H —«) ¢
Max (D) if and only if gl_{l_aK[C} is not a field if and only if there is an
element 5 € K such that s(c, 5) # 0 for all elements s = s(H,C) € S.

2. Suppose that C' — 3 ¢ D* for some € K (i.e. (C'—f)1ts forallseS).
Let So_g={s+(C—B) e D/(C—p)~K[H]|s € S}. Then D(C —p3) ¢
Max (D) if and only if Egl_ﬁK[H] is not a field if and only if there is an
element o € K such that s(a, 8) # 0 for all elements s = s(H,C) € S.

Proof. 1. By the assumption, H — a ¢ D*. Hence, D(H — «) is a height 1 prime
ideal of D. Then the ideal is not maximal if and only if

DH—-a) S DH - a,C - )

for some 8 € K if and only if the algebra D/D(H — a) ~ ?;_QK[C] is not a field
if and only if there is an element § € K such that s(«, ) # 0 for all elements

s €S (see (5.2)).

2. Statement 2 follows from statement 1 by the (H, C)-symmetry. O

5.3 The Krull dimension of algebras S~ K[H, C](o, a)

As we mentioned in Chapter [I if A = D(o,a) be a GWA of degree 1 where
D = S7!D is a localization of the polynomial algebra D = K[H,C] over an
algebraically closed field K at a multiplicative set S, generally there are three
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options for the algebra D = S~'K[H,C]: a field, a Dedekind domain or to have
Krull dimension 2.

In the following proposition, we find the Krull dimension of A if D is a field or if
it is a Dedekind domain.

Proposition 5.5. Let A = D(o,a) be a GWA where D = S™'D is a localization
of the polynomial algebra D = K[H,C] over a field K at a multiplicative set S.
1. Ifa=0 then C(A) =K (D) + 1.
2. If D is a field then K (A) = 1.
3. If K(D) =1 (i.e. D is a Dedekind domain) then

1 if all mazimal ideals of D are o-unstable,

K(A) = .
2 otherwise.

Proof. 1. If a = 0 then K (A) = K (D) + 1, by Theorem [5.2|

2. By Theorem [5.2] K (A) = 1 since 0 is a o-semistable prime ideal of D.

3. Since D is a Dedekind domain, for every nonzero element a € D there are only
finitely many maximal ideals of D that contain it. Now, statement 3 follows from
Theorem 5.2, O

Thus, the remaining case of D is that it has Krull dimension 2 that will discuss

in Section [£.3.1] and Section [5.3.2

5.3.1 The Krull dimension of K[H,C|(c,a) i.e. S={1}

Let R be a commutative ring, ¢ be an automorphism of R, and a € R. Recall
that V(a) = {m € Max(R) |a € m} and let V(a) := {p € Spec (R) | a € p}.

Let G be a group that acts on a set S and V' be a subset of S. A typical example is
S = Spec (A) where A is a commutative algebra, G is a group of automorphisms
of A, ais an ideal of A and V(a) = {p € Spec(A)|a C p} is a subset of S. We
are interested in question when |O N V| < oo for all G-orbits O.

Let H be a subgroup of G. Then H\G = {Hg|g € G} be the set of right
H-cosets.
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Lemma 5.6. Let G, S and V be as above and O be a G-orbit. Suppose that
H is a subgroup of G such that the set of right H-cosets H\G ‘s finite. Then
[V NO| < oo for all G-orbits in S if and only if |V NO'| < oo for all H-orbits O’
in S. In particular, |V N O] < oo for a G-orbit O if and only if |V N Hz| < oo
forall x € O.

Proof. Let H\G ={Hg,...,Hg,} and s € S. Then Gs = J;_, Hg;s is a union
of H-orbits. Hence, V(N Gs = J;_,(V N Hg;s) and the statement follows. O

Lemma 5.7. Let D = K[H,C] and o be an affine automorphism of D. If
a™(p) = bp for some 0 #be D thenbe K*.

Proof. Since o is an affine automorphism, it preserves the total degree. Then
degp = dego"(p) = degbp = degp + degb, and so degb = 0 since b # 0, and so
we must have b € K*. O

The following proposition gives a criterion for [V(a) N O] = oo in the case o is of
type 1 of the affine automorphisms of the polynomial algebra K[H, C].

