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Lay summary

In ring theory, a subfield of abstract algebra, we are interested in understanding rings,
which are number systems that have similar properties to the integers: namely, there
is a sensible notion of addition and multiplication. In particular, we can study number
systems where the order of multiplication is important. While it is true that given any
two integers we can multiply them in either order and get the same result, this fails to
be the case in more exotic number systems. A commutative ring is a number system
where the order in which we multiply two numbers does not affect the result, and a
noncommutative ring is a number system where the order of multiplication matters.

Given a commutative ring, there is a mathematical procedure which produces a
geometric shape associated to that ring, which for example might be (the outer edge
of) a circle, or a pair of infinitely long straight lines which cross at some point. These
two examples have quite different properties. With a circle, if we take any two points
and zoom in sufficiently far then these points look roughly the same (after a rotation).
However, the same is not true for a pair of crossed lines: no matter how far we zoom
in at the crossing point, it still looks different to every other point on our pair of lines.
We call this crossing point a singular point, and say that the pair of crossed lines is sin-
gular. On the other hand, a circle is said to be nonsingular because it has no singular
points. These shapes are both examples of curves, and the definition can be generalised
to higher dimensions, such as surfaces.

Suppose we have a commutative ring and we want to study the shape that the above
procedure produces. A guiding principle is that we can study geometric properties of
this shape by studying algebraic properties of the ring we started with, and vice versa.
In particular, we can study the singularities (of singular points) of a shape by studying
algebraic properties of the corresponding ring.

For the previous two paragraphs to make sense, it is vital that we begin with a
ring which is commutative; if the ring is noncommutative, then the procedure which
produces a shape no longer works. However, it is fruitful to pretend that this procedure
does work even when the ring that we begin with is noncommutative. This allows us
to, for example, study the singularities of a non-existent “noncommutative shape” by
studying the corresponding algebraic properties of our noncommutative ring.

In this thesis, we apply this principle to understand the types of singular points
that occur in noncommutative surfaces. These are noncommutative rings which have
similar algebraic properties to commutative rings whose corresponding shape is a sur-
face. By studying their singularities, we are able to better understand the structure
and properties of these noncommutative rings.
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Abstract

The primary objects of study in this thesis are noncommutative surfaces; that is, non-
commutative noetherian domains of GK dimension 2. Frequently these rings will also
be singular, in the sense that they have infinite global dimension. Very little is known
about singularities of noncommutative rings, particularly those which are not finite
over their centre. In this thesis, we are able to give a precise description of the sin-
gularities of a few families of examples. In many examples, we lay the foundations
of noncommutative singularity theory by giving a precise description of the singulari-
ties of the fundamental examples of noncommutative surfaces. We draw comparisons
with the fundamental examples of commutative surface singularities, called Kleinian
singularities, which arise from the action of a finite subgroup of SL(2,k) acting on a
polynomial ring.

The main tool we use to study the singularities of noncommutative surfaces is the
singularity category, first introduced by Buchweitz in [Buc86]. This takes a (possibly
noncommutative) ring R and produces a triangulated category Dsg(R) which provides
a measure of “how singular” R is. Roughly speaking, the size of this category reflects
how bad the singularity is; in particular, Dy (R) is trivial if and only if R has finite
global dimension.

In [CBHO98], Crawley-Boevey—Holland introduced a family of noncommutative rings
which can be thought of as deformations of the coordinate ring of a Kleinian singularity.
We give a precise description of the singularity categories of these deformations, and
show that their singularities can be thought of as unions of (commutative) Kleinian
singularities. In particular, our results show that deforming a singularity in this setting
makes it no worse.

Another family of noncommutative surfaces were introduced by Rogalski-Sierra—
Stafford in [RSS15b]. The authors showed that these rings share a number of ring-
theoretic properties with deformations of type A Kleinian singularities. We apply our
techniques to show that the “least singular” example has an A; singularity, and con-
jecture that other examples exhibit similar behaviour.

In [CKWZ16a], Chan-Kirkman—Walton-Zhang gave a definition for a quantum ver-
sion of Kleinian singularities. These require the data of a two-dimensional AS regular
algebra A and a finite group G acting on A with trivial homological determinant. We
extend a number of results in [CBH98] to the setting of quantum Kleinian singularities.
More precisely, we show that one can construct deformations of the skew group rings
A# G and the invariant rings A®, and then determine some of their ring-theoretic prop-
erties. These results allow us to give a precise description of the singularity categories
of quantum Kleinian singularities, which often have very different behaviour to their
non-quantum analogues.
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Chapter 1

Introduction

In this thesis we study noncommutative surfaces, which are noncommutative rings that
can be viewed as noncommutative analogues of the coordinate ring of an affine (com-
mutative) surface. In particular, we are interested in studying the singularities of these
rings, where we say that a noncommutative ring is singular when it has infinite global
dimension. One way of describing the types of singularities that occur in noncommuta-
tive surfaces is using singularity categories, as described by Buchweitz in [Buc86], and
this is the approach we take. Given a (possibly noncommutative) ring R, the singular-
ity category Ds(R) is a triangulated category which reflects “how singular” R is. In
particular, Dgsg(R) is trivial if and only if R has finite global dimension. This category
is often Krull-Schmidt, and so the number of indecomposables provides a measure of
how bad the singularity is. In a number of examples we are able to describe the sin-
gularities of noncommutative rings by drawing comparisons with commutative rings.
Throughout this chapter, let k be an algebraically closed field of characteristic 0.

1.1 Kleinian singularities and the McKay correspondence

One of the most important families of (commutative) singularities are Kleinian singular-
ities, which are ubiquitous in algebraic geometry, representation theory, and singularity
theory. Two of the main examples of noncommutative surfaces that we study in this
thesis arise from these singularities: one by deforming Kleinian singularities, and one
by generalising their construction to a noncommutative setting. We now recall the
definition of the Kleinian singularities and discuss the McKay correspondence.

1.1.1 Kleinian singularities

Let G be a nontrivial finite subgroup of SL(2,k). These are completely classified: up
to conjugation, there are two infinite families and three exceptional examples [LW12,
6.11 Theorem]. (Presentations for these groups are not required for the purposes of
this thesis so we do not provide them, but we provide some details in Table ) We
can then define an action of G on ku, v] as follows:

a b “u = au+ cv a b v =bu+dv
c d - ’ c d o ‘



The (coordinate rings of) Kleinian singularities are then defined to be the invariant
rings

k[u,v] = {p € k[u,v] | g-p=p for all g € G}. (1.1.1)
One can show that the rings k[u, v]“ are isomorphic to k[z, y, z]/(f) for some irreducible
polynomial f, and so the varieties Speck[u, v]® are surfaces. They are in fact singular,
with a unique singular point at the origin. This geometric property corresponds to
the rings k[u,v] having infinite global dimension, so when we speak of a (possibly
noncommutative) ring being singular, we mean that it has infinite global dimension.
Kleinian singularities are described as being type A,D, or E, depending on the group
G used to define them, and we explain the choice of names shortly. We summarise this
information in Table [L1l

Type Group |G f
A, Cyclic, parametrised by n > 1 n+1 2?2 +y? + 2t
D, | Binary dihedral, parametrised by n >4 | 4(n —2) | 22 + y?z + 2"!
E¢ Binary tetrahedral 24 2?43 4 2
E; Binary octahedral 48 22 +y3 4y
Eg Binary icosahedral 120 22+ 3+ 2°

Table 1.1: The Kleinian singularities

1.1.2 Representation theory and the Auslander-McKay correspon-
dence

Kleinian singularities have many interesting ring-theoretic, representation-theoretic,
and geometric properties, and these are all intimately connected. The Auslander-
McKay correspondence describes a large family of results associated to Kleinian singu-
larities; we remark that many of the results we state below are true in greater generality.
The skew group ring plays an important role in this correspondence, and we recall its
definition below.

Definition 1.1.2. Let G be a group acting (on the left) on a ring R. The skew
group ring R#G is the free left R-module with the elements of G as a basis, with
multiplication extended linearly from the rule (rg)(sh) =r(g-s)gh for r,s € R, g,h, €
G, where g - s is the image of s under the action of g.

Henceforth we write R = k[u, v] and assume that G is a finite subgroup of SL(2, k).
We recall some basic facts connecting R# G and R®, many of which are true in greater
generality. We note that [Ben93l Theorem 1.3.1] implies that R is a finitely generated
R%-module, and hence the same is also true of R#G. A famous result due to Auslander,
often called Auslander’s Theorem, is the following:

Theorem 1.1.3 ([Aus62]). Suppose that G is a finite subgroup of SL(2,k). Then the
ring homomorphism

¢: R#G — Endgre(R), ¢(rg)(s)=rg-s

s an isomorphism.



We also have the following representation-theoretic correspondences, which are es-
tablished in part using Theorem We draw attention to the fact that in the fol-
lowing result we work with complete Kleinian singularities, which are the rings k[u, v]“
for a finite subgroup G of SL(2,k).

Theorem 1.1.4 ([LW12, Corollary 6.4]). Write S = k[u,v] and let S¢ be a complete
Kleinian singularity. Then there are one-to-one correspondences between:

e irreducible G-modules;
indecomposable direct summands of S as an S¢-module;
indecomposable finitely generated projective S# G-modules;
indecomposable finitely generated projective Endga (S)-modules; and
indecomposable mazimal Cohen-Macaulay S -modules.

Another important representation-theoretic result involves the McKay quiver, which
we now describe. Let Wy, W1, ..., W, be a complete list of the isoclasses of irreducible
representations of G, where Wy is the trivial representation. Write V = ku & kv
for the natural two-dimensional representation arising from the action of G on R.
Then V ®y W; is a finite-dimensional representation of GG, and so it decomposes as
VoW, @;‘:0 ij” for some non-negative integers m;;.

Definition 1.1.5. With the setup as above, the McKay quiver associated to the finite
group G acting on R is defined to be the quiver (directed graph) with vertex set
{0,1,...,n} and m;; arrows from vertex ¢ to vertex j.

We remark that one can equivalently define
mgj; = dim]k Homkg(Wj, Vv @]k WZ) = dimk Homkg(V ®]k WZ’, Wj).

Writing xv, Xwy» - - - » Xw,, for the characters of V, Wy, ..., W,, and using [FH13|, (2.10)],
we then find that

. 1 _
m;j = dimy Homyg(W;, V @ W;) = 1€l > xw; (97 Dxv(9)xwi(9)
geG
_ 1 1 1 ey
e Z xv(g )xw; (97 )xw; (9) = dimyg Homyq(V @, Wy, Wi)
geG
= My,

where the equality x1/(¢7') = xv(g) follows from the fact that the trace of a matrix in
SL(2,k) is the same as that of its inverse. Therefore for Kleinian singularities we have
mi; = my; for all 4,7, and McKay showed [McKS8I] that if one replaces each opposed
pair of arrows in the McKay quiver by a simple edge then we obtain an extended Dynkin
graph, as shown in Figure (1.1

If we remove vertex 0 from an extended Dynkin graph of type A then we obtain
a Dynkin graph of type A, and this explains the choice of names in Table Given
a Kleinian singularity R, we will often write Q for the quiver obtained from the
corresponding graph A by choosing an arbitrary orientation for each of the edges, and
call this the quiver corresponding to R¢. We will also write Q for the full subquiver
obtained by deleting the vertex labelled 0. We will always assume that Dynkin graphs
and quivers have n vertices, and that extended Dynkin graphs and quivers have n + 1
vertices.

Another component of the Auslander-McKay correspondence in which extended
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Figure 1.1: Extended Dynkin graphs.

Dynkin graphs make an appearance is the following result due to Reiten—Van den
Bergh. This result provides an alternative perspective on the rings R# G and R from
a representation-theoretic standpoint. We provide only an approximate statement of
their result, and give a more precise statement in Theorem [2.5.4]

Theorem 1.1.6 ([RVABRI)). Let RC be a Kleinian singularity and let Q be the cor-
responding extended Dynkin quiver. Then there exists a path algebra with relations

H(@) = k@i], called the preprojective algebra of @, such that R#G is Morita equiv-

alent to TI(Q) and RC is isomorphic to eoll(Q)eo, where ey is the idempotent in 11(Q)
corresponding to the vertex 0 in Q.

This presentation of R® and (an algebra Morita equivalent to) R# G was used by
Crawley-Boevey—Holland in [CBH9§| to define deformations of Kleinian singularities,
which provide an important family of noncommutative surfaces and which we define in
the next section.

1.1.3 The geometric Auslander-McKay correspondence

The Auslander-McKay correspondence also has a geometric aspect, which we now recall.
Let G be a finite nontrivial subgroup of SL(2,k) and R = k[u,v]. Then the variety
Spec R is an affine surface singularity with an isolated singular point at the origin. In
algebraic geometry, every singular variety X defined over a field of characteristic 0 has
a resolution of singularities: that is, there exists a nonsingular variety Y and a proper
birational map Y — X. A minimal resolution 7 : X — X is a resolution through
which any other resolution factors. Minimal resolutions do not exist in general, but

4



for surfaces they exist and are unique, so in this case we can speak of the minimal
resolution. In particular, this is the case for Kleinian singularities X := Spec R®. In
the case of an A; singularity, we are able to draw a picture of the resolution. In this
case, Speck|u, U]02 is an infinite cone, and its resolution replaces the singular point at
the origin by a circle, shown in Figure

Figure 1.2: The minimal resolution of an A singularity.

To the minimal resolution 7 : X — X = Spec R® we can associate the exceptional
divisor, which is the preimage of the unique singular point at the origin (shown in red
in Figure . It is known that, for Kleinian singularities, the exceptional divisor is a
union of irreducible curves 7; each of which is necessarily isomorphic to P!, and that
these curves have self-intersection —2. Moreover, for i # j, ; N ~y; is either empty or a
point; see [LW12, Lemma 6.31] for details. In fact, if one forms the dual graph of the
exceptional divisor by replacing each curve by a vertex, and connecting two vertices by
an edge if they intersect, then the resulting graph is a Dynkin graph of type A, D, or
E, [LWI2, Theorem 6.40]. McKay made the following observation, linking many of the
above results:

Theorem 1.1.7 ([McK8I]). Let G be a finite subgroup of SL(2,k), R = k[u,v] and
let RG be the corresponding Kleinian singularity. Then the dual graph and the McKay
quiver are related as follows: the dual graph of the exceptional divisor of the minimal
resolution ™ : X — Spec RY is equal to the Dynkin graph obtained from the McKay
quiver of G by removing the extending vertex 0 and replacing each pair of opposed
arrows by an edge.

In Chapter [3| we prove a result which may be viewed as a noncommutative analogue
of the above theorem, which we will describe in the next section.

1.2 Deformations of Kleinian singularities

In [CBH9S|, Crawley-Boevey and Holland defined a family of (generically noncommu-
tative) deformations of Kleinian singularities which we now define, and we also recall
some of their basic properties. Their work can be viewed as an extension of the work of
Hodges in [Hod93], in which deformations of type A Kleinian singularities were defined.
Throughout, R = k[u,v] and G is a nontrivial finite subgroup of SL(2, k).

Definition 1.2.1. Let R® be a Kleinian singularity and let @ be the corresponding
extended Dynkin quiver. Then G acts naturally on the free algebra k(u, v), and so we
can form the skew group ring k(u,v)#G. Let e = ﬁ >_gec 9 be the average of the

group elements, viewed as an element of k(u,v)#G. For each vertex i of @, choose
Ai € k and write A = (Ai)ieéo; we call A a weight for Q. Then, via the McKay
correspondence, A naturally gives rise to an element of Z(kG) which we also call A (we



make this correspondence more precise in Chapter . We then define k-algebras

k{u,v)#G

(vu —uv — A)

SMNQ) = and  OMQ) = eS*(Q)e.

We frequently write S* and O when the precise choice of @ is unimportant.

After noting that e(R#G)e = RY, it is clear that if the central element X is 0
(which happens precisely when the weight X is 0) then S* = R#G and O = RC.
Moreover, observe that we can filter S* by putting u and v in degree 1 and elements of
G in degree 0, and that this also restricts to a filtration of O*. We can then consider
the associated graded rings gr S* and gr O*, for which we have the following result:

Lemma 1.2.2 (JCBH98, Lemma 1.1]). We have gr S* = R#G and gr O* = RY.

This means that the algebras S* and ©O* are PBW deformations of R# G and RC.
This result allows one to show that these deformations have nice ring-theoretic and

homological properties, which we now recall. Any undefined terms will be defined in
Chapter

Proposition 1.2.3 ([CBH98, Lemma 1.2, Lemma 1.3]). Both 8* and O* are finitely
generated noetherian k-algebras of GK dimension 2 and are maximal orders. Moreover,
S* is a prime ring while O is a domain.

While §* is always noncommutative, the deformations O can be commutative.
Recall that the McKay quiver @ corresponding to G is defined using the irreducible
representations W; of G. If we write §; = dimy W; and 6 = ((51)Z €Oy’ then we can easily

detect when O is commutative:

Theorem 1.2.4 ([CBH98, Theorem 0.4]). The algebra O* is commutative if and only
Zf)\ -0 = Z?:O )\@(Sz = 0.

Crawley-Boevey-Holland also determined the global dimensions of the algebras O*,
and showed that the precise value depends on the weight A, see [CBH98, Theorem 0.4].
In particular, for generic choices of A\, @* has finite global dimension. Of particular
interest to us are the cases when O* has infinite global dimension, because we can
then view O as the coordinate ring of a (possibly noncommutative) surface which
is singular. Unfortunately, it is difficult to give a concise statement of their result,
but in Chapter [3| we will see that one can restrict attention to weights which have a
particular form, and in this case it straightforward to detect when O* has infinite global
dimension.

The main result of Chapter [3| gives a description of the singularities of the rings O*
using singularity categories, which we now briefly define. The singularity category of a
(possibly noncommutative) ring R is defined to be the Verdier quotient category

b moa-
Pall) = Py

where Perf(R) is the full subcategory of DP(mod-R) consisting of perfect complexes.
We are now able to state the main result of Chapter (3 where we write Rg for the
Kleinian singularity with corresponding Dynkin quiver Q:

Theorem 1.2.5 (Theorem|3.3.11)). Let @ be an extended Dynkin quiver with vertex set
{0,1,...,n}, where 0 is an extending vertex, and write Q for the full subquiver obtained



by deleting vertex 0. Let A be a weight for @ Then there exists a subset J = J(\) of
{1,...,n} such that, if QU - U QM is the full subquiver of Q obtained by deleting
the vertices in J, so that the Q) are connected and therefore necessarily Dynkin, there
s a triangle equivalence

Dyg(0M(Q)) ~ D Dee(Ry0)-
=1

The above result coincides with the intuition coming from commutative singularity
theory which says that deforming a singularity should make it no worse; in the present
context, A is some deformation parameter, and the theorem says that the corresponding
deformation becomes less singular in a very precise sense. In particular, this theorem
says that the singularities of O* are a union of commutative Kleinian singularities.
The following is a corollary of Theorem which identifies the “most singular”
noncommutative deformation of Rg.

Corollary 1.2.6. Let @ be an extended Dynkin quiver with extending vertex 0, and
write Q for the Dynkin subquiver obtained by deleting vertex 0. Consider the weight
A= (1,0,0,...,0) € k»". Then the algebra ONQ) is noncommutative, and there is a
triangle equivalence

Dsg(OA(Q)) = Dsg(RQ)'

It is therefore sensible to consider the algebra O*(Q) with A = (1,0,...,0) as a
noncommutative analogue of the algebra Rg. This point of view is further supported
by another one of our results which may be viewed as a noncommutative version of the
geometric McKay correspondence of the previous section, and which we now explain.

Recall that in the geometric McKay correspondence we have the affine surface quo-
tient singularity X = Spec Rg = Speck[u, v], the minimal resolution 7 : X — X, and
the exceptional divisor 7=1(0) consisting of irreducible curves ;. We call the matrix
which records the intersections of the ; the intersection matriz of the resolution; The-
orem [1.1.7] and the comments preceding it show that it is equal to A — 21, where A is
the adjacency matrix of (). The matrix A — 21 is well-known: it is —1 times the Cartan
matrix C' corresponding to Q).

To define a noncommutative version of the geometric McKay correspondence, we
therefore need ring-theoretic analogues of a resolution of singularities, (curves in) an
exceptional divisor, and intersection multiplicities. In general, if R is some singu-
lar noncommutative ring, we call a k-algebra S a noncommutative resolution of R if
S = Endgr(M) for some reflexive generator M and gl.dimS < co. The “exceptional
objects” in this resolution, which are analogues of irreducible curves in the exceptional
divisor, are finite-dimensional simple S-modules. If R is simple, this analogy is more
precise because in this case R has no finite-dimensional representations, and so finite-
dimensional representations of a resolution are “exceptional”. Given two such modules
M and N, following [MSO01] we define their intersection multiplicity to be

MeN :=> (1) dimy Ext§(M, N),
>0

provided that all terms in this sum are finite. We then have the following noncommu-
tative version of the geometric McKay correspondence:



Theorem 1.2.7 (Theorem . Let @ be an extended Dynkin quiver, ) the corre-
sponding Dynkin quiver, and X = (1,0,0,...,0). Then (9)‘(@) has a noncommutative
resolution of the form O“(@) for some weight p, and the exceptional objects in this
resolution may be indexed so that the corresponding intersection matriz is —C', where
C 1is the Cartan matriz corresponding to Q.

1.3 Quantum Kleinian singularities

The majority of the work contained in Chapters [6] [7} and [§] relate to the so-called
quantum Kleinian singularities of Chan-Kirkman—Walton-Zhang, [CKWZ16a]. Recall
that Crawley-Boevey and Holland constructed noncommutative surfaces by deforming
commutative Kleinian singularities k[u,v]“. On the other hand, in [CKWZ16a] the
authors were able to construct new examples of noncommutative surfaces by replacing
the commutative polynomial ring k[u,v] by a two-dimensional Artin-Schelter regular
algebra A, and by replacing the finite subgroup of SL(2,k) by a finite subgroup G of
GL(2,k) acting on A with trivial homological determinant. We will define all of these
terms in Chapter 2| In [CKWZI14] the authors classified all such pairs (A, G), which
we provide in Table We remark that the classification achieved in [CKWZ14] also
allowed for a Hopf algebra to act on an AS regular algebra A, but for the purposes of
this thesis these cases are unimportant.

The complete classification is as follows, where for each case there is a corresponding
quiver (), the relevance of which we will explain shortly:

Case A G Q
(0) klu, 0] | G < SL(2,k) ADE
(1) kq [uv U] Cn &nfl
(i) | k_q[u,v] S5 Ly
]INDL+4 if n is even
(iil) | k—q[u, v] D, 2
DLyy1 if nis odd
2
(iv) | kylu,v] Cy Ay

Table 1.2: The pairs (A, G) for quantum Kleinian singularities A,

We briefly explain the notation and how the groups act. The algebras k,[u, v] (where
g € k*) and kj[u,v] are, respectively, the quantum plane and Jordan plane, and have
respective presentations

k(u,v)

(vu — quv)

k(u,v)

and k][u, U} — m

kqlu,v] =

These algebras are both noetherian domains of global dimension 2, and may be thought
of as noncommutative analogues of k[u, v].

The groups C,, Ss, and D,, are, respectively, the cyclic group of order n, the sym-

metric group on two letters, and the dihedral group of order 2n (obviously Sy = Cs,

but our choice of notation will become clear soon). We will frequently make use of the



abstract presentations
Co={(glg"), S2=(h|h?) and D,=(g,h]|g" h* (hg)?).

Given a quantum Kleinian singularity A%, ¢ will denote an element of order n (where
n should be determined from context) and h will denote an element of order 2. These
elements will act on u,v € A via

g-u = wu, g-v:w_lv, h-u=wv, h-v=u,

where w is a primitive nth root of unity. One can verify that these give rise to well-
defined actions of the groups from Table [I.2) on the corresponding algebras.

From Table[I.2] we notice that the classification includes the case of finite subgroups
of SL(2,k) acting on a polynomial ring in two variables. We will often refer to case (0)
as the classical case, and the remaining cases as the quantum cases. For case (0), we
refer to the rings A% as classical Kleinian singularities, and following [CKWZ16a], for
the remaining cases we call the rings A% quantum Kleinian singularities. Henceforth,
when we say that A% is a quantum Kleinian singularity, we mean that the pair (4, G)
is a pair from cases (i)-(iv) of Table

Quantum Kleinian singularities have been shown to have similar ring-theoretic and
representation-theoretic properties to classical Kleinian singularities, providing evi-
dence that they are sensible generalisations to a noncommutative setting. For example,
we have the following three results, which are generalisations of the observation after

(1.1.1), and of Theorems and

Theorem 1.3.1 ([CKWZ16a, Theorem 5.2]). Let A® be a quantum Kleinian singular-
ity. Then AC is isomorphic to B/QB, where B is an AS reqular algebra of dimension
3 and Q2 € B is a normal nonzerodivisor.

Theorem 1.3.2 ([CKWZ16al, Theorem 4.1]). Let A® be a quantum Kleinian singular-
ity. Then the ring homomorphism

¢: A#G — Endye(4), ¢(ag)(b) =ag-b
is an isomorphism.

In the following, an initial module is a graded module which is generated in degree
0 and satisfies Mg = 0.

Theorem 1.3.3 ([CKWZ16b, Theorem A, Theorem C]). Let A® be a quantum Kleinian
singularity. Then there are one-to-one correspondences between:

e irreducible G-modules;
indecomposable direct summands of A as an A% -module;
indecomposable finitely generated initial projective A4 G-modules;
indecomposable finitely generated initial projective End 4 (A)-modules; and
indecomposable mazximal Cohen-Macaulay graded AS-modules, up to a degree

shift.

To each quantum Kleinian singularity we can associate a graph by constructing
the McKay quiver and then replacing each pair of opposed arrows by an edge. The
resulting graphs are examples of Fuclidean diagrams and can be found in Table In
addition to extended Dynkin graphs this process also yields some new graphs, which
are said to have types ]Ijl and DL,,; we provide them in Figure
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Figure 1.3: Euclidean diagrams occurring in the McKay correspondence for quantum
Kleinian singularities.

It is then natural to ask whether an analogue of Theorem holds in this setting;
in Chapter [7], we establish a result that has the following as a special case.

Theorem 1.3.4 (Theorem. Let AC be a quantum Kleinian singularity and let @
be the corresponding Fuclidean diagram. Then there exists a path algebra with relations
H*(@) = k@/[, called a quantum preprojective algebra, such that A#G is Morita
equivalent to H*(@) and A is isomorphic to eOH*(@)eo, where ey 1s an idempotent in
H*(@) corresponding to the vertex 0 in Q.

It is also sensible to explore the extent to which the results of Crawley-Boevey—
Holland extend to the quantum setting, and it is this that Chapters [6] [7] and [§] are
devoted to. In complete anology with Definition[2.5.2] we make the following definition:

Definition 1.3.5. Let A% be a quantum Kleinian singularity and let é be the corre-
sponding Euclidean diagram. Then G acts naturally on the free algebra k(u, v), and so
we can form the skew group ring k(u,v) #G. Let e = ﬁ deG g be the average of the
group elements, viewed as an element of k(u,v)#G. For x € {q,—1, J} define

vu—quv  if x = ¢ (case (1))
pi(u,v) = vu + uv if ¥ = —1 (cases (ii) and (iii))

vu —uv — u? if x = J (case (iv))

For each vertex i of @, choose \; € k and write A = ()‘i)ie@o; we call A a weight for Q.
As in Definition the weight A naturally gives rise to an element of Z(kG) which
we also call A. We then define k-algebras

k{u, v) #G

0w — o om NQ) = eSNQ)e.
(pa(u,v) — A) d 0(Q) =eS(Q)

SNQ) =

We frequently write S} and O when the precise choice of @ is unimportant.

Lemma, and Proposition then immediately generalise to these deforma-
tions:

Lemma 1.3.6 (Lemmal6.1.2). There exists a filtration of S (and hence O) such that
grS8) =2 A#G and gr O) = AC.

Proposition 1.3.7 (Lemma [6.1.3). Both S} and O} are finitely generated noetherian
k-algebras of GK dimension 2. Moreover, S} is a prime ring while O} is a domain.
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In Theorem we saw that the analagous deformations of classical Kleinian
singularities could be commutative, and also remarked that they generically have finite
global dimension. Moreover, this behaviour was uniform across all Dynkin types. In
contrast, whether or not similar properties hold for deformations of quantum Kleinian
singularities depends on the particular case, although the most interesting behaviour
occurs in cases (ii) and (iii):

Proposition 1.3.8 (Lemmal6.1.7, Theorem|8.5.1] Theorem8.6.3). Suppose that O Q)

is a deformation of a quantum Kleinian singularity in case (ii) or case (iii) (when n is
odd). Then ONQ) is always noncommutative and is always singular.

The singularity theory of deformations of quantum Kleinian singularities also admits
a less uniform description than in the classical case considered by Crawley-Boevey—
Holland. Similar results to Theorem can be found in Chapter |8, although they
are less precise.

1.4 Other results

1.4.1 Azumaya skew group algebras

In Chapter |5 we digress to prove some general results which determine when a skew
group ring (or more generally, a crossed product) is an Azumaya algebra (undefined
terms will be defined in Chapter .

Theorem 1.4.1 (Theorem . Consider a crossed product T == A x G, where A is
a prime noetherian k-algebra and G is a finite group acting X -outer on A by k-linear
automorphisms. Then T is prime noetherian. Moreover, T is Azumaya if and only if
(1) A is Azumaya; and
(2) G acts freely on Z(A); that is, the stabiliser of every mazimal ideal of Z(A) is
trivial.
If T is Azumaya, then the ranks of A and T satisfy rank T = |G|? rank A.

If A is commutative, the above theorem can be stated more concisely as follows:

Corollary 1.4.2 (Corollary . Consider a crossed product T := Ax G, where A is
a commutative noetherian k-algebra which is a domain and where G is a finite group
acting k-linearly on A. Then T is prime noetherian. Moreover, T is Azumaya if and
only if G acts freely on A, and in this case, rank T = |G|?.

We now outline our main motivation for proving these results. An important prop-
erty of the deformations S* and O defined by Crawley-Boevey-Holland is that they
are maximal orders; see Proposition To establish this, they showed that the rings
k[u,v]# G and k[u,v]® are maximal orders using [Mar95, Theorem 3.13], which implies
the result for S* and O* by [VABVOSY, Theorem 5]. In particular, this property allows
one to show that a version of Auslander’s Theorem holds for their deformations; that
is, there is an isomorphism

Endpx (Ste) = SA

This result is plays an important role in the proof of Theorem [1.2.5] and so it was our
hope to establish a similar result for quantum Kleinian singularities.

To show that quantum Kleinian singularities are maximal orders, one can success-
fully adopt the approach of [CBH98| Proposition 1.4] for case (i) (when ¢ is not a root
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of unity) and case (iv). However, for the remaining cases this approach fails because
the hypotheses of [Mar95, Theorem 3.13] are not satisfied or are difficult to verify.
Our approach is to instead show that suitable localisations of the algebras A# G are
Azumaya algebras. This allows us to better understand the prime spectrum of A#G
which can be used to show that (deformations of) these algebras are maximal orders:

Theorem 1.4.3 (Theoremm Theorem [6.4.2). The algebras SMNQ) and ONQ) are
mazximal orders. Moreover, they satisfy

Endog(@) (83(@)6) = 84\(@)

1.4.2 Singularities of blowups of Sklyanin algebras

In Chapter {4}, we study the singularities of a family of noncommutative rings that were
first studied in depth in [Rogll]. These algebras arise from Sklyanin algebras, which
are three-dimensional AS regular algebras which depend on a parameter [a : b : c] € P?
and which have the presentation

S(a,b,c) =k(z,y, 2)/{axy + byx + 2%, ayz + bzy + cax?, azx + bz + cy?).

Sklyanin algebras are some of the most interesting algebras that arise in noncommuta-
tive algebraic geometry, and may be thought of as the coordinate rings of (non-existent)
noncommutative P2.  While the polynomial ring k[z,v, 2] corresponds to projective
space P2, we think of the Skylanin algebra S(a,b,c) as corresponding to “noncommu-
tative projective space” P2.. In [ATVdB91], it was shown that, for generic choices of
[a:b:c|, Sis AS regular, has centre generated by a single element g of degree 3, and
that the ring S/gS = B(E,L,0) is a twisted homogeneous coordinate ring. We will
define this last term later; in this case, it depends on the data of an elliptic curve F,
an invertible sheaf £, and an automorphism ¢ of . Rogalski used this description of
S/gS to construct subalgebras of S, denoted T'(d), by “blowing up” up a divisor d of
FE of degree at most 7, and showed that these subalgebras have nice ring-theoretic and
homological properties.

Of particular interest are the algebras A(d) = (T'(d)[g~!])o obtained by localising
T(d) at powers of g and considering only the degree 0 part. These are noetherian
domains of GK dimension 2 and have been studied in [Rog11], RSS14, RSS15bl RSS17].
Interestingly, when d has degree 2 these algebras have similar properties to noncom-
mutative deformations of an A; singularity, and the algebra A(d) can be thought of as
a deformation of a (commutative) affine del Pezzo surface with an A; singularity. In
Chapter 4} we give the following precise description of the singularities of A(2p):

Theorem 1.4.4 (Theorem [4.5.9)). The algebra A(2p) has an Ay singularity. That is,
if we write Ry, for the coordinate ring of an Ay singularity, then there is a triangle
equivalence

Dsg(A(2p)) = Dsg(Ba,)-

This result, and the techniques used to prove it, has an application to the birational
geometry of noncommutative projective surfaces; see [RSS17].
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1.5 Organisation of this thesis

We briefly summarise the organisation of this thesis. Chapter [2| contains background
material, and we recall a number of definitions and results that we will use throughout
this thesis; additionally, we fix some notation. Chapter [3|is concerned with determin-
ing the singularity categories of the deformations O of Crawley-Boevey-Holland. In
Chapter [4 we consider a family of noncommutative surfaces which have previously been
studied by Rogalski-Sierra—Stafford. We prove results relating to the singularities of
these algebras, which includes a proof of their global dimensions (a result which was
known to the aforementioned authors but does not appear in the literature) as well as
the singularity category of an example which has infinite global dimension.

In Chapter [5| we make a slight detour to prove some results on when a skew group
algebra is Azumaya, which are interesting results in their own right, although our main
motivation is so that we can use them later in this thesis. In Chapter [6], we show how
to adapt the definitions of Crawley-Boevey—Holland to define deformations of quantum
Kleinian singularities. We also work out their first properties, with an emphasis on
showing that they are maximal orders, which makes use of the results in Chapter

The main result of Chapter [7] is Theorem which shows that another result
of Crawley-Boevey—-Holland extends to deformations of quantum Kleinian singularities.
We use this result in Chapter [8|to determine the global dimensions of our deformations,
and to give a description of their singularity categories.
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Chapter 2

Background

In this chapter we present the background material that is required in this thesis. We
mainly recall important definitions and results that we will wish to refer to on a number
of occasions later on. We will also fix our notation.

2.1 Notations and assumptions

Throughout this thesis, we write k for an algebraically closed field of characteristic
0. When we speak of a noetherian ring, we mean a ring which is both right and left
noetherian. Given a ring R, we write Mod-R (respectively, mod-R) for the category of
right R-modules (respectively, finitely generated right R-modules) and R-Mod (R-mod)
for the category of (finitely generated) left R-modules. In general, a lower case leading
letter means that we are considering a module category whose modules are finitely
generated. If R is graded, we write gr-R (respectively, R-gr) for the category of finitely
generated graded right (respectively, left) R-modules; we write Homg, p(—, —) for the
Hom spaces in this category. The rings we consider are almost always noetherian,
so mod-R and gr-R are abelian categories. When there is a possibility for confusion,
we write Mp (respectively, rIN) to emphasise that a module is a right (respectively,
left) R-module. We will usually work with right modules. Given M € mod-R, we
write M* := Hompg(M, R) for the dual of M, which is an (R, Endr(M))-bimodule. We
write p.dim M and i.dim M for the projective and injective dimensions of a module M,
respectively. The centre of a ring R is denoted Z(R).

2.2 Singularity categories and maximal Cohen-Macaulay
modules

The principal objects of study in this thesis are certain rings which we refer to as
singular noncommutative surfaces. Intuitively, a singular noncommutative surface is a
noncommutative ring S which can be thought of as a noncommutative analogue of the
coordinate ring of a singular affine (commutative) surface. To make this more precise,
we recall some definitions.

Definition 2.2.1. The Gelfand-Kirillov dimension (or GK dimension) of a finitely
generated k-algebra A is

GKdim A = lim sup log,, (dimy V"),

n—oo
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where V is any finite-dimensional k-subspace of A which generates A as an algebra and
where 1 € V. This definition does not depend on the choice of V.

We first note that if A is finite-dimensional then GKdim A = 0. The GK dimension
is meant to give a measure of the rate of growth of an algebra; in particular, the
polynomial ring k[z1,...,z,] has GK dimension n, and so if GKdim A = n then we
think of A as “growing like a polynomial ring”. When A is commutative and finitely
generated, the GK dimension and Krull dimension of A coincide [KL00, Theorem 4.5].
We can also define the notion of the GK dimension of an A-module, but as we only
require this in the setting of graded k-algebras, we will define it later. We remark
that in the graded setting, the GK dimension has an alternative characterisation which
makes it easier to determine.

We also need to define what it means for a ring to be singular:

Definition 2.2.2. Let R be a noetherian ring. The global dimension of R is

gldimR:= sup p.dimM.
Méemod-R

We say that R is singular if gl.dim R = oo, and say it is nonsingular otherwise.

The noetherian hypothesis in the above is used to simplify the definition. If R is not
noetherian, then there are notions of left global dimension and right global dimension,
and these values need not coincide.

If R is commutative, then the variety Spec R is singular if and only if R has infinite
global dimension. It is therefore sensible to say that a (possibly noncommutative) ring
R is singular if it has infinite global dimension. We are now able to give the definition
of a (singular) noncommutative surface.

Definition 2.2.3. A noncommutative surface is a noncommutative noetherian domain
R with GKdim R = 2, and it is singular when it has infinite global dimension.

Having precisely defined what we mean by a singular noncommutative surface, we
now work towards defining the main tool that we use to study the singularities of these
rings. We first need to define what we mean by the (bounded) derived category of an
abelian category, the definition of which is quite involved. We give an approximate
definition below, and direct the reader to [Huy06, Chapter 2] for a more thorough
treatment.

Definition 2.2.4. Let A be an abelian category. A chain complezx (A, ds) is a sequence
of objects of A and morphisms

d_3 d_a d—1 do d1 da

AQ > ..

A, A Ao A

such that the composition of consecutive morphisms is the zero map. Given a chain
complex (As,ds), its nth homology group is defined to be

kerd,,

imd,_1

Hn(A-) -

Given two chain complexes (A,,d2) and (B,,d?), a chain map f between them is a
sequence of homomorphisms f, : A, — B, such that df o fn= fnr10 d;? for all n € Z;
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that is, the following diagram commutes:

s, s
_ — +1
s Ay —— A, — Ay ——

an—l an an-&-l
B as dB

—2 -1 +1
L B, 1 " B, L Bn+1 /T,

A chain map induces maps H,(f) : H,(As) — Hp(Bs) on homology. If all of these
maps are isomorphisms, then we call f a quasi-isomorphism. The category of chain
complezes is then defined to have chain complexes as its objects, and morphisms given
by chain maps.