Proposition 5.8. Let D = K[H, C] be a polynomial algebra over an algebraically
closed field K, 0 € Autg(D), o(H) = H—1 and o(C) = AC. Let a € D\K,
m= (H — «,C — B) be a mazimal ideal of D where a, B € K and O = O(m) be
the o-orbit of m. Then

1. If X is a root of unity and char (K) = 0 then |V(a) NO| = oo if and only if
a€ (C-p).

2. If X is not a root of unity, char (K) =p > 0 and |O| = oo (i.e. #0) then
V(a) NO| = o0 if and only if a € (H — «).

3. If X is not a root of unity and char (K) = 0 then |V(a) N O| = oo if and
only if a € (C) and m = (H — o, C).

Proof. 1. Notice that |O| = oo. Suppose that A = 1 and |V(a) N O] = oc.
That is V(a) N O = {c/(m)|j € J} and J is an infinite subset of Z. Notice that
ol(m) = (H —a—j,C=p)

CLAIM: I :==(;c;,(H —a—j,C—3)=(C-p).

Clearly, I O (C — ). We have to show that I C (C — ). Suppose that this
is not true, i.e. there is a polynomial p € I\(C — ), we seek a contradiction.
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Then p = Y 0 ,pi(C)H" for some polynomials p; = p;(C) € K[C] such that
not all scalars \; := p;(8) are equal to zero. Let p(H) = p(H,) = > NH"
Then the infinite set {a + j|j € J} consists of roots of the nonzero polynomial
p(H) € K[H], a contradiction.

Since A is a root of unity, A" = 1 for some n > 1. The group G = (o) contains
the subgroup H = (¢"). Clearly, |H\G| < co. Changing the variables (H,C) to
(H' :=n"'H,C) we see that ¢"(H') = H' — 1 and ¢"(C) = \"C = C. By the
case A = 1, [V(a) N O'| = oo for some H-orbit O such that O’ C O if and only if
a € (C = B)D for some 3 € K. Now, by Lemma 5.6, [V(a) N O| = oo if and only
ifa € (C—p)D.

2. (=) In view of Lemma [5.6] it suffices to prove the statement for the au-
tomorphism o? rather than for . Notice that o?(H) = H and o?(C) = NC
and AP is not a root of unity. Suppose that |V(a) N O'| = oo for some oP-
orbit O of the maximal ideal m = (H — a,C — ) of the ring D. Notice that
oPi(m) = (H —a,C — XPI8) for all j € Z. That is V(a) N O' = {oP(m)|j € J}
where J is an infinite subset of Z. Recall that g # 0.

CLAIM: I :=(\;c,(H —a,C = AP3) = (H — a).

Clearly, I O (H — «). We have to show that I C (H — «). Suppose that this is
not true, i.e. there is a polynomial ¢ € I'\(H — «), we seek a contradiction. Then
q=>.q(H)C" for some polynomials ¢;(H) € K[H] such that not all scalars
pi := gi(a) are equal to zero. Let g(C) = g(a, C') = 37", ;1;C*. Then the infinite
set {\"P/3|j € J} consists of roots of the nonzero polynomial g(C) € K[C], a
contradiction.

(<) The implication is obvious.

3. (=) If V(a) N O] = oo then, by Theorem and Proposition [2.60] there
is an irreducible divisor, say p, of the element a such that ¢"(p) € (p) and
p € m, ie. 0"(p) = vp for some n > 1 and v € K*, by Lemma [5.7] The
polynomial algebra D = K[H] ® K[C] is a tensor product of polynomial o”"-
invariant subalgebras K[H] and K[C] of D. Furthermore, the automorphism
o™ acts on K[H] locally nilpotently but on K[C] it acts semi-simply, (K[C] =
®i>oKC" and 0"(C") = X"C" for all ¢ > 0). Therefore, D = ®;50D*"" where
DN =5 kerp(0™ — A™)7 = K[H]|C". Hence, an eigenvector of o™ is equal to
yC* for some v € K* and 7 > 0, and vice versa. Hence, p € K*C (since p is
irreducible). Therefore, a € (C) and C' € m (i.e., m = (H — o, ('), as required.

(<) This implication is obvious since o(C) = AC € (C). O

Now, we prove Theorem that gives the values of the Krull dimension of
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A = K[H,C](0,a) where o is of type 1, that is 0(H) = H — 1 and o(C) = A\C
for some A € K*.

Proof of Theorem [1.10} By Theorem [5.2] K (A) =2 or 3.