If (A,,dZ) is a chain complex then for k¥ € Z we define a new chain complex
(A[k].,df[k}) by setting A[k], = Aln + k| and aa® = (—=1)kd" ™. This gives rise to a
functor on the category of chain complexes over A.

From the category of chain complexes we can form the derived category of A, de-
noted D(A), by “formally inverting” all quasi-isomorphisms. The bounded derived
category of A, denoted DP(A) , is the full subcategory of D(A) consisting of all chain
complexes A, with H,,(As) = 0 for all [n| > 0.

The (bounded) derived category is an example of a triangulated category. By this,
we mean an additive category T equipped with an autoequivalence X : 7 — 7T, called
the translation functor, and a set of distinguished triangles. A distinguished triangle is
a sequence of objects and morphisms

X—>Y—>Z—-%¥YX

satisfying a number of axioms. The reader is directed to [Huy06, Chapter 1] for a precise
definition. The translation functor in D(A) is given by the shift of complexes functor
[1]. A triangulated functor F : T — T’ is an additive functor between triangulated
categories which commutes with the translation functors in 7 and 77, and which maps
distinguished triangles to distinguished triangles.

We can now define the singularity category of a ring:

Definition 2.2.5. Let R be a noetherian ring. A complex of R-modules is said to
be perfect if it quasi-isomorphic to a bounded complex of projective modules. Write
Perf(R) for the full subcategory of DP(mod-R) consisting of perfect complexes. The
singularity category of R is the Verdier quotient category (see [Kra08, Section 4] for
details)

b (mod-
Dyg(R) = DP(erf(;lz)R)

By construction, this category possesses the structure of a triangulated category.

From this definition, it follows relatively quickly that R is nonsingular if and only
if the singularity category of R is trivial (in the sense that it has only a zero object).
This follows from the fact that a module M has finite projective dimension if and only
if the complex with M concentrated in degree 0 is perfect, and perfect modules are
isomorphic to the zero object in Dy (R). In general, when the singularity category
is nontrivial it should be thought of as providing a measure of “how singular” R is.
For example, when R has the mildest possible singularity, called an A; singularity,
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then Dgg(R) is equivalent to F'Vecty, the category of finite-dimensional vector spaces
over k, and hence has only one indecomposable object. We will see a few examples of
noncommutative rings which have an A; singularity, in the sense that their singularity
categories are also equivalent to FVect.

While the singularity category has a suggestive name (and it is for this reason we
use it in the introduction), under relatively mild assumptions this category is triangle
equivalent to another category which is much easier to work with. We now recall the
definitions which are required to state this result.

Definition 2.2.6. Given R-modules M and N, write Homp(M, N) = Homp(M,N)/~,
where f ~ f"if and only if f— f’ factors through a finitely generated projective module.
The stable module category of R, denoted mod-R, is then the category whose objects
are the same as those of mod-R, and for modules M, N, has morphisms Homp (M, N).
Given a full subcategory abc-R of mod-R, we write abc-R for the full subcategory of
mod-R whose objects are the same as those of abc-R.

Noting that an element of Zle n; ® f; of N ®g M* gives rise to a homomorphism
M — N viam — Zle n; fi(m), it is not hard to show that a module homomorphism
f + M — N factors through a projective module if and only if f is in the image of
N ®p M*. This allows us to identify Homp(M, N) with Homgr(M,N)/(N @r M*),
which will be useful in later calculations. In this thesis, N and M* will frequently
sit inside the Goldie quotient ring QQ(R) (defined in the next subsection) of a prime
noetherian ring R, in which case we can identify N ® g M* with NM*.

In the stable module category, we have a weaker notion of an isomorphism than in
the usual module category. Indeed, [AB69, Proposition 1.44] shows that two R-modules
M, N are isomorphic in mod-R if and only if there exist projective modules P and Q
such that M & P =2 N @ @ in mod-R.

The first syzygy QM of M € mod-R is defined to be the kernel of any surjection
R"™ — M. The observation in the previous paragraph combined with [Rot08, Proposi-
tion 8.5] implies that QM is uniquely determined in mod-R. Moreover, if f: M — N
is any homomorphism, then we can form a commutative diagram

00— OM — R — M — 0

ih ig lf

00— QN — R — N — 0

where g exists since R™ is projective, and h exists by diagram chasing. The map
h: QM — QN depends on the choice of g, but one can show that if ¢’ : R™ — R" is
any other such choice, which then uniquely determines a map b’ : QM — QN, then
the map h — k' factors through a projective module. Therefore this map h is uniquely
determined in mod-R, and so we obtain a functor 2 : mod-R — mod-R.

We need a few more definitions:

Definition 2.2.7. A ring R is said to be Gorenstein if it is noetherian and both
i.dim Rp and i.dim gR are finite. By [Zak69, Lemma A], under these hypotheses the
values i.dim Rp and i.dim pR coincide, and we call this common value the (injective)
dimension of R.

Definition 2.2.8. Suppose that R is Gorenstein. A finitely generated R-module M
is said to be mazimal Cohen-Macaulay (MCM) if it satisfies Ext% (M, R) = 0 for all
i =2 1. We write MCM-R for the full subcategory of mod-R consisting of maximal
Cohen-Macaulay R-modules.
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For commutative local rings, the above definition coincides with the usual (com-
mutative) definition of maximal Cohen-Macaulay modules in terms of depth [Buc86),
Section 4.2]. Maximal Cohen-Macaulay modules have the following elementary prop-
erties, proofs of which can be found in [Buc86]:

Lemma 2.2.9.
(1) Any finitely generated projective module is MCM.
(2) MCM modules are reflexive.
(3) Finite direct sums and direct summands of MCM modules are MCM.
(4) An MCM module is either projective or has infinite projective dimension.

We are now able to state a theorem which identifies a category which is triangle
equivalent to the singularity category in the case of a Gorenstein ring R:

Theorem 2.2.10 ([Buc86, Theorem 4.4.1]). Suppose that R is Gorenstein. Then the
full subcategory MCM-R of mod-R whose objects are MCM R-modules is a triangulated
category, with translation functor ¥ given by XM = Q~'M. Moreover, there is a
triangle equivalence Dsg(R) ~ MCM-R.

Every example that we consider in this thesis satisfies the hypotheses of this theo-
rem, and so we instead focus our attention on determining MCM-R.

Theorem [2.2.10] is a specific example of a more general result due to Happel. An
exact category C is an additive category possessing a class of conflations (sometimes
called exact sequences) which are triples of objects connected by arrows X — Y — Z,
and which satisfy a number of axioms; see [Chel2, Section 2] for more details. An
exact category C is said to be Frobenius provided that it has enough projectives and
enough injectives, and the class of projective objects coincides with the class of injective
objects. Given a Frobenius category C, we may form its stable category C in the same
way we formed the stable category MCM-R. Then [Hap88] shows that this category is
triangulated, and if X — Y — Z is a conflation in C then there exists a triangle of the
form X - Y - 7 - XX in C. If T is a triangulated category which is triangle equiv-
alent to the stable category of a Frobenius category, then we say that 7T is algebraic.

If R is a Gorenstein ring, then MCM-R is Frobenius and so Happel’s result implies
that MCM-R is triangulated; this triangulated structure is precisely the one given in
Theorem In MCM-R, every conflation X — Y — Z arises from a short exact
sequence 0 - X - Y — Z — 0 of MCM R-modules.

Finally, we recall two useful results that will be helpful when identifying the max-
imal Cohen-Macaulay modules of a ring. Given an additive category C and an object
C € C, we write add(C) for the full subcategory of C consisting of direct summands of
finite direct sums of C'. This is the smallest additive subcategory of C which contains C
and is closed under taking direct summands. The following result is due to Auslander,
but we provide a proof.

Proposition 2.2.11 (Auslander). Suppose that R is Gorenstein and that M € MCM-R
is a generator (for example, this occurs if M has R as a direct summand or if R is
simple). If gl.dim Endr(M) < 2, then add M = MCM-R. Moreover, if R is of injective
dimension at most 2, then the converse also holds.

Proof. Write A = Endr(M). Since mod-R has split idempotents (a fact which holds for
any ring R), [Kral5, Proposition 2.3] implies that the functor Homp (M, —) : mod-R —
mod-A restricts to an equivalence

add M = proj-A. (2.2.12)
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We also note that since M is a generator, R" € add M for any n > 1.

(=) Assume that gl.dim A < 2. That add M € MCM-R is clear, so suppose that
N € MCM-R. Since R is noetherian, N* is finitely presented, so we have an exact
sequence of left R-modules of the form

R™ - R" = N*=0.

Applying Homp(—, R) and noting that N is MCM and therefore reflexive, we obtain
an exact sequence

0—-N—-R"— R™

Applying Homp (M, —) then gives an exact sequence

0 — Homp(M, N) — Homp(M, R™) % Homp(M, R™) — coker 6 — 0,

where, since M is a generator, Hompg (M, R") and Hompg(M, R™) are both projective
A-modules by . Since gl.dim A < 2 we have p.dimcokerf < 2, and therefore
Homp (M, N) is also a projective A-module. By , it follows that NV € add M.

(<) Now assume that add M = MCM-R and that i.dim R < 2. Let N € mod-A,
and consider the initial terms in a projective resolution of NV,

pLp NSO
By , there exists a morphism ¢ : M; — My in add M = MCM-R with
(f: PL — Py) = (go—:Homp(M, M) — Homp(M, My)).
Set K = ker g. We have two short exact sequences

0—->K— M —img—0,
0 —img — My — coker g — 0.

Applying Homp(—, R) to each of these gives rise to exact sequences (where here i > 1),

Ext%(Mi, R) — Exth(K, R) — Extt ! (im g, R) — Exti ! (M1, R),
Ext ! (Mo, R) — Ext ! (im g, R) — Ext’?(coker g, R).

Observe that the flanking terms are all 0: indeed, Ext?Q(coker g, R) vanishes since
i.dim R < 2, while the other three terms vanish because My and M; are both MCM.
Therefore Ext’y (K, R) = Ext!(img, R) = 0 for all i > 1, and so K is MCM. Since
add M = MCM-R by assumption, we have an exact sequence

0— K — My — My,
where each term lies in add M. Then applying Hompg(M, —) gives an exact sequence
0 - Homg(M,K) - P, —» Py - N — 0,

where Homp (M, K) is projective by (2.2.12)). Therefore p.dim N < 2, and so gl.dim A <
2. O
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When R has (injective) dimension at most 2, we also have the following;:

Lemma 2.2.13. Let R be a Gorenstein ring of injective dimension at most 2. Then
M € mod-R is reflexive if and only if it is maximal Cohen-Macaulay.

Proof. (<) This is Lemma (2), and doesn’t require the hypothesis on injective
dimension.

(=) Suppose now that M is reflexive. Since R is noetherian, M* is finitely pre-
sented, so we have an exact sequence of the form

R™ - R"— M* — 0.
Applying Homp(—, R) and noting that M is reflexive yields an exact sequence

0— M — R* % R™ —s coker — 0.

But then, by [Rot08, Corollary 6.55], Ext% (M, R) = Exti?(coker, R) = 0 for all
i = 1, where the last equality follows since i.dim R < 2. That is, M is maximal
Cohen-Macaulay. O

2.3 General ring-theoretic and homological definitions

This section is devoted to defining technical terminology from ring theory and homo-
logical algebra which will be used freely throughout this thesis. We first discuss graded
rings and graded modules, giving special attention to the case of k-algebras.

Definition 2.3.1. A ring A is N-graded if there exists a decomposition A = @, .y An
as abelian groups which satisfies 4;4; C A;1; for all ¢,7 € N. An element a € A is
said to be homogeneous if a € A,, for some n. If A is a k-algebra, then we say that A
is connected if Ag = k.

Definition 2.3.2. A (right) module M over a graded ring A is said to be Z-graded if
there exists a decomposition M = €,., M, as abelian groups which satisfies M; A; C
M;; for all i € Z and j € N. Given a graded A-module M, we define M][i] to be the
graded module which is isomorphic to M in Mod-A, but which satisfies M [i], = M.

It will occasionally be useful to work with Z-graded rings (which have a similar
definition), but unless otherwise stated we will always assume that we grade rings
using N and modules using Z, and simply refer to them as graded rings and graded
modules.

In most situations of interest to us, our rings are finitely generated k-algebras and
all modules are finitely generated, and in this situation we can make the following
defintions:

Definition 2.3.3. A connected graded k-algebra A which is a finitely generated as a
k-algebra is called finitely graded. If this is the case, then dimy A, < oo for all n, and
if M € gr-A then dimy M,, < oo for all n € Z. We then define the Hilbert series of M
(which of course allows M = A4) to be the formal Laurent series

hilb M =) " (dimy M, )t".
nez
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In the previous subsection we defined the GK dimension of a ring, and this definition
can be extended to modules in an obvious way. We neglect to give the precise definition,
but note that if A is a finitely graded k-algebra and M € gr-A (which forces M<_,, =0
for n > 0) then [KLOO, Proposition 6.6] implies that

GKdim M = limsup log,, (dimy M<,,).
n—oo
In particular, this formula holds when M = A.
We now discuss an important technique involving graded rings which can be used
to determine the properties of related rings.

Definition 2.3.4. A filtered ring is a ring R with a family of additive subgroups
{F, | n € N} such that:

(1) EF] - FfL’Jrj for all 7,5 € N;

(2) F; C Fj for all 7 < j; and

(3) Upert Fu = R
If R is a filtered ring, then one can construct a graded ring S = gr R, called the
associated graded ring, by setting S, = F,/F,,—1 and S = @, .y Sn- We now define a
multiplication in S, and it is enough to do so on homogeneous elements. If a € F,,\ Fj,—1
then we say that a has degree n and write @ = a + Fj,—1 € Sy,. Given another element
b of degree m, we define the product @b to be the element ab + F,1p—1 € Spin. It is
easy to check that this gives a well-defined multiplication which makes S into a graded
ring.

The construction of associated graded rings is useful because many good proper-
ties of gr R pass to R. For example, if there exists a filtration of R such that gr R is
noetherian, an integral domain, or prime, then the same is true of R. More complicated
ring-theoretic and homological properties are also preserved under certain hypotheses;
see [Lev92, [Bjo87] for example.

We now define some algebras which appear in the Auslander-McKay correspon-
dence, and in the process fix some conventions:

Definition 2.3.5. A quiver @ is a directed multigraph, and we write ()¢ for the set of
vertices and Q1 for the set of arrows. We equip @ with head and tail maps h,t: Q1 —
Qo which take an arrow to the vertices that are its head and tail respectively. A non-
trivial path in the quiver is a sequence of arrows p = aja ... ap with h(a;) = t(aiy1)
for 1 <i < ¢—1 (that is, we compose arrows from left to right), and such a path is said
to have length £. Moreover, for each vertex ¢ € Qg there is a trivial path e; of length 0,
with head and tail vertex both equal to 1.

Note that it is our convention that arrows are composed from left to right. However,
in Chapter [7] only, this convention is broken and we will compose arrows from right to
left (the reason for doing this will become clear at the time). All quivers in this thesis
are assumed to be finite, in the sense that both Qg and @ are finite.

Definition 2.3.6. Given a field k and a quiver ), we define the path algebra k@ of
Q@ as follows: as a k-vector space, k(@) has a basis given by paths in the quiver, and we
define multiplication by concatenation of paths:

0 otherwise

p.q:{pq if h(p) = t(q)
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In this algebra, the lazy paths e; are idempotents, called vertex idempotents. We will
frequently make use of the fact that k@Q can be graded by path length.

Since all quivers are assumed to be finite, every path algebra is unital, with Zier €;
the multiplicative identity.

Skew group rings also play an essential role in the Auslander-McKay correspondence
and in this thesis. We recall their definition, as well as a generalisation.

Definition 2.3.7. Let G be a group acting (on the left) on a ring R. The skew
group ring R#G is the free left R-module with the elements of G as a basis, with
multiplication extended linearly from the rule (rg)(sh) =r(g-s)gh for r,s € R, g,h, €
G, where g - s is the image of s under the action of g.

Crossed products are a generalisation of skew group rings, and will be used in

Chapter

Definition 2.3.8. Suppose that R is a ring and G is a group. A crossed product Rx G
of R by G is a ring containing a copy of R and a set of units G = {g | g € G} which is
in bijection with G, such that:

(1) R+ G is a free left R-module with basis G, and where € = 1;

(2) if g € G then gR = Ryg; and

(3) if g,h € G then Rgh = Rgh.

The second condition implies that each element g induces an automorphism o of R
via gr = agy(r)g; however, in general, the set {ay | g € G} is not a group. Despite this,
it will still be convenient to say that G acts on R, and to use standard group-theoretic
terminology. The third condition implies that there exists a map 7 : G x G — R*,
where R* denotes the set of units of R, such that gh = 7(g, h)gh. A skew group ring
is the special case where 7(g,h) =1 for all g,h € G.

A useful observation is that, when restricted to the centre Z(A) of A, we have
ag o ap = agp. Indeed, if z € Z(A) then

_ —1__ — ——1 _ _
Qg O Oéh(Z) = thh g = T(ga h)ghz.gh T(Q) h) ' = T(Q? h)Oégh(Z)T(g, h) t= Qgh(z)a

where the last equality follows since gy, (2) is central. In particular, {ay| 2(A) | g € G}
is a group, a fact which we will make use of implicitly later on.

Crossed products and skew group rings often have nice properties when the au-
tomorphisms o, are X-outer. To define what we mean by this, we first recall some
preliminaries on quotient rings of noncommutative rings. For a more in depth treat-
ment, the reader is directed to [GWO04, Chapter 6]. We note that a regular element of
a ring is an element which is a (left and right) nonzerodivisor.

Definition 2.3.9. A classical right (respectively, left) quotient ring @ for a ring R is
an overring S O R such that:
(1) every regular element of R is invertible in S; and

1

(2) every element of S can be expressed in the form rz~! (respectively, ') for

some r € R and regular element x € R.

The conditions which determine when this construction is possible are quite subtle,
and are provided by Goldie’s Theorem. A more easily stated version of this theorem is
as follows:
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Theorem 2.3.10. Suppose that R is a (semi)prime noetherian ring. Then R has a
(semi)simple classical right quotient ring, and this is also a classical left quotient ring.
Moreover, this ring is unique up to isomorphism; we call it the Goldie quotient ring of

R, and denote it by Q(R).
We can now define what we mean by X-inner and X-outer automorphisms:

Definition 2.3.11. An automorphism of a prime noetherian ring R is said to be X-
inner if it is equal to conjugation by an element of Q(R), and it is called X -outer
otherwise. If a group G acts on a prime noetherian ring R, we write Gx_jnn for the
subgroup of G consisting of elements which act as X-inner automorphisms. The action
is said to be X -outer if G x_jnn is trivial.

We remark that this definition is different to the usual definition in the literature,
which requires the notion of a symmetric Martindale Ting of quotients. However, by
[Mon78, Theorem 1.4], when R is prime noetherian the usual definition is equivalent
to the one given above.

Much of Chapter [0] is concerned with showing that certain skew group rings are
maximal orders, which we now define.

Definition 2.3.12. Let R be a semiprime noetherian ring with Goldie quotient ring
Q= Q(R).
(1) A subring S of @ is called a right (respectively, left) order in @ if each element
of Q can be written as st~! (respectively, t~!s) for some s,t € S.
(2) R is said to be a maximal order if there exists no order S with R C .S C Q(R)
and with aSb C R for some nonzero a,b € R.

One motivation for the definiton of a maximal order is the following: if R is a com-
mutative noetherian domain, then it is a maximal order if and only if it is integrally
closed, see [MRO1), Proposition 5.1.3].

We have the following equivalent characterisations of the property of being a maxi-
mal order. One of these characterisations appears in [Mar95] but without proof, so we
provide one. We recall that for a nonzero ideal I of R, we write

OuI)={q€QR) |l €I}, O(I)={qeQ(R)|IqgC T}
We remark that these are equal to Endg(Ig) and Endg(rI), respectively.

Lemma 2.3.13 ([Mar95, Lemma 2.1]). Let R be a prime Noetherian ring. Then the
following are equivalent:

(1) R is a mazimal order;

(2) Endr(Ir) = R = Endg(gI) for all nonzero ideals I of R; and

(3) Endr(Pr) = R = Endgr(grP) for all nonzero prime ideals P of R.

Proof. Throughout write Q = Q(R). The equivalence of (1) and (2) is well-known and
is true under weaker hypotheses; see [MRO1, Proposition 5.1.4]. It is clear that (2)
implies (3), so it remains to show the reverse implication.

Suppose that (2) does not hold. By the noetherian hypothesis, choose an ideal
I maximal among those ideals satisfying R C Endg(I) C Q. We claim that [ is
prime. Seeking a contradiction, suppose this is not the case, so there exist ideals
J,K ¢ I with JK C I; without loss of generality, we may assume that J, K D I. Set
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H={reR|rK CI},sothat H is an ideal of R with H O J D I. Note that if h € H
and ¢ € Endg(]) then

qhK Cql CICK, (2.3.14)

so that ¢h € Endg(K). By the maximality hypothesis on I, we have Endg(K) = R, so
qh € R. But also shows that gh/K C I, so that gh € H by the definition of H
and hence ¢ € Endg(H). Therefore H is an ideal of R with H D I and R C Endg(I) C
Endgr(H) C @, contradicting our choice of I, and so I must be prime. Thus conditions
(2) and (3) are equivalent. O

Finally, we define some homological notions that will be required in this thesis. For
a right R-module M, the grade of M is defined to be

§(M) = inf{i | Exth(M, R) # 0} € NU {o0},

and the grade of a left module is defined in the same way. A right R-module M satisfies
the Auslander conditon if for all i > 0 and all left submodules N C Ext,(M, R) one has
J(N) > i; the definition for a left R-module is symmetric. A ring is called Auslander-
Gorenstein if it is Gorenstein and all of its left and right modules satisfy the Auslander
condition. If it also has finite global dimension then it is called Auslander regular. If R
is a Gorenstein ring of finite GK dimension, then it is said to be (GK-)Cohen-Macaulay
(CM) if GKdim M + j(M) = GKdim R for all finitely generated left and right modules
M.

2.4 PI theory and Azumaya algebras

Azumaya algebras will be of central importance in Chapter[5], and so we give a definition
in this chapter. They are very closely related to PI (polynomial identity) rings, which
we also define. The theory of PI rings is rich and well-developed, and so an interested
reader is directed towards [BG12, MROI] for a more comprehensive treatment.

We begin by defining what a PI ring is:

Definition 2.4.1. A ring R is said to be a polynomial identity (PI) ring if there exists
some f(z1,...,x,) € Z{x1,z2,...) with f(ry,...,r,) =0 for all r; € R, where at least
one word of highest degree in the support of f has coefficient 1. In this case, we call f
a polynomial identity of R. The minimal degree of a PI ring R is the smallest degree
of a polynomial identity for R.

We provide a few examples to demonstrate that this definition is not too abtruse.

Examples 2.4.2.

(1) Every commutative ring is PI and of minimal degree 2: indeed, they satisfy the
identity zy — yx = 0.

(2) The Amitsur-Levitzki Theorem asserts that if R is a nonzero commutative ring,
then M, (R) is a PI ring of minimal degree 2n.

(3) Every quotient and subring of a PI ring R is PI, and is of minimal degree at most
that of R.

(4) If R is a ring which is finitely generated over a commutative subring, then R is PIL

If we additionally assume that a PI ring R is prime, then Posner’s Theorem (see
[BG12l 1.3.13]) implies some very strong properties of R. In particular, it tells us that
the minimal degree of R is even, which allows us to make the following definition:
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Definition 2.4.3. Let R be a prime PI ring. We define the PI degree of R, written
Pldeg(R), to be

Pldeg(R) = 3(minimal degree of R).

Observe that if P is a prime ideal of a prime ring R, then we necessarily have
Pldeg(R/P) < Pldeg(R). This observation will be important shortly.
We now define what we mean by an Azumaya algebra.

Definition 2.4.4. Let A be a ring with centre Z. There is a natural map
0:A®z A°® — End(Az), a®bw (r— arb).

We say that A is an Azumaya algebra (over its centre Z) if
(1) A is a finitely generated projective Z-module; and
(2) 0: A®; AP — End(Az) is an isomorphism.

Again, we provide some examples, the last two of which are particularly important:

Ezamples 2.4.5.

(1) Every commutative ring is Azumaya.

(2) More generally, if R is a commutative ring then M, (R) is an Azumaya algebra.
(3) Every Azumaya algebra A is PI: indeed, since Ay is finitely generated, this follows
from Example (4). The converse is not true, but the Artin-Procesi Theorem
provides necessary and sufficient conditions for this to be the case.

(4) Suppose that ¢ is a root of unity and let Oy(k™) = kg[x1, ..., 2] be the quantised
coordinate ring of affine m-space, which is the algebra with generators x; subject to
the relation z;z; = qu;x; for j > i. Also write O,((k*)") = k,[2F!,... 1] for the
quantum torus of rank n, obtained from O4(k™) by inverting the x;. Then O4 (k™) is
not Azumaya while Oy((k*)") is.

(5) If A is Azumaya and X is an Ore set contained in Z, then AX ! is Azumaya.

One of the most important properties of Azumaya algebras, for our purposes, is
that there is a strong correspondence between the ideals of A and of its centre Z:

Proposition 2.4.6 ([MROI, Proposition 13.7.9]). Let A be an Azumaya algebra with
centre Z. Then there is a one-to-one order-preserving correspondence

{ideals of Z} «— {ideals of A}
1 — IA
JNZ — J

which preserve primeness and mazximality.

By [BGI2, II1.1.4], if A is a prime Azumaya algebra over its centre Z, then n? :=
dimy/,(A/mA) is constant as m varies over maximal ideals of Z, and this value is
necessarily square. In this case, we say that A has rank n?.

As observed earlier, if R is a prime PI ring then every prime ideal P satisifies
Pldeg(R/P) < Pldeg(R). If we have equality here, then P is said to be regular. The
following theorem shows that regularity of prime ideals is closely related to the Azumaya

property.

Theorem 2.4.7 (Artin-Procesi). Let R be a prime ring with centre Z, and n a positive
integer. Then the following are equivalent:
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(1) R is an Azumaya algebra of rank n? over Z;
(2) R is a PI ring of PI degree n whose prime ideals are all regular; and
(3) R is a PI ring of PI degree n whose mazimal ideals are all reqular.

One can actually characterise regular maximal ideals when R is sufficiently nice.

Theorem 2.4.8 ([BG12, Theorem II1.1.6]). Suppose that R is a prime k-algebra which
18 finitely generated as a module over its centre Z. Let d be the PI degree of R. Let M
be a mazimal ideal of R and let m :== M N Z, which is a maximal ideal of Z. Then the
following are equivalent:

(1) M is a regular mazimal ideal of R;

(2) R/M = My (k); and

(3) M =mR.

By combining these two theorems, one obtains the following criterion which we will
utilise later on:

Lemma 2.4.9. Suppose that R is a prime k-algebra which is finite over its centre Z
(hence PI) and of PI degree n. Then R is an Azumaya algebra of rank n? if and only
if R/mR = M, (k) for all m € MaxSpec Z.

Proof. (=) First suppose that R is Azumaya of rank n? and consider m € MaxSpec Z.
By Proposition mR is a maximal ideal of R, and therefore regular by the Artin-
Procesi Theorem. By Theorem [2.4.8] it follows that R/mR = M, (k).

(<) Now let M be a maximal ideal of R, and set m = M N Z, which is a maximal
ideal of Z. Then M/mR is a proper ideal of the ring R/mR, which is isomorphic to
M, (k) by hypothesis. Since this is a simple ring we must have M/mR = 0, and so
M = mR. By Theorem M is regular, and so by the Artin-Procesi Theorem, R is
an Azumaya algebra of rank n2. O

2.5 The deformations of Crawley-Boevey—Holland

As discussed in the introduction, in [CBH9§|, Crawley-Boevey—Holland introduced a
family of deformations of Kleinian singularities. We now provide more details of the
results in [CBH9S], in particular those which will be used frequently in this thesis. For
completeness, we repeat the definition of their deformations from the introduction.

Let k[u,v]® be a Kleinian singularity with corresponding extended Dynkin quiver
C~2; these quivers are provided in Figure (along with two other types of quiver),
where we also provide the labellings for the vertices and arrows as used throughout this
thesis. We now establish a bijection between k"' = k%0 and Z(kG). The irreducible
representations Wy, W1, ..., W, of G correspond to the vertices of the McKay quiver
@, where Wy is the trivial representation. Write d; = dimy Wj; explicitly (using the
labelling of the vertices from Figure we have

Ap: d=(1,1,...,1,1)
~—_——
n+1 times
D,: 6=(1,1,2,2...,2,2,1,1)
~—_—
n—3 times

E¢: 6=1(1,2,1,2,3,2,1)
E;: 6=(1,2,3,4,3,2,1,2)
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Es: 6=(1,2,3,4,5,6,4,2,3).

Writing y; for the character of the representation W;, for 0 < i < n set

1
== Y xi(9)9,
a7 2 l9)

geG

which are central idempotents in kG and form a k-basis for Z(kG). Then the map
n+1 - >\l
k — Z(kG), ()\0,)\1,.‘.,)\,1) — E - (251)
prll

is a bijection, which we will henceforth use to identify k"*! with Z(kG), often without
mention.

Definition 2.5.2. Let k[u, v]% be a Kleinian singularity and let Q be the corresponding
extended Dynkin quiver. Then G acts naturally on the free algebra k(u,v), and so we
can form the skew group ring k(u,v)#G. Let e = |T1;| >_gec g be the average of the

group elements, viewed as an element of k(u,v)#G. Fix a weight A € k™! which,
using (2.5.1)), gives rise to an element of Z(kG) which we also call \. Then define

k{u, vy #G

(vu — uv — A)

SMNQ) = and  ONQ) = eSMNQ)e.

We frequently write S* and O when the precise choice of @ is unimportant.

We view S* as a deformation of k[u,v]# G and O as a deformation of k[u,v]%. It
is easy to see that multiplying A by a nonzero scalar does not change the isomorphism
classes of S* or O, so we can assume that X -6 is either 0 or 1. Recalling that O is
commutative if and only if A - § = 0, the former case yields a deformation of k[u, v]¢
that is commutative, while the latter gives a noncommutative deformation.

Crawley-Boevey—Holland showed that these deformations have many nice ring-
theoretic and homological properties; see Proposition In particular, the deforma-
tions O* are always noetherian domains of GK dimension 2, they are noncommutative
if and only if A\-§ # 0, and they are frequently singular, which means that they provide
examples of singular noncommutative surfaces.

To determine many of the properties of these rings, Crawley-Boevey—Holland showed
that the deformations S* are Morita equivalent to deformed preprojective algebras,
which we now define. These algebras provide a generalisation of the preprojective
algebras which were mentioned in Chapter

Definition 2.5.3. Let Q be a quiver. Define the double Q of @ to be the quiver
obtained from () by adding a reverse arrow « : j — ¢ for each arrow « : ¢ — j in Q)
or, if a : ¢ — 1 is a loop, adding no arrows and declaring @ = «. We call the arrows
in Q which are not reverse arrows ordinary arrows. Given a weight A € k%0 for @, the
corresponding deformed preprojective algebra is

Q) =kQ/I,
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Figure 2.1: Doubles of extended Dynkin graphs and the Euclidean graphs L; and ]ﬁ)in,
with the labelling of vertices and arrows that will be used throughout this thesis. We
have only provided arrow labelling for those quivers in which we will need to refer to
specific paths.
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where I is the two-sided ideal of kQ with generators

Zo@ — Z&a — i€

acQr a€Q:
t(a)=1 h(a)=t
t(a)#i

for each vertex i € Q.

Theorem 2.5.4 ([CBH98, Theorem 0.1]). Let k[u,v]% be a Kleinian singularity with
corresponding extended Dynkin quiver Q, and let X € ]k~"+1 be a weight for Q. Then
there is a Morita_equivalence between SMQ) and TINQ), and moreover there is an

1somorphism (9)‘(@) >~ ¢oITMQ)e.

To determine further properties of the deformed preprojective algebras IT*, Crawley-
Boevey—Holland constructed reflection functors and showed that they provide Morita
equivalences between different deformed preprojective algebras. In the following, we
say that a vertex i € Qg is loop-free if there are no arrows a : i — 1.

Definition 2.5.5. Let ) be a quiver, and let C' = 2I — A be the generalised Cartan
matrix of @, where A is the adjacency matrix of the underlying graph of ). For each
loop-free vertex i € Qq, define the dual reflection r; : k90 — k90 by

(Ti)\)j = )\j — ng/\z

It is easy to see that if Q is extended Dynkin then A -8 = (;1) - 5. We also have
the following result:

Theorem 2.5.6 ([CBHO8, Theorem 5.1]). Let @ be a quiver and suppose that i € Qo
is loop-free. Then TIN(Q) is Morita equivalent to TI"MN(Q).

These Morita equivalences turn out to be very useful when our quiver is Dynkin or
extended Dynkin. In these cases it is relatively easy to deduce some properties of I
when A has a particular form, and then these properties can be translated to the other
1" using the Morita equivalence of Theorem m For what follows, we need to fix a
total ordering < on k which also satisfies the following:

(1) If a < b, then a+c < b+ cfor all c €k;

(2) On the integers, < coincides with the usual order; and

(3) For any a € k, there exists m € Z with a < m.

For example, when k = C we may define < by z < 2’ if and only if Rez < Rez’, or
Rez =Rez' and Im 2z < Im 2’

Definition 2.5.7. We say that a weight A € k90 is dominant if A; = 0 for all i € Q.

Lemma 2.5.8 ([CBH98, Lemma 7.2]).

(1) Suppose that Q is Dynkin, and let X\ be a weight for Q. Then there exists a unique
dominant weight X' such that X' is the image of X under a sequence of dual reflec-
tions.

(2) Suppose that @ 1s extended Dynkin, and let \ be a weight for @ with A- 6 = 1.
Then there exists a unique dominant weight X' such that X' is the image of X under
a sequence of dual reflections.

Therefore, to determine representation-theoretic properties of II* when our quiver
is (extended) Dynkin, it suffices to restrict our attention to dominant weights. For
example, we have the following useful result which will be used frequently in Chapter

Bt
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Lemma 2.5.9 ([CBH98, Lemma 7.1]). Suppose that Q is Dynkin, and let A be a
dominant weight for Q. Write Qy for the full subquiver supported on those vertices i
with \; = 0. Then TINQ) = T1(Qy). In particular, the projective modules of TINQ) are
the modules e;11M(Q), where i is a vertex with \; = 0.

In Chapter [3| we will also define what it means for a weight to be quasi-dominant,
and show that one can restrict attention to quasi-dominant weights when determining
the singularity categories Dgs(OMNQ)).

2.6 Quantum Kleinian singularities

We now provide more details on quantum Kleinian singularities, as discussed in the
introduction. Recall that these can be thought of as a generalisation of Kleinian singu-
larities k[u,v]® obtained by replacing k[u,v] by a two-dimensional AS regular algebra
and replacing G with a suitable subgroup of GL(2,k).

Definition 2.6.1. Let A be a finitely generated N-graded k-algebra with Ay =k, and
let k = A/A>; be the trivial module. We say that A is Artin-Schelter regular (or AS
regular) of dimension d if:

(1) gl.dim A = d < oc;

(2) GKdim A < oo; and

(3) EXtér—A(kA’ Ay) = { Aﬂgm iz i Z as left A-modules.

While there could be some confusion between which of global dimension and GK
dimension we mean when we speak of a d-dimensional AS regular algebra, we remark
that there are no known examples where these values differ.

In particular, the only commutative AS regular algebra of dimension d is the poly-
nomial ring k[x1, ..., z4]. AS regular algebras of dimension d are meant to be viewed as
noncommutative analogues of this polynomial ring and, in light of the above definition,
they share good homological properties.

In dimension 2, it is relatively easy to classify all AS regular algebras that are gener-
ated in degree one; indeed, up to isomorphism, they are the quantum plane and Jordan
plane from the introduction [BRST16, Theorem 1.2.2.1 (2)]:

k(u, v)
(vu — quv)

k(u, v)

and kb = )

kq[u,v] =

The classification problem in dimension 3 is much more difficult, and required the
development of geometric techniques due to Artin—Tate—Van den Bergh [ATVdB90),
ATVdBOI1]. The classification is more involved and not required for this thesis.

After replacing k[u,v] by a two-dimensional AS regular algebra, we also need to
determine which finite subgroups of GL(2,k) we should be allowed to act by. In the
commutative setting, the condition we impose is that G < SL(2,k), and a sensible
noncommutative analogue of this is to require that every element of G has trivial
homological determinant.

Definition 2.6.2. Suppose that a finite group G < GL(n,k) acts on an AS regular
algebra A of dimension d, and let g € GG. Then the trace of g on A is the power series

Tr(g) = > tr(gla,)t"

neN
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where tr(g| 4, ) is the usual trace of the linear map g|, : A, — Ap.
Under our hypotheses, Tr(g) has a series expansion in k((¢t7!)) of the form

Tr(g) = (—1)dcflt*€ + lower order terms,

for some ¢ € k, where / is as in Definition [2.6.1] We call this constant ¢ the homological
determinant of g, which we denote by hdet g.

It is shown in [JZ00, Section 2] that hdet is multiplicative, and that if A is the com-
mutative polynomial ring k[z1,..., x4, then hdet g = det g for all g € GL(d, k). When
we say that we require every element of G to have trivial homological determinant, we
mean that hdetg =1 for all g € G.

As mentioned in the introduction, Chan—Kirkman—Walton—Zhang classified all fi-
nite groups G < GL(2,k) acting on a two-dimensional AS regular algebra A with trivial
homological determinant in [CKWZ14]. Later work, see [CKWZ16a, [CKWZ16b|, shows
that the resulting algebras A#G and A® have many properties in common with the
analogous algebras that arise for Kleinian singularities. The authors also showed how to
associate an extended Euclidean diagram to these algebras, which is simply the McKay
quiver of the group G. We repeat the classification from Chapter [1| below, this time
excluding case (0) which covers the classical Kleinian singularities:

Case A G Q
(1) kq [’U,, U] Cn An—l
(i) | k_1[u,v] | Ss L,

ﬁ)LH if n is even

(iii) | k—i[u,v] | Dy —~ 2

DL,41 if nis odd
2

(iv) kjlu,v] | Cy Aq

Table 2.1: The pairs (A4, G) for quantum Kleinian singularities A, and their McKay
quivers.

As discussed in the introduction, quantum Kleinian singularities share many ring-
theoretic and representation-theoretic properties with classical Kleinian singularities,
which justifies their suggestive name.
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Chapter 3

Singularities of Deformations of
Kleinian Singularities

In this chapter, we prove Theorem from the introduction, which gives a precise
description of the singularity category of a deformation (’))‘(@), and we also prove
Theorem [I.2.7, which establishes a noncommutative version of the geometric McKay
correspondence. In light of Theorem throughout we identify O*(Q) = eoII*(Q)eo.

3.1 Restriction to quasi-dominant weights

We first seek to simplify the problem by focussing our attention on certain choices of
weights A which occur in the deformations ©O*. We make a definition:

Definition 3.1.1. If @ is extended Dynkin, we say that a weight X\ is quasi-dominant
if \; > 0 for all 4 # 0, where < is a total ordering on k as in Definition

We now show that we can restrict attention to quasi-dominant weights for the
remainder of this chapter. Recall the definition of dual reflections from Definition [2.5.5
We have the following lemma, which appears in unpublished work of Boddington and
Levy [BLOT].