If char (K) = p > 0 then the maximal ideal m = (C, H) of the algebra D is
oP-stable and ht (m) = 2 = K (D). Hence, K (A) = 3, by Theorem [5.2]

If char (K) = 0 and A is a root of unity then all maximal ideals of the algebra
K[H,C] are o-unstable. Hence, by Theorem [5.2] K (A) = 3 if and only if there
is a g-orbit O = O(m) of a maximal ideal m = (H —a, C' — ) of K[H, C] (where
a, f € K) such that |[V(a) N O] = co. Now, by Theorem and Proposition
5.8.(1), K (A) =3 if and only if a € (C — j3) for some § € K.

Suppose that char (K) = 0 and X is not a root of unity. Then all maximal ideals
of the algebra K[H, C| are o-unstable. Hence, by Theorem 5.2 K (A) = 3 if and
only if there is a g-orbit O = O(m) of a maximal ideal m = (H — a,C — () of
K[H,C] (where a, 8 € K) such that [V(a) N O| = co. Now, by Theorem [5.2) and
Proposition [5.8/(3), K (4) = 3 if and only if a € (C). O

Theorem 5.9. Let A = D(0,a) be a GWA such that D = K[H,C|, o(H) = \H
and o(C) = uC where \, p € K*. Then K (A) = 3.

Proof. By Theorem [5.2, K (A) = 3 since the maximal ideal m = (H,C) of the
polynomial algebra D is o-stable and ht (m) =2 =K (D). O

Theorem 5.10. Let A = D(o,a) be a GWA such that D = K[H,C], K is an
algebraically closed field, c(H) = H — 1 and o(C) = C + H. Then

1. K(A) =3 if and only if either char (K) # 0 or char (K) = 0 and the element

T : _ H(H+1)
a is divisible by the polynomial n—p for some pp € K wheren = C+—5—.

2. K(A) =2 otherwise.

Proof. 1. If char (K) # 0 then the maximal ideal m = (C, H) of the algebra D
is o-semistable and ht (m) = 2 = Kdim (D). Hence, Kdim (A) = 3, by Theorem
B.2l Suppose that char (K) = 0. By Proposition 3.6/(3), D = K[n] @ K[H].

(i) If o™(d) = vd for some n > 1 and 7 then v = 1:

Since 0™(n) = n and ¢"(H) = H —n. The K-liner map ¢" —1: D — D,
u+— 0" (u) — u is a locally nilpotent map. Therefore, 0 is the only eigenvalue for
0" — 1, and the statement (i) follows.



90

(ii) If |O(m) N V(a)| = oo for some m € Max(D) iff a is divisible by n — p for
some | € K:

(=) Let a = py ... ps be a product of irreducible polynomials in D. Then |O(m)N
V(pi)| = oo for some i. By Theorem and Proposition [2.60 o™ (p;) = ~vp; for
some n > 1 and v € K*. By the statement (i), v = 1, i.e., p; € D" = D = K|
(since char (K) =0 and n=C+ w) Since K is an algebraically closed field
and p; is an irreducible polynomial of D, we must have p; = v(n — p) for some
v € K* and p € K. So, the element a is divisible by 1 — p.

(<) This implication is obvious since then m € V(1 — p). Then |O(m)NV(a)| >
[O(m) NV (1 = p)| = |Z] = oo

(iii) If char (K) = 0 then Kdim (A) = 3 iff the element a is divisible by n — p for
some p € K:

Since o(H) = H — 1, |O(m)| = oo for all m € Max(D). Then the statement (iii)
follows from the statement (ii) and Theorem [5.2]

2. By Theorem [5.2] Kdim (A) = 2 or 3. Now, statement 2 follows from statement
1. O

Theorem 5.11. Let A = D(o,a) be a GWA such that D = K[H,C], o(H) =
AH + C and o(C) = AC where A € K*. Then K (A) = 3.

Proof. The maximal ideal m = (H, C) is o-stable and ht (m) = 2 = K (D). Hence,
K (A) = 3, by Theorem [5.2 O

5.3.2 The Krull dimension of some algebras S~ K[H, C|(o, a)

Let A = D[X,Y;0,a] be a GWA. Suppose that a = ub for some unit u of D.
Then
A=D[X,u"'Y;0,b]. (5.3)

So, if a € D = S™!'D we can assume that a € D without less of generality.

Proof of Theorem By (5.3]), without less of generality we may assume
that a € D. Recall that IC (D) = 2. Then, by Theorem K(A)=2or 3.