Lemma 3.1.2. Suppose that X\ is a weight for an extended Dynkin quiver @, and let
p be a sequence of dual reflections at vertices other than the extending vertex 0. Then

0N = 0P\ |

This is a strengthening of [CBHI98, Lemma 7.9], in which the authors established
only a Morita equivalence between these two rings, rather than an isomorphism. Com-
bining Lemma with [CBH9S8, Lemma 7.8], we have the following result:

Lemma 3.1.3. Suppose that X\ is a weight for an extended Dynkin quiver C~2 Then
there ezists a quasi-dominant weight N with O = O~

With this result in hand, we now state an assumption that will hold for the remain-
der of this chapter.

Assumption 3.1.4. If A is a weight for an extended Dynkin quiver @, then we always
assume that the weight X\ is quasi-dominant unless explicitly stated otherwise.

We will see later that this assumption allows one to easily read off a number of
useful facts about the module category of ©*, and ultimately its singularity category
as well. As a first example, if we restrict our attention to quasi-dominant weights then
it is easy to detect whether O is singular:
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Lemma 3.1.5. If A is a quasi-dominant weight for an extended Dynkin quiver @, then
O* is singular if and only if \; = 0 for some i # 0.

Proof. By [CBH98, Theorem 0.4 (4)], O is singular if and only if A - a = 0 for some
Dynkin root . The possible values of these Dynkin roots are not important to us; it
suffices to know that they have the form (0,a’) € Z"™! where, in particular, o/ has
entirely non-negative or non-positive entries, and has at least one nonzero entry. In
addition, e; € Z"* for 1 <i < nis always a Dynkin root, where ¢; is the ¢th coordinate
vector (here the entries are indexed from 0 to n). Therefore, if A; = 0 for some 7 # 0
then X - a = 0 for the Dynkin root a = ¢;, while if A\; # 0 for all ¢ # 0, then necessarily
A+ a # 0 for all Dynkin roots a. The result then follows. O

~

3.2 The singularity category of O*(Q) as a k-linear cate-
gory

Our first step in determining MCM-O? is to determine its structure as an additive
category, or indeed as a k-linear category. We first identify an important module.

Lemma 3.2.1. ['eq is a finitely generated O*-module, and it satisfies Endyx (IT'eg) =
I,

Proof. The first part of the statement follows from [MS81, Lemma 1]. To determine
the endomorphism ring, first note that, by [CBH98, Lemma 1.4, Corollary 3.5], IT* is
Morita equivalent to a ring which is a maximal order and hence is itself a maximal
order. The claim then follows from the results in [CBl Section 5.4]. O

Write V; = e;II*eg; we shall refer to these O*-modules as vertez modules, and they
will play an important role in determining MCM-O?. Using Lemma we are able
to calculate the Hom spaces between the vertex modules.

Corollary 3.2.2. We have Hompx(V;,V;) = e;I1%e;, and so 1'eq is a reflerive (and
hence mazimal Cohen-Macaulay) O*-module.

Proof. By Lemma 3.2.1L 1" = Endpx (Tteg) = @M Hompx (exI17eq, eI eq). Multi-
plying on the left by e; kills each Hom space with ¢ # j, while multiplying on the right
by e; kills each Hom space with k # 4. It follows that

ejle; = e; @Homox(Vk, Vi) | ei = ej Hompa (V;, V) e; = Hompa (Vi, V).
ket

Since all of our results on Hom spaces are left-right symmetrical, we also find that

*

(H)\ 60)**

n n
Hompx @ Vi, Vo = @ eolle;
1=0 i=0

n n
= @ Homx (eOHAei, 601_[)\60) = @ V; = ey,
=0 1=0

and so IT'ey is a reflexive O*-module. Therefore, since II*eq is finitely generated,
and since i.dim O* < 2 ([CBH98, Theorem 1.6]), Lemma [2.2.13 implies that IT*eq is
maximal Cohen-Macaulay. O
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This allows us to determine the stable endomorphism ring of IT*ey. We fix some
notation which will be used throughout the rest of this chapter: write @, for the full
subquiver of @ with vertex set Iy :={i € {1,...,n} | A\; = 0}.

Lemma 3.2.3. We have Endps (TTeg) =2 T1(Q)).

Proof. Write pn = (A1,...,A,). By Corollary we have that

(H/\eo)* = @Hom(y (eiH’\eo, eOH)‘eo) = @ eolle; = epll.

1 1
Then, noting that Teq (H’\eo> = IT*eoII*, we have

H)\

A ~
End(y\ (H eo) = HAEOH)‘

= 1"(Q).

Since the entries of p are all > 0 by Assumption [3.1.4) and @ is Dynkin, Lemma
tells us that IT#(Q) is isomorphic to the preprojective algebra supported on the vertices
i of Q with u; = 0; that is, [T*(Q) = TI(Q,). Therefore Endox (IT'eg) = TI(Qy). O

We are also able to determine when a vertex module is projective. It turns out that
this is the case precisely when the corresponding vertex is deleted when passing from

Q to Qy.
Lemma 3.2.4. Ifi =0 or \; # 0, then V; is a projective O*-module.

Proof. When ¢ = 0 this is clear. So suppose that i # 0 and \; # 0. Then, as in the
proof of Lemma e; = 0 in TT/TIeoIT* and so e; € Thegll*. But then, using
Corollary

ViVt = eIlepIle; 3 €3 = ¢,

where e; is the identity element of Enda (V;) = eiH)‘ei, and so Vj; is projective by the
dual basis lemma (see [Lam99, (2.9)]). O

It follows that the vertex modules V; satisfying A\; # 0 are equal to the zero ob-
ject in the singularity category, so that II*ey and D,c 1, Vi define the same element
in MCM-O*. When working in the stable module category, we will sometimes refer
to those vertex modules whose corresponding weight is zero as non-projective vertex

modules.

Proposition 3.2.5.
(1) MCM-O* = add [T eg.
(2) MCM-O* = addIPeq = add (@,er, Vi ) -

Proof.
(1) First note that O is Gorenstein and that, using [CBH98, Theorem 1.5],

gl.dim End s (ITep) = gl.dim II* < 2.

Since IT'ey has O as a direct summand, the first claim then follows from Proposition

2211
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(2) Part (1) immediately implies that MCM-O* = addIl*ey = add (€D, Vi). But
projective modules become the zero object when passing to the stable module category,
so the result follows by Lemma [3.2.4] O

We recall that an additive category is said to be Krull-Schmidt if every object
decomposes into a finite direct sum of objects, each of which has a local endomorphism
ring, and where this decomposition is unique up to reordering.

Theorem 3.2.6. The functor Hompx (ITeg, —) induces a k-linear equivalence
MCM-0* ~ proj-II(Qy).
Proof. By [Krald, Proposition 2.3|, the functor
Homox (ITeq, —) : mod-O* — mod- Endpx (IT'ey) = mod-T1(Q,)

induces a fully faithful k-linear functor addII*eq — proj-II(Q,), where addII*ey =
MCM-O* by Proposition Since II(@)) is finite-dimensional [BES07, Proposition
2.1], mod-II(Q,) is Krull-Schmidt and hence so too is proj-II(Qy). Therefore, to es-
tablish essential surjectivity of the functor Homax (IT*eq, —), it suffices to show that we
can hit each indecomposable projective ¢;I1(Q), where i € I. Indeed, we have

gl e; 11 o
T allell Il NIPellr ' eIl

Homx (H’\eo, Vi) = e 11(Q)),

and so the functor is also essentially surjective. We therefore have the claimed equiva-
lence. O

We therefore see that MCM-O? is nontrivial if and only if A; = 0 for some i # 0
which, by Lemma happens precisely when O? is singular, which is consistent
with the remark after Definition Moreover, the vertex modules V; with ¢ = 0, or
with i # 0 and \; # 0, are the vertex modules which are projective and hence vanish
in MCM-O?. This is reflected by the fact that these are the vertices which are deleted
to obtain Q).

As an immediate consequence of (the proof of ) Theorem 3.2.6 we have the following
result:

Corollary 3.2.7. MCM-O" is a Krull-Schmidt category.

Remark 3.2.8. By Proposition the objects of MCM-O* are direct summmands
of finite direct sums of the non-projective vertex modules. Since these vertex modules
are indecomposable and MCM-O? is Krull-Schmidt, in fact every object of MCM-O*
is isomorphic to a finite direct sum of vertex modules.

The following two corollaries are then immediate from Theorem [3.2.6

Corollary 3.2.9. Suppose that @ is an extended Dynkin quiver and Qy = QW U
QM s a disjoint union of connected quivers QW , which are therefore necessarily
Dynkin. Then there is a k-linear equivalence

MCM-0O* ~ @ proj-I(Q™).
i=1

Proof. This follows from the isomorphism I1(Qy) = [T/_, Q) and the fact that, for
rings R;, we have an equivalence proj- (H::1 Ri) ~ P;_, proj-R;. O
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Corollary 3.2.10. Let QV and QV’ be extended Dynkin quivers (not necessarily of the
same type) and let X and N be quasi-dominant weights for Q and Q', respectively. If
Qx = Q) then there is a k-linear equivalence

MCM-0*(Q) ~ MCM-0Y (Q"). O

It is illustrative to apply Theorem (and its corollaries) to an example:

Ezxample 3.2.11. Suppose that @ = 1&5, and consider the deformation O* where the
weight A is indicated in red on the left hand quiver below:

0 0 S
2—3 2——3
7 \) (7
0 1 4 =0 o 1
Ny
0«—35 5
/\OU 0

By Theorem there is a k-linear equivalence MCM-O?* ~ proj-II(A3z) @proj-TI(A;).
In more suggestive notation, we can write this equivalence as

Dsg(o)\) = DSg(RAS) D Dsg(RA1)7

and so it is sensible to consider O as having an Ag and an A; singularity.

If we more concretely set A\ = (—1,0,0,0,1,0) (respectively, A = (0,0,0,0,1,0))
then O* is commutative (respectively, noncommutative), and it is easy to write down
a presentation for O*. In particular, we have a k-linear equivalence

klz,y, 2] - k(z,y, 2)

@y G 0% % = (ot e ay= 12\
yz = (2= 1)y, yo=(z—1)%?

Dg

The ring appearing on the right hand side here is an example of a generalised Weyl
algebra, as studied in [Bav92, [Hod93].

If A = 0, so that O*(Q) is isomorphic to the Kleinian singularity Rg, then Theo-
rem m gives a k-linear equivalence MCM-Rq =~ proj-II(Q)). Since MCM-Ry, is tri-
angulated, this equivalence induces a triangulated structure on proj-II(Q). Moreover,
the k-linear equivalences of Theorem [3.2.6| and Corollary induce a triangulated
structure on proj-II(Qy) ~ P,_, proj-II(Q™). To prove Theorem from the intro-
duction, it suffices to show that each of the proj-H(Q(i)) are triangulated subcategories
of proj-II(Q»), and that we have triangle equivalences MCM-R i) =~ proj-I(QW). We
establish both of these in the next section.
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3.3 The singularity category of O*(Q) as a triangulated
category

We are now able to to prove our main theorem which gives a description of the singu-
larity category of O*@Q). Recall that we have a k-linear equivalence

MCM-O* ~ @ proj-11(Q) (3.3.1)
i=1

where @), the subquiver of @ with vertex set {i € {1,...,n} | \; = 0}, decomposes
into connected components as Qy = QM L --- U Q). Recall also that we have k-
linear equivalences proj-I1(Q() ~ Dyg(Rg ), where Ry is the Kleinian singularity
corresponding to Q). We wish to show that each of the proj-II(Q(?) is a triangulated
subcategory of MCM-O* which is also triangle equivalent to Dsg(Rgei ). To achieve
this, we make use of the following result:

Theorem 3.3.2 ([Kell8, Corollary 2]). Let T and T’ be Krull-Schmidt k-linear tri-
angulated categories which are finite, connected, algebraic and standard. If T and T’
are equivalent as k-linear categories, then they are in fact equivalent as triangulated
categories.

We note that, if @ is Dynkin, proj-II(Q) (and the k-linearly equivalent category
Dy (Rq)) are finite, connected, and standard since they are k-linearly equivalent to
certain orbit categories which are known to have these properties (see [AIRI5, Re-
mark 5.9]). Therefore, if we can show that each proj—H(Q(i)) is an algebraic triangu-
lated subcategory under the k-linear equivalence , then each k-linear equivalence
proj—H(Q(i)) ~ Dsg(RQ(i)) is in fact a triangle equivalence, which will prove Theorem
[L.2.5] from the introduction.

We must first show that the translation functor induced on the right hand side
by this equivalence preserves connected components, in the sense that it restricts to
an autoequivalence of each of the subcategories proj—H(Q(i)). If the Q) are pairwise
non-isomorphic, then the fact that the induced translation functor has to be a graph au-
tomorphism forces it to preserve connected components, completing the proof in these
cases. This leaves only the cases where some of the Q) are isomorphic, and one might
hope to abstractly prove that the translation functor preserves connected components.
Unfortunately, the following example shows that one should not expect this to be the
case.

Ezample 3.3.3. Let T be a Krull-Schmidt k-linear category with only two indecompos-
able objects U and V', and suppose these objects satisfy Homp(U, V') = 0 = Homp(V, U)
and Endp(U) = k = Endp(V). For example, this is the case for MCM-O*(A3) when
(Mo, A1, A2, A3) = (0,0,1,0), since in this case it is k-linearly equivalent to proj-II(A;) ®
proj-II(A;). This category has two possible triangulated structures: the first has

> = id, and the distinguished triangles are isomorphic to direct sums and rotations
of

UMy 505U and VSV 057,

and the second option has XU =V and ¥V = U, and the distinguished triangles are
isomorphic to direct sums and rotations of

Uy sosv
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The first example decomposes into a direct sum of two triangulated subcategories, while
the second example does not.

While the above example shows that one should not expect to be able to abstractly
prove that the translation functor preserves connected components, this is essentially
the only counterexample. The following proof is due to Jeremy Rickard, and we thank
him for allowing us to reproduce it:

Lemma 3.3.4. Suppose that T is a Krull-Schmidt k-linear triangulated category with
finitely many indecomposables which decomposes as a k-linear category as

r
=1

Suppose that the translation functor ¥ satisfies XT; = T; for some @ # j. Then T; and
T; each have only one isoclass of indecomposable objects.

Proof. Let a: X — Y be a nonzero morphism between two indecomposable objects of
T;, and complete to a triangle

x5y bz yvx,

where ¥ X € 7; by assumption. We claim that every indecomposable summand of Z
lies in 7;. To this end, suppose that Z = Z’' & Z” where Z’' € T; and Z" € Drzj Trs

and write v = (7/,0). The map ~/ gives rise to a triangle 2’ 5 ©X — Y’ — %7’

and rotating yields the triangle X — 7Y’ — 7 2, $X. The direct sum of this
triangle with the triangle 0 — Z” — Z” — 0 is a triangle isomorphic to the triangle
XY +Z—-YX,andsoY = X7 1Y'@ Z"”. By indecomposability of Y, we therefore
have ¥71Y' =0or Z” =0. f 27'Y’ =0 then Y = Z” and ¥ X = Z’. Our original
triangle becomes

XS5 7' sy XeZ' 52X

which is isomorphic to the direct sum of the triangles X — 0 — XX — XX and
0 — Z" — Z"” — 0. This means that « is the zero map, contrary to our assumption,
and so we must have Z” = 0, establishing the claim. Now, since every indecomposable
summand of Z lies in 7}, S is the zero map. Applying Hom(Y, —), we get an exact
sequence

Hom(Y, X) == Hom(Y,Y) — Hom(Y, Z)

where the last term is 0. By exactness, there exists o : Y — X with ae = idy.
Since T is Krull-Schmidt the endomorphism ring of X is local, which implies that the
idempotent map o'« is a unit and therefore equal to idy. Therefore o : X — Y is
an isomorphism, and so 7; (and hence 7;) has only one indecomposable object, up to
isomorphism. 0

Therefore, to show that the induced translation functor on @;_, proj-I[(Q™) from
the k-linear equivalence

MCM-O* ~ @ proj-I(Q)
i=1
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preserves connected components, we only need to consider the case when there exist Q(*)
and QU i # j, with Q) = A; = QUY). Tt suffices to show that, for the corresponding
objects V;,V; € MCM—O’\(QV), we have XV; = V; and XV; = V;. To this end, we first
have the following result:

Proposition 3.3.5. Let QQ be a non-Dynkin quiver with no oriented cycles, and with
vertices labelled {0,1,...n}. Write II(Q) for the preprojective algebra of Q, and write
Vi = 11(Q)eq, which is a right egll(Q)eg-module. Then, for any i # 0, there exists a
short ezact sequence of egll(Q)eg-modules

0—>VZ~—>@V}—>VZ»—>O,
Jj€Di

where 0i for the set of vertices adjacent to i in Q.

Proof. By [BBKO02, Proposition 4.2], there is an exact sequence of I1(Q)-modules

0 — &I(Q) — @D &TI(Q) — eTI(Q) — S; — 0, (3.3.6)

where S; is the simple module at vertex i. Noting that epII(Q) is a direct summand of
II(Q) and hence projective, applying Homyy(gy(eoll(Q), —) yields an exact sequence

0 — Hompy(g) (eoTI(Q), e1(Q)) — €D Hompyg) (eoTI(Q), ¢;11(Q))

— Hompy(g) (eoll(Q), &;11(Q)) — Hompyg)(eoll(Q), Si) — 0.

Noting that Homrg)(eoll(Q), exI1(Q)) = Vi and, since i # 0, Hompyg)(eoll(Q), Si) =
0, we therefore have exactness of

0—>V7;—>@Vj—>1/;—>0,
jeoi

as claimed. O

In particular this result holds for extended Dynkin quivers, where we remark that
if we wish to apply it to an A,, quiver then we must orient the arrows so that there are
no oriented cycles; this does not change the isomorphism class of TI(A,,).

Remark 3.3.7. The above result may or may not fail for Dynkin quivers, depending
on how the vertices are labelled. For example, when () = A3 where the vertices are
labelled as follows,

0—1—2
then the complexes of interest to us are

0O—-Vi—=VpeVo—=V; —-0, and 0—=Vo =V = Vo — 0.

Since dimy Vy = 1, dimyg V7 = 1, and dimy Vo = 1, the first of these is exact while the
second is not. If instead we label the vertices of @) as follows,

1———0—2
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then the complexes of interest to us are
0>V —=>Vy—=Vi—=0, and 00— Vo —>Vyj— Vo — 0,

and both of these are exact since dimy V = 2, dimy V7 = 1, and dimy V5 = 1.

Proposition [3.3.5] now allows us to show that the induced translation functor on
D, proj—H(Q(Z)) maps connected components to themselves.

Proposition 3.3.8. Let Q be an extended Dynkin quiver and X\ be a quasi-dominant
weight for Q Write Qy = QW U--- U QM as a disjoint union of connected quivers
QW , which are therefore necessamly Dynkin. Consider the triangulated structure on
@;_, proj-TI(QW) induced by the k-linear equivalence

MCM-O* ~ @ proj—H(Q(Z)

of Corollary and let X be the translation functor. Then each proj—H(Q(i)) 18
mvariant under 3.

Proof. By Lemma[3.3.4and the discussion following it, the only situation in which there
exist proj- H(Q(')) which are not necessarily invariant under 3 is when we have multiple
Q® equal to A;. Working in MCM- (QA(Q) this happens if and only if there is some
vertex ¢ with A\; = 0, and if j is adjacent to ¢ then either j = 0 or \; # 0; in particular,
the modules V; corresponding to these vertices are projective as OA(@)-modules by

Lemma By Proposition we have an exact sequence of egII(Q)ep-modules

0V 5PV L vi—o. (3.3.9)

j€di
Now consider as a sequence of modules over (’)’\(@) It is a complex since the
composition wqb is equal to the (undeformed) preprojective relation at vertex i, which
is equal to A\;e; = 0. Filtering I1(Q) and OA(Q) by path length we obtaln a sequence of
associated graded modules, which is in fact the exact sequence . It is standard

(see [MROI, Proposition 1.6.7]) that this implies that ( is exact as a sequence of
modules over O*(Q). To summarise, we have an exact sequence of O (Q)-modules

05V, @PV;=Vi—=0
jeoi

whose middle term is projective. By definition of the translation functor, ¥V; = V;
in MCM- (’)A(Q). Thus each proj-II(Q() is invariant under the induced translation
functor on @)_, proj-I(Q®). O

We now seek to prove Theorem Retaining all of the above notation, for each
1 <7< r, define

Wi=1{V;1ie@d). ¢ :=add(vo@ D Vj> and 72:=add< D Vj)’
J J

EQ(OZ) EQéi)

where the latter two are viewed as subcategories of MCM-O* and MCM-O?, respec-
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tively. It will also be convenient to write

Mi = @ ij7

jE(Q,\)o\QE)i)

and to set
WE = {V; |7 € (@) \QY}, Cfi=add(Vo& M;) and T;° :=add M;.

Observe that we can decompose MCM-O? as
T
MCM-0* = P T;
i=1

as k-linear categories. We wish to show that this is also a decomposition into trian-
gulated subcategories. To do this, we first prove a result which shows that the C; are
Frobenius subcategories of the Frobenius category MCM-O?. Following [Chel2], we
call a subcategory B of an exact category A extension-closed if whenever we have a
conflation X — Y — Z with X, Z € B then necessarily Y € B. Furthermore, an
extension-closed subcategory B is called admissible provided that every B € B fits into
conflations B — P — B’ and B” — Q — B with B/, B” € B and where P, are
projective in A. We remark that an admissible subcategory of a Frobenius category is
itself Frobenius, see [Chel2) §2].

Lemma 3.3.10. For each i, the subcategory C; satisfies the following property: if X —
Y — Z is a conflation in MCM-O? such that two of the three objects are in C;, then
the third object is also in C;. Consequently, C; is a Frobenius subcategory of MCM-O*.

Proof. We only show that if X — Y — Z is a conflation with X, Y € C; then Z € C;,
with the other cases being similar. So suppose that we have such a conflation. Since
MCM-O* ~ proj-II(Q,) and this category is Krull-Schmidt, we have Z&P = UaU'©Q
where U € W;, U’ € WF, and P, Q are projective. This conflation gives rise to a triangle
X =Y = Z — ¥X in MCM-0O?, and applying the functor Homyx (M;, —) yields an
exact sequence

Homps (M;,Y) — Homps (M;, Z) — Hompx (M;, £X).

Now XX € C; by Proposition and Y € C; by definition, while M; € Cf, so both
of the flanking terms are 0. This implies that the middle term, which is equal to
Hompa (M;,U’"), is also 0. But this means that U’ = 0, and hence Z & P € C;. Since,
by definition, C; is closed under direct summands, it follows that Z € C; as required.
For the final claim, first notice that the above paragraph tells us that C; is extension-
closed. Moreover, given an object C' € C;, since MCM-O? is Frobenius we can always
find conflations C — P — Z and X — Q — C with X,Z € MCM-O* and P,Q
projective. Since projective O*modules are direct summands of sums of copies of O},
we have P, Q) € C; by definition, and then the previous paragraph tells us that X, Z € C;.
Therefore C; is admissible and hence Frobenius. ]

This allows us to prove our main theorem:

Theorem 3.3.11. Let @, Q, and X be as above, and suppose that Qy = QW U---LQ™),
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where the QW are connected and necessarily Dynkin. Then the k-linear equivalence
r .
MCM-0? ~ @ proj-I[(Q®),
i=1

of Corollary[3.2.9 is a triangle equivalence, where the right hand side is a decomposition
into triangulated subcategories satisfying proj-IL(QM) ~ Dsg(RQ(i)).

Proof. By Lemma [3.3.10, we know that C; is a Frobenius subcategory of MCM-O*.
Using [AHIT, Theorem 3.15 (2)], it follows that 7; is equal to the stable category of
the Frobenius category C; for 1 < ¢ < r, and so the decomposition

MCM-0* = EB T
=1

is in fact a decomposition into triangulated subcategories. If we set () = Zj cQ® €j,

[Kralbl Proposition 2.3] implies that the functor
Hom o (eI eq, —) : mod-O* — mod- End s (e 11e)

restricts to a k-linear equivalence 7; ~ proj-H(Q(i)). This equivalence also induces an
algebraic triangulated structure on proj—H(Q(Z)). Since this category is k-linearly equiv-
alent to Dsg(R () ), Theorem implies that they are triangle equivalent, completing
the proof. O

3.4 Uniqueness of the translation functor on objects of
proj-II(Q) when @ is Dynkin

In this section, we show that if @ is Dynkin and proj-II(Q) has the structure of a (not
necessarily algebraic) triangulated category, then the translation functor ¥ is uniquely
determined on objects of proj-II(Q). In particular, this tells us how the translation
functor acts on objects in Theorem something which is already well-known.

For the remainder of this section, write Pi,..., P, for the n indecomposable pro-
jective right I1(Q)-modules corresponding to the vertices of Q. Write Wy, ..., W,, for
the n + 1 irreducible representations of the finite group G corresponding to ). Since
proj-1I(Q) is Krull-Schmidt, it is easy to see that ¥.P; = P; for some j, so write o for the
permutation of the vertices of @ satisfying X F; = P,(;). The map W; — W sending
a representation to its dual is an involution of {W1,..., W, } (where we intentionally
omit Wy), and we can view this map as an automorphism v of Q. Throughout this
section, all Hom spaces are over II(Q), and we omit this subscript. The aim of this
section is to prove the following result, which we achieve by analysing cases.

Theorem 3.4.1. Consider the category proj-Il(Q) with some triangulated structure
with translation functor . Then o = v as automorphisms of Q.

Remark 3.4.2. Explicitly, v is the identity automorphism of @ when @ is A;, D, (n
even), E7, or Eg, and it is the unique graph automorphism of order 2 when @ is A,
(n>2), D, (nodd), or Eg.

We first make the following observation:

Lemma 3.4.3. With the above setup, o is a graph automorphism of Q.
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Proof. First note that the spaces Hom(P;, P;) = e;II(Q)e; can be graded by path
length, and that vertex ¢ and vertex j are adjacent in @ if and only if there is a
degree 1 morphism in Hom(F;, Pj). Applying ¥, this is equivalent to Hom(P,;), Py(;))
containing a degree 1 morphism, which happens if and only if o (i) and o(7) are adjacent
in . That is, o is a graph automorphism of Q). O

Since the automorphism group of an A, E7, or Eg graph is trivial, it immediately
follows that o is the identity in these cases. For the remaining cases, we argue that 3
is uniquely determined using Lemma and by considering the dimensions of the
Hom spaces between the F;. We record the dimensions of these Hom spaces in the
following lemma; the E; and Eg cases are unnecessary and hence omitted, but they can
be established in the same way.

Lemma 3.4.4. Let () be a Dynkin quiver with n vertices and let Pi,..., P, be the n
indecomposable projective right I1(Q)-modules corresponding to the vertices of Q. Let
H(Q) be the matriz with

H(Q)U = dimk HOIH(]D]', Pz) = dimk eiH(Q)ej.

(1) If @ = A, then

1 11 --- 1 11
1 1
1 23 --- 3 21
H(A,) = e
1 23 --- 3 21
1 1
1 11 --- 1 11
(2) If @ =D, then
2 2 2 2 1 1
2 4 4 4 2 2
2 4 6 6 3 3
H(]Dn):
2 46 2n—2) n—2 n-—2
12 3 n-2  [2] |27
n—1 n—1
(3) If Q = Eg then
4 2 4 6 4 2
2 2 3 4 3 2
4 3 6 8 6 3
HE) =16 4 8 12 8 4
4 3 6 8 6 3
2 2 3 4 3 2
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Proof. These can be calculated using [ES98a, §4], [ESI8D, 3.4], and [MOV06, Theorem
2.3.D). 0

We now begin our case-by-case argument. In each case, the technique is the same:
seeking a contradiction, we show that if ¢ is a graph automorphism of @) different from
the one given in Proposition then we arrive at a contradiction. We begin with the
type A case:

Proposition 3.4.5. Let o be the graph automorphism of A, induced by the translation
functor ¥ on proj-IL(A,). Then o is the identity when n = 1, and it is the unique order
2 graph automorphism when n > 2.

Proof. We have already established the n = 1 case, so suppose n > 2. By Lemma (3.4.3
o is either the identity or has order 2 so, seeking a contradiction, suppose that ¢ is the
identity; that is X P; = P, for all 7. Consider the nonzero morphism P; — P,, given by
left multiplication by &, _1@,_o...a1, which gives rise to a distinguished triangle

P—-P,—-M—=P
for some M € proj-II(A,,). Applying Hom(—, P,), this gives rise to an exact sequence

Qp—10p—2...001 Qp—10p—2...001

B v
Hom(P,, P,) — Hom(Py, P,) — Hom(M, P,) — Hom(P,, P,) — Hom(P;, P,)

ke, ke, _1@n_o... 01 ke, ko, 1@n_o... a1

where we use Lemma [3.4.4] to write down bases for each of the Hom spaces. Now the
left hand map is surjective, so exactness implies that g is the zero map, which forces
7 to be injective. Moreover, the right hand map is injective, so that -y is the zero map.
In particular, Lemma implies that we have Hom(M, P,,) = 0 and so M = 0, but

this tells us that P, & P, which is absurd. Therefore ¢ must be the unique order 2
graph automorphism of A,,. O

We now turn our attention to the type E cases:

Proposition 3.4.6. Let o be the graph automorphism of E,, induced by the translation
functor ¥ on proj-II(E,,), where n € {6,7,8}. Then o is the identity when n # 6, and
it is the unique order 2 graph automorphism when n = 6.

Proof. Again, the E; and Eg cases are immediate from Lemma [3.4.3] so consider Eg.
By Lemma [3.4.3] o is either the identity or has order 2 so, seeking a contradiction,
suppose that o is the identity. Consider the nonzero morphism P> — FPg given by left
multiplication by asasaszas, which gives rise to a distinguished triangle

P2 — P6 — M — P2
for some M € proj-II(Eg). Applying Hom(—, FPs), this gives rise to an exact sequence

(0500403002 (5004003002

8 v
Hom(Ps, Ps) —— Hom(P,, Ps) —— Hom(M, Ps) — Hom(Ps, Ps) —— Hom(Pa, Ps)

keg kasasasas keg kasayasas
_ e _ % _ e _ %
ka5a4a1a1a4a5 ka5a4a1a1a4a5a5a4a3a2 ]ka5a4a1a1a4a5 ka5a4a1a1a4a5a5a4a3a2
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where again we use Lemma to write down bases for each of the Hom spaces. We
see that the left hand map is surjective and so 3 is the zero map, and exactness implies
that v is injective. Since the right hand map is injective it follows that v is the zero
map. Therefore by Lemma Hom (M, Ps) = 0 and so M = 0, but this tells us that
P, = Py which is absurd. Therefore ¢ must be the unique order 2 graph automorphism
of EG' ]

Finally we consider the type D cases. Since we claim that > behaves differently
depending on whether n is odd or even, we have to consider these two cases separately;
additionally, we consider the n = 4 case separately since Aut(D4) = S instead of it
having order 2.

Proposition 3.4.7. Let o be the graph automorphism of Dy induced by the translation
functor ¥ on proj-11(Dy). Then o is the identity.

Proof. By Lemma [3.4.3] o is either the identity, a two-cycle which swaps a pair of
vertices i # 2 # j, or it cycles the vertices 1, 3,4. We rule out the latter two possibilities.

First suppose that o is a two-cycle: without loss of generality, o = (34). Consider
the nonzero morphism P3 — P, given by left multiplication by @4as, which gives rise
to a distinguished triangle

Ps—P,—M— Py
for some M € proj-I1(Dy). Applying Hom(—, P3), this gives rise to an exact sequence

‘304 ‘o403

B 2l
Hom(Ps, P3) —— Hom(Py, P3) — Hom(M, P3) — Hom(Py, P3) —— Hom(Ps, Ps)

kes ® kagaqtqag kaizay kaigay kes ® kagaqtiqag

Clearly the left hand map surjects, so exactness forces 8 to be the zero map, which in
turn implies that v is injective. The right hand map is injective, and exactness forces
v to be the zero map. In particular we have Hom(M, P3) = 0 and so M = 0, but this
tells us that Py = P, which is absurd. Therefore o is not a two-cycle.

Now suppose that o is a three-cycle: without loss of generality, o0 = (134). We
now consider the triangle obtained from the morphism ajas- : Py — Py,

Ps P —>M— Py

and seek to obtain contradiction. Applying the functor Hom(—, P3), we get exactness
of the following sequence:

‘304 ReSRe%:!

B ¥
Hom(Ps, P3) —— Hom(Py, P3) — Hom(M, P3) — Hom(P;, P3) —— Hom(Ps, Ps)

kes ® kagayaiasg kaizay kaisa kes ® kagayaasg

Again the left hand map is surjective, forcing 5 to be the zero map and hence 7 to be
injective. Moreover, the right hand map is injective, and so v must be the zero map.
In particular we have Hom(M, P3) = 0 and so M = 0, but this tells us that P, = Ps
which is absurd. Therefore ¢ is not a three-cycle, and hence must be the identity. [
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Proposition 3.4.8. Let n > 5 be odd and let o be the graph automorphism of D,
induced by the translation functor ¥ on proj-II(Dy,). Then o is the unique graph auto-
morphism of order 2.

Proof. By Lemma o is either the identity or (n—1 n) so, seeking a contradiction,
assume it is the former; that is, X P, = P; for all 7. Consider the morphism P, — P;
given by left multiplication by ajasas...a,_3a,. This gives rise to a distinguished
triangle

P,—P —-M— P,

for some M € proj-II(D,). Applying Hom(—, P;) gives rise to the following exact
sequence,

Q1 Q2...Qlpy— 300y, B ‘1 O2...0n—30n

HOHl Pl,Pl) — HOIn(Pn,Pl) — I‘IOI’H(J\I7 Pl) *} HOIIl Pl,Pl) — HOHl(Pn,Pl)

ke & kp kaqas ... ap_s0, ke; & kp kajas ... ap_30y,

where here p is some path. The left hand map is surjective, so § is the zero map
and therefore v is injective. The kernel of the right hand map is one-dimensional, and
exactness tells us that v has rank 1. In particular we have dim Hom(M, P;) = 1 and so

M is either P,_; or P, by Lemma If we instead apply Hom(—, P, ), the resulting
exact sequence is

‘1 O2...0p—30n B ol ‘1 O2...0n—30n

Hom(Py, P,) — Hom(P,, P,) — Hom(M, P,) — Hom(Py, P,) — Hom(P,, P,)

ko, a3 ... a0 ko, a3 ... g0

Since n is odd, the shortest path from vertex n to vertex 1 and back to vertex n is
zero in I1(IDy,), so the first and the last maps both have rank zero. Therefore 5 has full
rank, forcing the kernel of v to have dimension "T_l Exactness also forces v to have
rank 1, and therefore dim Hom(M, P,)) = ”T_l + 1. Now we have already seen that M
is either P,_q or P,, but dim Hom(P,_1, P,) = "Tfl = dim Hom(P,, P,), so we have a

contradiction. Therefore o is the unique graph automorphism of order 2. ]

Proposition 3.4.9. Let n > 6 be even and let o be the graph automorphism of D,
induced by the translation functor ¥ on proj-II(D,). Then o is the identity.

Proof. By Lemma o is either the identity or (n—1 n) so, seeking a contradiction,
assume it is the latter. Consider the morphism P, — P; given by left multiplication
by aias...a,_3a,, and extend this to a distinguished triangle

Pn—)P1—>M—>Pn_1

for some M € proj-II(D,,). If we apply Hom(—, P;) we get the following exact sequence

f0] 2.0 —30in—1 B 1 Q2...Qp—30n

HOm(Pl,Pl) — HOm(Pnfl,Pl) — HOHI(M, P1) *} HOm(Pl,Pl) — HOIn(Pn,Pl)

kei @ kp koras ... op—30—1 kei @ kp koo ... ap—30,
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where p is some path. The left hand map surjects, so § = 0 and therefore v injects.
The right hand map has a one-dimensional kernel, so v has rank 1. It follows that
dim Hom(M, P;) = 1, which implies that M is either P,_; or P,. If we instead apply
Hom(—, P,) we get

120y — 30 —1 S O2...0, 30

0 n
Hom(Py, P,) — Hom(P,_1, P,) — Hom(M, P,) — Hom(Py, P,) —— Hom(P,, P,)

n_ o ’ o n
ko, a3 ... 00 k2! ko, a3 ... 00 k2

Since n is even, the shortest path from vertex n to vertex 1 and then to vertex n—1 is
zero in II(IDy,), while the shortest path from vertex n to vertex 1 and back to vertex
n is nonzero. It follows that the left hand map is the zero map, while the right hand
map has rank 1. Therefore 6 has full rank which implies that the kernel of 5 has
dimension g — 1. Moreover, the right hand map is injective, so that 1 has rank 0 and
so dim Hom(M, P,,) = § — 1. Combining this with our earlier restriction on M, this

forces M = P,,_1, and our distinguished triangle is therefore
P,— P — P,_1— P,_1.

Since Hom(P;, P,,—1) is spanned by @,—1@p_3...@2@; and ~ is not the zero map,
we can assume that the map P, — P,_; in this triangle is given by left multipli-
cation by (a scalar multiple of) @,_1a,_3...@a;. Moreover, Hom(P,_1,P,—1) =
span{e,_1,p2, ... ,pn/g} where the p; are paths of length > 4. Since 6 is not the zero
map and the composition P, — P,_1 — P,_1 must be zero, the map P,_1 — F,_1 in
this triangle lies in span{ps, ..., p,/2}. But then ¢ : Hom(P, 1, P,) — Hom(P,_1, P,)
maps the longest path in Hom(P,_1, P,) to zero, contradicting the fact that 6 has
trivial kernel. It follows that o is not a two-cycle. O

3.5 A noncommutative geometric McKay correspondence

Let @ be an extended Dynkin quiver with n 4 1 vertices, let @ be the quiver obtained
by removing the extending vertex, and let A = gy = (1,0,...,0); that is, the weight
at the extending vertex is 1, and 0 for all of the other vertices. We may then consider
OMQ) to be a noncommutative analogue of Rg = O(Q), the coordinate ring of the
corresponding Kleinian singularity; indeed, we have just seen that these rings have the
same singularity categories. We now provide another reason why O* may be considered
to be a noncommutative analogue of R.

Motivated by, for example, [VdB04], we say that a k-algebra S is a noncommu-
tative resolution of a k-algebra R if S = Endg(M) for some reflexive generator M
and gl.dim S < oco. Moreover, following [MSO01], given M, N € mod-S which satisfy
dimy Extfg(M ,N) < oo for all £ > 0, we define the intersection multiplicity of M and
N to be

MeN :=> (1) dimy Ext§(M, N)
>0

(note that this sum has finitely many terms since S is nonsingular). We first make the
following observation:
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Lemma 3.5.1. If S is a noncommutative resolution of R and T is Morita equivalent
to S, then T is also a noncommutative resolution of R.

Proof. Since S is a noncommutative resolution of R, there exists a reflexive generator
M € mod-R such that S = Endr(M) and gl.dim S < oco. Since S and T are Morita
equivalent, there exists a progenerator P € mod-S with T'= Endg(P). We claim that
the module N := P ®g M € mod-R is a reflexive generator which satisfies Endgr(N) =
T. If we can show that this is the case, the fact that gl.dim7T = gl.dim .S < oo will
mean that 7T is a noncommutative resolution of R.