Notice that there is a maximal ideal m = (H — «,C — ) of D (where «, 5 € K)
such that its o-orbit is finite if and only if either char (K) # 0 and A is a root of
unity or char (K) # 0, A is not a root of unity and (H — a, C') # D (this follows
from the equality o'(m) = (H —a —i,C — X\73) for all i € Z).
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Suppose that char (K) # 0, A is not a root of unity, (H — «,C) = D for all
a € K. In this case every o-orbit is infinite. Then, by Proposition .(2),
|[Vp(a) N O| = oo for the o-orbit of a maximal ideal m = (H — «,C' — ) of D
(where «, 8 € K) if and only if a € (H — «) and the prime ideal (H — «) is not
a maximal ideal of D.

Suppose that char (K) = 0 and A is a root of unity. Notice that (D) = D,
Spec (D) C Spec (D) (via m — m N D) and every o-orbit in Spec (D) is also a
o-orbit in Spec (D). Then |Vp(a) N O] = oo for the o-orbit of a maximal ideal
m = (H —«a,C — ) of D (where «, § € K) if and only if |Vp(a) N O| = oo for
the o-orbit of the maximal ideal m N D = (H — a,C — () of D if and only if
a € D(C — f3), by Proposition [5.8/(1). Now, the statement 4 follows.

Suppose that char (K) = 0 and A is not a root of unity. Then |Vp(a)NO| = oo for
the o-orbit of a maximal ideal m = (H — a,C' — 3) of D (where «, f € K) if and
only if |Vp(a)NO| = oo for the o-orbit of the maximal ideal mND = (H—a, C—f)
of D if and only if a € DC and 8 = 0, by Proposition [5.8/(3), and the statement

5 follows.

Now, the theorem follows from Theorem O

Theorem 5.12. Let S be a multiplicative subset of D = K[H,C| such that K
is an algebraically closed field, o(H) = H — 1, 0(C) = C+ H, o(S) = S, and
K (D) = 2 where D = S™'D, and A = D(0,a) is a GWA where 0 # a € D. Then
K(A) =2 or3; and K (A) = 3 if and only if either char (K) # 0 or char (K) =0
and a divided by n — p for some u € K.

Proof. Recall that K (D) = 2. Then, by Theorem [5.2, K(A) = 2 or 3. If
char (K) # 0, then by Proposition [3.6(3), the order of the automorphism o is
finite. Hence, K (A) = 3.

By , without less of generality we may assume that a € D. Suppose that
char (K') = 0. Notice that o(D) = D, Spec (D) C Spec (D) (viam — mN D) and
every o-orbit in Spec (D) is also a o-orbit in Spec (D). Then |Vp(a)NO| = oo for
the o-orbit of a maximal ideal m = (H — «, C' — ) of D (where «, € K) if and
only if |[Vp(a)NO| = oo for the g-orbit of the maximal ideal mND = (H—a, C—f)
of D if and only if a divided by n— u for some p € K, by Theorem[5.10[(1). Now,
the theorem follows from Theorem b.2l O
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5.4 The Krull dimension of tensor products of
GWAs

For any field K it is well known that if A and B are left Noetherian K-algebras
such that K (A ® B) exists then [36],

K(A®k B) > K (A)+ K (B).

In general, the equality does not hold, for example if K(X) is a field of rational
functions in n indeterminates K (z1,...,z,) then the Krull dimension

K(K(X) @ K(X)) =n,

whereas the sum of their Krull dimensions K (K (X)) + K (K (X)) = 0 [36]. How-
ever, the equality can be satisfied with some conditions on these algebras, the
following definition gives an example of algebra where the equality is achieved.

Definition 5.13. ([36, p. 100].) A K-algebra A is said to be tensor Krull
minimal (TKM) with respect to a class of K-algebras S if

K(A® B) =K (A)+ K (B),

foe each B € €.

Bavula and Lenagan proved that the generalized Weyl algebras over affine com-
mutative K-algebras where K is an uncountable algebraically closed field, and
their tensor products, are TKM with respect to the class of countably generated
left Noetherian K-algebras. In particular,

K (@A) =3 K (4,

where A; = D;(0;,a;) are generalized Weyl algebras with each D; is an affine
commutative algebra over an uncountable algebraically closed field K [30, Lemma
2.1, Theorem 2.2]. This result can be used to compute the Krull dimension of
GWA of degree n that is a tensor product of GWAs of degree 1 in Section [5.3.]]
and Section [(£.3.2]
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