It will be convenient to recall some general facts from Morita theory before proceed-
ing with the proof; our main reference is [Lam99, Section 18C]. Since 7 Pg is a progenera-
tor, P*®@7p P = S and there are natural isomorphisms of functors Homg(P, —) & —®gP*
and Homg(P*,—) & P®g—. Moreover, since My is a generator, we have M*®gM = R.

We first show that IV is reflexive. Indeed,

Homp(Hompg(N, R), R) = Homp(Hompg(P ®g M, R), R) = Homp(Homg (P, M*), R)
~ Homp(M* ®g P*, R) = Homg(P*, Homp(M*, R))
~ Homg(P*, M) = P®g M = N,

using the above facts, hom-tensor adjointness and reflexivity of M.

We now show that Endr (V) = T. Noting that projectivity of P implies that there
is a natural isomorphism of bifunctors Hompg(—, P ®¢ ) =2 P ®gs Hompg(—,0) (as
bifunctors mod-R x bimod-(S, R) — mod-R x bimod-(S, R)), we have

Endgr(N) = Homp(P ®s M, P ®g M) = Homg(P,Homgr(M, P ®g M))
=~ Homg(P, P ®s Hompg(M, M)) = Homg (P, P ®s S) = Endg(P) = T,
as required.
Finally, to see that N is a generator for mod-R we equivalently show that N*®@p N =
R. Indeed,

N* @7 N = Homg(P ®s M,R) @7 P ®s M = Homg (P, M™*) @ P ®@s M
XM QQSP QrPRsM=2M"®QsSQM=M" Q¢ M =R,

which completes the proof. O

3.5.1 Intersection theory for a family of noncommutative resolutions

We return now to the k-algebra of interest, namely O where \ = g¢. Our first aim is
to identify an appropriate noncommutative resolution, which we have in fact already
done:

Lemma 3.5.2. II" is a noncommutative resolution of O*.

Proof. First note that the O*-module IT*eg has egII*eq = O as a direct summand, and
so is a generator. It is also reflexive by Corollary Moreover, IT* = Endpx (IT*eq)
by Lemma and this is nonsingular by [CBH98, Theorem 1.5]. Therefore I1* is a
noncommutative resolution of O* by definition. O

We can actually obtain infinitely many noncommutative resolutions of O* using the
dual reflections r; of [CBH98]|, the definition of which was given in Definition It
is clear that the r; preserve the Z"*! lattice inside k™*!. Moreover, it is not difficult
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to show that A\-d =r;A- 0 for all A € k0 and i € @0, so that the r; preserve the affine
hyperplanes {\ € k"1 | A -6 = ¢} for each ¢ € k; since g9 - § = 1, we are primarily
interested in the case ¢ = 1. Then we have the following:

Lemma 3.5.3 ([CBH98, Corollary 5.2]). Let p be a composition of dual reflections.
Then II* is Morita equivalent to TIPN).

By combining Lemmas [3.5.1], [3.5.2] and [3.5.3], we obtain the following:

Corollary 3.5.4. II’™ is a noncommutative resolution of O for any composition of
dual reflections p.

To establish a noncommutative version of the geometric McKay correspondence, we
first identify an analogue of the exceptional curves appearing in the minimal resolution
of a Kleinian singularity. When A = ¢¢, by [CBH98, Lemma 7.1 (2)], II* has precisely
n isoclasses of finite-dimensional simple modules, and hence by Morita equivalence so
does TIP™ for any composition of dual reflections p. These will play the role of the
exceptional objects in our noncommutative resolution.

This allows us to prove a preliminary version of Theorem from the introduc-
tion:

Theorem 3.5.5. Let @ be an extended Dynkin quiver with n + 1 vertices, and let
A =¢go. Let p = p(N\), where p is any composition of dual reflections, so that TI* is a
noncommutative resolution of O*. Then II* has precisely n finite-dimensional simple
modules S; up to isomorphism, and with a suitable indexing of them, the intersection
matriz I with entries I';; = S; @ .S; is —C', where C is the Cartan matrix corresponding

to Q.

Proof. The discussion after Corollary shows that IT* has n finite-dimensional sim-
ple modules S; up to isomorphism, so it remains to prove the result on the intersection
multiplicities.

Since Morita equivalence preserves dimensions of Hom and Ext groups, we are able
to calculate the intersection numbers of the finite-dimensional II*-modules by doing the

calculations over II* instead. Identifying II*-modules with representations of @ which
satisfy the relations coming from I1*, [CBH98, Lemma 7.2 (6), Theorem 7.4] tells us
that the dimension vector of S; is g; € N1, Tt follows that

€¢H)‘
I (3.5.6)
’ @ a€51 CVHA

t(a)=1
Also observe that

ke; ifi=j

0 ity (3.5.7)

Hompp (6,114, S;) = {

For each i # 0, it is easy to see that we have a complex

0— eiH/\ g @ ekH/\ i> eiH)‘ — Sz — 0,
keoi
where ¢ is the preprojective relation at vertex ¢ and hence equal to 0. Filtering by

path length, the corresponding complex of I1(Q)-modules is precisely the exact sequence
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, and hence (3.5.1)) is also exact. Since the modules e,II* are direct summands
of TI* and hence projective, (3.5.1)) is in fact a projective resolution of S;. Now let
1 < j < n. Seeking to calculate the extension groups between S; and S;, we apply
Homp (—, S5) to the corresponding deleted resolution to obtain the complex

0 — Hompp (e;114, S;) — @ Hompp (e, ITY, S;) — Hompp (e;11%,5;) — 0. (3.5.8)
keoi

We now consider three distinct cases when computing the homology of this complex.
If j = i then, using (3.5.7)), as a complex of vector spaces ([3.5.8) becomes

0—-k—-0—k—0

and so we can immediately read off that
dimy Hompa (S;,.5;) = 1 = dimy Extlzp (Si, Si),
dimy ExtﬁA(Si, S;)=0 foré=1or¢>3,
and so S;eS; = —-14+0—1=-2. If j € 94, then becomes
0—-0—-k—=0—=0

and so
dimk Ethl—I)\(SZ‘, SZ) = 1, dimk Extﬁ)\ (Su Sz) =0 for/=0o0r/¢ > 2.

That is, if ¢ and j are adjacent in @, then S; @ S; =041+ 0 = 1. Finally, if j # ¢ and
j ¢ 0i then (3.5.8) becomes

0—-0—-0—0—0

and clearly
dimy Ext, (S, 8;) =0 for £ >0,

and so S; ¢ §; = 0 in this case. It follows that the intersection matrix I' satisfies
Ir=-C. ]

The above result should be seen as a noncommutative analogue of the geometric
McKay correspondence. However, we can strengthen this result by showing that O
possesses a noncommutative resolution which is actually a “deformation”: that is, a
noncommutative resolution of the form O* for some weight p. Since we are restricting
our attention to quasi-dominant weights, the fact that O is nonsingular forces p; > 0
for all i > 1 (see Lemma [3.1.5)). It is not immediately clear that such a deformation
exists; we prove its existence in the next subsection.

3.5.2 (O has a noncommutative resolution which is a deformation

The dual reflections defined in Definition also appear in the so-called numbers
game of [Moz90]. The relationship between this game and our setting is that the moves
considered by Mozes can equivalently be described as an application of a dual reflection
to a weight A\. This allows us to make use of some of the results from this paper; in

o1



particular we are able to prove that, for A\ = &y, noncommutative resolutions of O
which are also deformations exist:

Lemma 3.5.9. Let @ be an extended Dynkin quiver with n + 1 vertices. Then there
exists a sequence of dual reflections p such that p(eg); > 0 for all i # 0; in particular,
p(eo) is quasi-dominant.

Proof. 1t suffices to show that we can find such a sequence of dual reflections when
we work over the field R, since any such sequence will also have the desired effect on
€o when we work over our algebraically closed field k of characteristic 0. Write G for
the group generated by the dual reflections. Lemma 5.5 of [M0z90], when translated
into our notation, says that {\ € R"™! | \; > 0 forall 0 < i < n} is a fundamental
domain for the action of G on {\ € R*™™! | A § > 0}. Recalling that G preserves
the affine hyperplane V = {\ € R*"! | A . § = 1}, it follows that V = Uyec PU,
where U is the n-simplex {\ € R*™ | \; > 0forall 0 <i < nand, A\-J = 1}. Let
H={\eV |\ >0forall i # 0}, which is a convex subset of V' containing open
balls of arbitrarily large diameter. Since each pU has the same finite diameter, there
exists some p € G with pU C H. In particular, p(eg) € H; that is, p(g9); > 0 for all
i # 0. O

Remark 3.5.10. By playing Mozes’ numbers game, one can often determine an explicit
sequence of dual reflections p satisfying the hypotheses of Lemma B:5.91 For example,
if @ = A4, then the numbers game starting with the initial configuration (—3,1,1,1,1)
terminates at €9, and so by applying the corresponding dual reflections in reverse we
obtain the desired p. More generally, [GSS12, Proposition 5.1] tells us that when @Q is
of type Agn, Dy, Dymr1, Eg or Eg, where m is a positive integer, then the numbers
game starting with the initial configuration (1 —>"" d;,1,1,...,1) terminates at o,
and so this determines a sequence of dual reflections p such that p(\); > 0 for all ¢ # 0.

We are now in a position to prove Theorem from the introduction:

Theorem 3.5.11. Let @ be an extended Dynkin quiver with n 4+ 1 vertices, and let
A = g9. Then O* has a noncommutative resolution of the form OF, where O* has
precisely n finite-dimensional simple modules S; up to isomorphism. With a suitable
indexing of the S;, the intersection matrix I' with entries I';; = S; @ S; is —C', where C
1s the Cartan matriz corresponding to Q.

Proof. Lemma [3.5.9] tells us that there exists a sequence of dual reflections p such that
O is nonsingular, where p = p()). Since IT" is a resolution of O* and there are Morita
equivalences between IT*, TI#, and O* (by [CBH98, Corollary 5.2, Corollary 9.6]), it fol-
lows that O* is a noncommutative resolution of @*. Finally, these Morita equivalences
combined with Theorem tells us that O has precisely n finite-dimensional simple
modules S; up to isomorphism, and since Morita equivalences preserve dimensions of
Hom and Ext groups, the claimed intersection multiplicities follow from Theorem [3.5.5]
as well. O
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Chapter 4

Singularities of Blowups of
Sklyanin Algebras

In this chapter we determine the singularities of some noncommutative surfaces which
have been studied by Rogalski-Sierra—Stafford in [Rogll) [RSS15b, [RSS17]. The au-
thors have shown that these rings have similar properties to deformations of an A;
singularity and had conjectured that, in the cases where these rings are singular, their
singularity categories were equivalent to Dge (R4, ). This is indeed the case, as we will
see in Theorem The intuition for this result is as follows: these rings depend, in
particular, on an infinite order automorphism 7 of an elliptic curve E. If we replace
7 by the identity, then the ring we instead obtain is the anticanonical coordinate ring
of a singular del Pezzo surface, and this is known to have an A; singularity [CT8S,
Theorem C].

The preliminaries for this chapter are quite disjoint from those for the remainder
of this thesis, so this chapter is relatively self-contained. We will first recall some
definitions and results in Sections and before proving our main results in the
remainder of this chapter. For this chapter, we assume that the reader has some un-
derstanding of algebraic geometry and sheaf theory.

4.1 Background material

Twisted homogeneous coordinate rings are one of the most important types of ring
in noncommutative algebraic geometry. For example, these rings play a crucial role
in the classification of three-dimensional AS regular algebras, a problem from which
noncommutative algebraic geometry first developed. We now define these rings:

Definition 4.1.1. Let X be a projective k-scheme, let £ be an invertible sheaf on X,
and let o : X — X be an automorphism of X. Set L =0Ox and L, =LRL R - ®
£°""" for n > 1, where for a sheaf F we use the notation F° := ¢*(F) for the pullback
of F along an automorphism . Then there is also a natural pullback of global sections
map o* : H(X, F) — H°(X, F°). The twisted homogeneous coordinate ring B(X, L, o)
is then the graded ring B(X,L,0) = @,,cy Bn, where B, = H(X,L,). Here, the
multiplication on B, ® B, is given by the composition

id®(o™)*
R AR

H® (X, L,,) ® H* (X, L,) HO (X, L) @ HO(X, £5") & HO(X, Linin),

where p is the natural multiplication of global sections map, and where we note that
Lo @ LS = Lot
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We only consider this construction under the hypothesis that £ is o-ample; that is,
for every coherent sheaf F on X, H/(X,F ® L) = 0 for all i > 1 and all n > 0. This
ensures that the ring B(X, £, o) is noetherian, see [AVdB90, Theorem 1.4]. We remark
then when X is a curve, £ is o-ample if and only if it is ample, [AVdB90l Corollary
1.6].

Recall from the introduction that for any [a : b : ¢] € PZ, the Sklyanin algebra
S = S(a,b,c) is the k-algebra with presentation

S(a,b,c) =k(x,y,2)/{axy + byx + c2*, ayz + bzy + cx?, azx + bz + cy?).

If we set the degrees of z,y and z to be 1, then the algebra S is finitely graded and is
generated as a k-algebra by S;. For very general choices of the parameters a, b and c, it
is known that S has the following properties [ATVdB90L, [ATVdBO91]: it is noetherian,
Artin-Schelter regular, and has Hilbert series equal to that of a commutative polynomial
ring in three variables, namely hilb S = 1/(1 — t)3; the centre of S is generated by a
single central element g € S3; and S/gS = B(FE, L, o), where E is a nonsingular elliptic
curve embedded in Pﬁ, L is a degree three line bundle, and ¢ : F — E has infinite
order. When S has all of the above properties, we say that S is a generic Sklyanin
algebra, and henceforth every Sklyanin algebra in this chapter is assumed to be generic.
Since ¢ has infinite order, it is known that if we fix some base point O for the group
law on F, then o is a translation x — = + r for some point » € E which has infinite
order in the group. We indicate the image of any subset V under the quotient map
S — S/gS by V.

We will frequently make use of the Riemann-Roch Theorem to calculate dimensions
of spaces of global sections. We state it below in a form that will be of most use to us,
and will frequently invoke it without mention.

Theorem 4.1.2 (Riemann-Roch Theorem for sheaves on an elliptic curve). Let E be an
elliptic curve and let £ be a sheaf with deg £ > 1. Then dimy H*(E, £) = deg L. In par-
ticular, if £ = Og(d) for some divisor d of positive degree, then dimy H*(E, Og(d)) =
degd.

We also have the following important lemma which we will frequently use, again
often without mention.

Lemma 4.1.3 ([Rogll] Lemma 3.1]).

(1) Let £ and M be invertible sheaves on an elliptic curve E with deg L > 2 and
deg M > 2. Consider the natural map p : H'(E, £) @ HY(E,M) — H(E, L ®
M). Then p is surjective unless deg L = 2 = deg M and L = M, in which case
dimy im p = 3.

(2) Let L be an invertible sheaf on an elliptic curve E with deg L > 2,and leto : E — E
be an automorphism of infinite order. Then B(E, L, o) is generated in degree 1.

Finally, we recall some terminology and results for graded rings. If A is finitely
graded and generated in degree 1 as a k-algebra, then we say that M € gr-A is a point
module if it is cyclic, generated in degree 1, and has Hilbert series 1/(1 — t), while M
is said to be a line module if it is cyclic, generated in degree 1, and has Hilbert series
1/(1—t)2

If A is a finitely graded k-algebra which is a noetherian domain, then we can form
the graded quotient ring Qg(A) by localising at the set of all nonzero homogeneous
elements of A, and this ring is Z-graded, see [GS99]. If M, N C Q. (A) are graded
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right A-modules with M # 0, then we have an identification

Homy (M, N) = {q € Qg (A) [ ¢M C N}.

4.2 Blowup subalgebras of the Sklyanin algebra

In [Rogll], Rogalski introduced a method for constructing subalgebras of the Sklyanin
algebra in terms of specific geometric data. This method was then extended to a family
of algebras known as elliptic algebras, of which the Sklyanin algebra is an example, in
[RSS15b]. The latter approach, while more general, was also more categorical and more
difficult to perform explicit calculations with. The following exposition more closely
follows that of [Rogl1].

We now define the class of algebras that we are interested in:

Definition 4.2.1. Let S be a generic Sklyanin algebra with central element g, so that
S/gS = B(E,L,0). Now let T = S®) = D=0 S3n be the 3-Veronese of S, so that
geT and T/gT = B(E, M, 1), where M = L3 = LRL°®L and T = 03. Let d be
an effective divisor on E with 0 < degd < 7. Then T'(d) := k(V) is the k-subalgebra
of T generated by V = {z € Ty | 7 € H(E,Op(—d) ® M)}, and we say that T(d) is
the blowup of T at d.

These subalgebras have a number of nice properties, which we collect in the following
theorem. We take this opportunity to introduce some useful terminology. A graded
vector subspace V' of T is said to be g-divisible if V N gT = gV. Given M € gr-T(d),
we define the g-torsion submodule of M to be

torsy(M) = {m € M | mg" = 0 for some n € N},

and we say that M is g-torsionfree if torsy(M) = 0.

Theorem 4.2.2 ([Rogll, Theorem 1.1]). Let d be an effective divisor on E with 0 <
d:=degd < 7. Then:

(1) T(d) has Hilbert series hilbT(d) = %;’

d)
(2) T(d) is g-divisible, and satisfies T(d) = T(d)/¢T(d) = B(E,Op(—d) @ M,T);
(3) T(d) is noetherian, Auslander-Gorenstein and Cohen-Macaulay; and
(4) T(d) has infinite global dimension and has GK dimension 3.

It turns out that we can iterate this blowing-up process. Indeed, suppose that d
and d’ are effective divisors on F with 0 < degd + degd’ < 7. Then T'(d) is a graded
ring with g € T'(d); and 7'(d)/¢T(d) = B(E,Og(—d) ® M, 7), and we may blow up
T(d) at d’ in the same way as in Definition namely, set (7(d))(d’) to be the
k-subalgebra of T'(d) generated by V = {z € T(d); | € H*(E,Op(—d — d’) @ M)}.
By [RSSI5b, Proposition 5.4], we have (T(d))(d’) = T(d + d’).

One of the main reasons for studying these subalgebras is to help solve the funda-
mental problem of the classification of noncommutative projective surfaces. A signifi-
cant stepping stone towards a solution of this problem is to classify all algebras with
the same graded quotient ring as a generic Sklyanin algebra. In particular, one wishes
to classify all maximal orders inside a generic Skylanin algebra; it turns out that the
subalgebras of T = S generated in degree 1 which are maximal orders in Qg (T) are
precisely the rings 7'(d), [Rogll, Theorem 1.2].

To prove this result, Rogalski expended a lot of effort developing the theory behind
so-called sporadic ideals (which were called special ideals in [Rogll]).
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Definition 4.2.3. Let A be a finitely graded k-algebra. If I is a graded ideal of A with
GKdim A/I < 1, then we say that I is a sporadic ideal of A, and if GKdim A/I =1
then we call I a proper sporadic ideal of A. A minimal sporadic ideal of A is a sporadic
ideal I of A which, for any other sporadic ideal J of A, satisfies I>,, C J>, for some
n > 0.

We have the following results on sporadic ideals:

Theorem 4.2.4 ([Rogll, Lemma 10.3, Theorem 10.4], [RSS15bl Example 9.5]).

(1) Let d be an effective divisor on E with 0 < degd < 7. Then T(d) has a minimal
sporadic ideal.

(2) T has no proper sporadic ideals.

(3) Letp € E. Then T(p) has no proper sporadic ideals.

To one-point blowups 7'(d + p) C T'(d), where 0 < degd < 6, one can associate an
exceptional line ideal and exceptional line module. The (right) exceptional line ideal is
defined to be

J={yeT(d+p)|T(dyCT(d+p)},

while the (right) exceptional line module is the factor module L = T'(d+p)/J. The left-
hand analogues are defined in the obvious way; unless otherwise noted, all subsequent
instances of the exceptional line ideal or module will be the right hand version.

Proposition 4.2.5 (|[Rogll, Lemma 9.1]). Let d and p be as above, let J be the
exceptional line ideal for T(d + p) C T(d) and let L = T(d + p)/J be the exceptional
line module.

(1) L is a g-torsionfree line module, and J is g-divisible.

(2) T(d)/T(d +p) = B>, L] as right T'(d + p)-modules.

We now define particular subspaces of the Sklyanin algebra which are very useful for
performing computations. Recall that S/gS = B = B(F, L, o). For any point ¢ € E,
define P(q) == D,,>¢ HY(E,k(q) ® L), where k(q) is the skyscraper sheaf at q. Since
the tensor product of a skyscraper sheaf and an invertible sheaf is isomorphic to the
original skyscraper sheaf [Har77, pp. 296], it follows that P(q) is a point module for
S/gS. Note also that P(q) = B/J(q), where J(q) = D,,>¢ HY(E,Op(—q) ® L,).

It is known, by [ATVdBO91 Proposition 7.7 (ii)], that every point module for S
is annihilated by g, so the point modules for S are the same as the point modules
for B. In particular, the B-module P(q) corresponds to the S-module S/I(q), where
I(q) ={xz €S|z € J(q)}. This allows us to make the following definition.

Definition 4.2.6. Let ¢ € E, and let I(q) be as above. Then W (q) = I(q); C S is
called a point space. Explicitly, W(q) = HY(E, Op(—q) ® L).

Since dimy S1 = 3 and S/I(q) is a point module, it follows that dimy W (q) = 2. We
now collect some useful properties of point spaces that will be used in later calculations.

Lemma 4.2.7 ([Rogll, Lemmas 4.1, 4.2, 4.6, Proposition 4.3]). Let p,q € E. Then:
(1) W(p)S1 = S1W(o(p));
; 2
(2) dimy W(p)W(q) = g Zi 7 ;Eg; .
In particular, W (p)W (o (q)) = W (q)W (a(p)) if p # 03(q) and q # o3(p);
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. _ ) 8 ifp#oa)
(3) dimg W(p)W(q)S1 = 7 ifp= 0'2((]) .
In particular, g € W (p)W (q)S1 if and only if p # o2(q).
(4) Let X C Sy. Then dimy W(p)X = 2dimy X — dimy{s € S | W(c72(p))s C X}.
(5) W(p) is generated in degree 1, so W (p)S = I(p). Moreover, there exist w,x,y,z €
Sy such that W (p) = kw +kz and W(o=%(p)) = ky + kz, with wS NS = wyS =
xzS; and
(6) dimy (W (p)S2)™Sk = dim Szpsp — ("51) for all m, k € N.

The above properties of point spaces means that they can be used to calculate
the dimension of subspaces of T'(d) when degd is small. We refer to property (1) as
“moving point spaces”.

4.3 T(2p) has no proper sporadic ideals

In this section, we prove the following;:
Theorem (Theorem|{.3.15). Let p € E. Then T(2p) has no proper sporadic ideals.

In |[RSS15D, Example 9.6] it was shown that if p and ¢ lie on different orbits of
7 = 03 then T(p + ¢) has no proper sporadic ideals, while the remark after [loc. cit.]
shows that T'(p + 7%(p)) always has a proper sporadic ideal when i # 0. The authors
speculated that 7'(2p) has no proper sporadic ideals, and the above result confirms that
this is the case. Our main motivation for proving this theorem will become apparent
in the next section, where we are able to use it to deduce that a related ring is simple.

The proof of this theorem is quite long and occupies the remainder of this section,
so we outline our strategy. Rogalski’s proof of Theorem m (1) shows that a minimal
sporadic ideal of T'(2p) is given by H'T (2p)H, where H (respectively, H') is a sporadic
ideal of T'(2p) which annihilates all g-torsionfree factors of the right (respectively, left)
exceptional line module L (respectively, L’) associated to the blowup T'(2p) C T'(p).
If we can show that L and L’ have no proper g-torsionfree factors, then we may take
H = H' = T(2p) in the above. This tells us that any sporadic ideal I of T'(2p) is equal
to T'(2p) in large degree, and therefore GKdim T'(2p)/I = 0, meaning that I is not a
proper sporadic ideal.

Let L = T(2p)/J. To show that L has no g-torsionfree factors, we will see that
it suffices to show that for any = € T'(2p), Ty \ JmT, there exists k > 0 such that
I Lotk + 2T O g™ T 4+k. To show this, one needs to know how spaces of the form
JnT, g™T and g™ *T(2p),T intersect. It is usually easy to write down a candidate
space for such an intersection, but to establish an equality one needs to compare Hilbert
series.

We have the following result which allows us to express certain blowups in terms of
point spaces. We keep the notation from the previous section, and remind the reader
that 7 = 0.

Lemma 4.3.1. Let p € E. Then, forn > 1:
(1) T(p)n = (W(p)Sa)"; .

(2) T(2p)n = (W)W (0(p))S1)"; and
(3) T(p+*(P)n = (W)W (0*(p)S1)".

Proof. In each case it suffices to show that, for the appropriate divisor d, we have
equality in degree 1, since T'(d),, = (T'(d)1)".
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(1) Recall first that T'(p) is defined to be the k-subalgebra of T" given by k(V'), where
V={zxecT |zcH"E 0O(—p) @ M)}.If 2 € W(p)Sy then

z € HY(E,Op(—p)® L) -HY(E, £3) = HY(E, Op(—p) @ L ® L)
= H(E, Op(—p) ® M),

where the first equality follows from Lemma Therefore W(p)Ses C V = T(p);.
But by Lemma[4.2.7]and Theorem [£.2.2] we know that dimy W (p)S2 = 9 = dimy T'(p)1,
and therefore we have W (p)Sy = T'(p)1.

(2) We have that T'(2p) = k(V) where V = {z € T} | T € H(E,Op(-2p) ® M)}. A
similar calculation as in part (1) shows that W (p)W (c(p))Sy = H*(E, Op(—2p) @ M)
so that W(p)W(o(p))S1 C T'(2p):. By Lemma dimy W(p)W (o (p))S1 = 8, while
dimg T'(2p); = 8 by Theorem and so in fact W (p)W(o(p))S1 = T'(2p):.

(3) We now have T'(p + o3(p)) = k(V) where

V={ecT|TcH(E Op(—p—aip)aM))}

and W (p)W(c*(p))S1 € T(p + o3(p)). That both spaces have the same dimension
again follows from Lemma [£.2.7 and Theorem [£.2.2] and so we have equality. O

Remark 4.3.2. Tt might initially appear that W (o?(p))W (o(p))S; is also a candidate
for T(p + 03(p))1, but we do not have equality here. Indeed, we certainly have
W3 ()W (o(p)S1 = H(E, Op(—p — 0%(p) @ M) and so W (0(p) W (0(p))S1 C
T(p+ o3(p))1. However, the right hand side has dimension 8 while, by Lemma
the left hand side only has dimension 7, and so we have a strict inclusion.

The first step in proving the main theorem of this section is to identify the line ideal
corresponding to the blowup 7'(2p) C T'(p). This has a simple description in terms of
point spaces which makes computations involving it tractable.

Proposition 4.3.3. Let J be the line ideal corresponding to the blowup T'(2p) C T'(p).
Then J = VT(2p), where V.= W (a3(p))W (a(p))W (c%(p)).

Proof. By the proof of [RSS17, Lemma 10.3 (2)], J; = V. Moreover, J is generated in
degree 1 by [RSS17, Lemma 5.8 (2)], whence the result. O

Henceforth we take J to be the line ideal above. The next step in our proof makes use
of the right T-modules T'(2p),, T/ J»,T and its submodules, which have some properties
which simplify later calculations. However, to be able to exploit these properties we
must first calculate the dimensions of various spaces involved. We make the reader
aware that we will often use Theorem [£.1.2] and Lemma {.1.3] without mention.

Proposition 4.3.4.

(1) dimyg J,, = dimy Ty, — (m + 1)% for all m > 0.

(2) dimg T'(2p)m Sk, = dimg Sspyrx — m(m + 1) for allm >0 and k > 1.
(3) dimy J,, Sy, = dimy S3pir — (m +1)% for allm > 1 and k > 0.

Proof.
(1) This follows from the fact that
2 + 6t t+1 24+ Tt+1 5 5
hilbJ = ———= =hilbT — = — (144t +9t° +16t° +...).
ilbJ L i L EE (1+4t+9t"+16t°+...)

(2) This follows from [RSS15b, Proposition 5.2].
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(3) Write h(m, k) = dimy J,,, Sk, and j(m, k) = dimy Sz41 — (m+1)?; we wish to prove
that h(m,k) = j(m,k) for all m > 1 and k > 0. By part (1), the result holds when
k = 0, so we henceforth assume that &k > 1.

Observe that we have the following recurrence relation, which follows from direct

computation and the fact that dimy Sz, 1% = (3’”45’““);

j(m, k) = j(m —1,k) 4+ Tm + 3k — 1. (4.3.5)

Seeking to prove the result by induction on m, we first establish the result for
m = 1. Observe that dimy J1.Sy = 3k + 6 and that J;Sx N ¢S contains gW (o3 (p))Sk_1.
Therefore,

h(l, k‘) = dimy J1.S; = dimy J1Sk N ¢S + dimy J1 Sk
> dimy W (o (p))Sk_1 + 3k + 6

1
= dimy Sy — 143k +6 = 5 (k +2)(k +1) +3k +5

1
= 5(/-c+ 5)(k +4) — 4 = dimy S5, — (1 +1)2
= j(1, k),

where the first equality on the third line follows from the fact that S/(W (o3(p))S) is a
point module for S.
For the reverse inequality, notice that

J1Sk = W(J?’(p))<W(U(p))W(02(p))515k71) = W(a*(p))T(20(p)1Sk-1 = wU + 2U

where U = T(20(p))1S,_1 and W(o3(p)) = kw + kz. Here we have used Lemma
4.2.7 (5) to choose w,z € Sy such that there exist y, z € S; with W(o(p)) = ky + kz,
wy +xz =0, and wS NxS = wyS = xzS. We then have
wUNazU ={wys | s € S,ys,zs e U} ={wys | s € S,W(c(p))s CU}
2 wyW (o(p)) Sk

This implies that
h(1,k) = 2dimy U — dimy wU N 22U < 2dimy U — dimy W (o?(p)) Sk

= 2(d1m]k Sk+2 — 2) — (dlmk Sk-i—l — 1) = (k’ + 4)(]{? + 3) (k + 3)(]€ + 2) -3

1
2
1
= 5(k+5)(k+4) — 4 = dimy S5 — (1+ 1)2
- ](17 k)a
where the first equality on the second line follows from the fact that S/(W (02(p))9S) is
a point module for S. Thus the claim holds for m = 1 and any k& > 1, establishing the
base case.

Now suppose that m > 2, k > 1 and that the result holds for smaller values of m.
Observe that, by the Riemann-Roch theorem,

dimy, ;S = dimy /1T (2p)m-19 = 6 + 7(m — 1) + 3k = Tm + 3k — 1.
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Moreover Jy = J1T'(2p)1 2 gJ1, s0 Jp Sk N ¢S contains gJ,,—1Sk and therefore
h(m, k‘) = dimy J,,, Sk = dimy J,,, Sk N ¢S + dimy J,,, Sk
>h(m—1,k)+™m+3k—1=jm—1,k)+7Tm+3k—1
= j(m, k),

where the penultimate equality follows from the induction hypothesis, and the final

equality follows from identity (4.3.5]).
For the reverse inequality, first observe that we can write

TnSi = W E)W )W @ 0) (W @)s:) " s,
m—1

= W )W ()W (o> (0))51 (W o)W (o*@)51) " Sk

= W(o®(p))T (20 (p))mSk-1
=wU + zU,

where U = T(20(p))mSk—1 and W(o3(p)) = kw + kz. Here we again use Lemma
(5) to choose w, z € S such that there exist y, z € S; with W(o(p)) = ky+kz, wy+zz =
0, and wSNzS = wyS = x2S. Letting J' = W (a?(p))W (p)W (o(p))T (20~ (p)) be the
line ideal corresponding to the blowup T'(20~1(p)) C T(c~1(p)), we have

wUNzU = {wys | s € S,ys,zs € U} = {wys | s € S, W (o(p))s CU} D wyJ], _1Ski1,
where the last inclusion follows from the fact that
W (o (p)Jp—1k+1

= W(a (@)W (@)W ()W (o(p)) (W(U_l(p))W(p)Sl)

= W(o(p)IW (o (0)$1W ()W (o (0))S1 (W)W (o)1) S

=T(20(p))mSk-1
=U.

m—

2
Sk+1

Therefore,
h(m, k) = dimg(wU + 2U) = 2dimg U — dimg wU N aU
< 2dimyg T'(20(p))mSk—1 — dimy J5, 1 Sk11

= 2(dimk S3mak—1 —m(m+ 1)) — (dimk S3mtk—2 — m2)

— (3m 4k +1)(3m + k) — %(3m+k)(3m+k’— 1) — (m? + 2m)

1
:5(3m+k+2)(3m+k+1)—(m2+2m+1)

= dimy, 53m+k — (m + 1)2
= ](ma k)a

where the equality on the third line uses part (2) and the induction hypothesis applied
to dimy J),_;Sk+1. We therefore have the desired equality for allm > 1and k > 1. O

Proposition 4.3.6. We have J,,T N g™T = g"W (c3(p))S2T for all m > 1.

60



Remark 4.3.7. This tells us that J,,,T,, Ng™T is codimension 1 in ¢™7T,, for all m,n > 1,
a fact which we will make use of later.

Proof of Proposition[{.3.6. First note that

TnTe = W (o (p))W (0 (p))W (0 () T(2p)m—1 Tk

2 g™ W (p))W (0 (p))W (0 () S1S2Th—1

2 9" W (o (p)) 92Tk

= 9" W(o®(p))S2Tk-1,
from which it follows that ¢g™W (o3(p))S2T C J,,T N g™T. We prove the reverse
inclusion by induction on m, by showing that the nth piece of each side of the claimed
equality has the same dimension. That is, we wish to show that dimy J,,Ty—m N g1 =
dimy W (o3 (p))SoT},_ 1 for all n > m.

By Proposition for m > 1 we have
dimy J, Th— N gTh—1 = dimy Jp, Ty, — dimy Jp Ty
=dimy T, — (m+1)? — (9n — 3 — 2(m — 1))

= dimy T,, — 9n — m?
2

(4.3.8)
=dimT,,—1 —m

Since S/(W (c3(p))S) is a point module, we also have
dimy W (6 (p))SoT_o = dimy T, 1 — 1.

Substituting m = 1 into equation (4.3.8]), we obtain the result for m = 1.
Now suppose that m > 2 and that the result holds for smaller values of m. We first
prove an intermediate result; we claim that

InT NgT = gJp1T  for all m > 2.

Since gJpm—1 C Jm, we have gJ,, 1T C J,, T N gT'; we check dimensions to obtain the
desired equality. For n > m we have

dimy (gJp—1T)p = dimy Jyy—1Tp—m = dimy Tj,—1 — m?,

so that the equality J,,,7 N gT = gJ,—1T follows by comparison with equation (4.3.8)).
Finally,
JnTNg"T = (JTNgT) N g"T = gJmu1T N g"T = g(Jy1T N g™ 'T)
= ¢"W (03 (p))SaT,

where the last equality follows from the induction hypothesis. O

Lemma 4.3.9. Suppose that € T'(2p)m T\ Jn T, for some m >0, n > 1. Then there
exists k 2 0 such that Jp Dok + 2T 2 ¢" Thtk-

Proof. We prove this by induction on m. So let m = 1 and consider = € T'(2p)1T,,\ 1T}
There are two cases to consider:
(1) = ¢ JiT,, and so J;T,,&kx = T'(2p)1T,, since J; T}, is codimension 1 in T'(2p)1T},;
or
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(2) 7€ iT,.

First suppose that (1) holds. If zg lies in J1T},41 N gT = gW (03(p))S2T,, (where this
equality follows from Proposition then we find that T vanishes at (p), but this
can not happen since T ¢ JiT,,. Therefore xg ¢ J1T),+1 N ¢gT, which is codimension 1
in gT,41, and so g1y 11 = (JlTn+1 N gT) S kxg C 1Tt + 217.

Now suppose that (2) holds, so that z —y € ¢T,, for some y € J;T,,. Moreover,
x—y ¢ JT,NgT = gW(o3(p))SaT,—1, which is codimension 1 in ¢7T,,. It follows that
9T, = (LT, NgT) ® k(z — y), and so ¢T, € ST, + k(z —y) C JiT, + ka. This
establishes the base case.

Now assume that m > 2 and that the result holds for smaller m, and let = €
T(2p)mTn \ JmT,. Again we consider two separate cases:

(a) T & JpuTy, and so J,, T, ® kx = T(2p)mT}, since J,,T), is codimension 1 in

T(2p)mTh; or
(b) T € JnT.
Case (a) is proved in a similar way to case (1) of the base case, but instead we consider
the element x¢g™ and arrive at the conclusion that ¢ 1,1 C JnThim + T, So
suppose instead that case (b) holds, so that x —y € ¢gT},4pn—1 for some y € J,,,T,,. Then
z—y € T(2p)nTnNgT = 9T (2p)m—1T, by [RSS15D, Proposition 5.2 (2)], while x —y ¢
InTnNgT = gJm—1T,. It follows that x —y = g2’ for some 2’ € T(2p)m-1Tn \ Jm—1Tn-
By the inductive hypothesis, g™ T, 11 C Jm_1Tph ik + 2'Ty for some k € N, and hence
9" Tk C gm-1Tnik + 92’ Ty, C J T, + 2T}, completing the proof. O

We now prove a short lemma which allows us to move all of our calculations in T
back into T'(2p).

Lemma 4.3.10. For any p € E and any k > 1, there exists £ > 1 and U C Ty such
that TiyU = T'(2p)gts-

Proof. We prove this by induction on k. When k = 1, set
U =W(o®(p))W (" (p))W (a* ()W (o (p))W (0(p))W (0*(p)) C T (4.3.11)
(so here £ = 2), and then

TVU = S5W (0 (0))W (0 ()W (2 (0)) W (0 (0))W (o (0)) W (02(1))
= (W(p)W(a(p))S1)°
=T(2p)s,
establishing the base case.

Now suppose that k > 2 and that the result holds for smaller values of k. Applying
the induction hypothesis to the point ¢ = 03(p), we deduce the existence of ¢/ € N and
U' C Ty with Ty_1U" = T(20%(p)) jer—1. With U as in (4.3.11)), setting £ = ¢’ + 2 and
U=U'UC T, yields

TU = Ty T}, U'U
= S3(W (o®(p))W (o (p)S1)* U
= (W(p)W (o (p))S1)* 55U
=T(2p)k+e-1T(2p)3
= T(2p)k+

finishing the proof. O
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The proof outline for our main result given at the beginning of this section showed
that we needed to understand the g-torsionfree factors of the exceptional line modules
corresponding to the blowup T'(2p) C T'(p). The key result is therefore the following:

Proposition 4.3.12. Let L = T'(2p)/J be the exceptional line module corresponding
to the blowup T'(2p) C T'(p). Then L has no proper graded g-torsionfree factors.

Proof. Any proper graded factor of L has the form T'(2p)/(M + J) for some graded
right ideal M of T'(2p) not containing J, and moreover it suffices to consider right ideals
generated by a single homogeneous element, M = zT'(2p), where x € T(2p)m \ Jm
for some m > 1. Therefore, we wish to show that each proper factor of the form
T(2p)/(xT(2p) + J) is not g-torsionfree.

Note that, by Lemma [4.3.9] we have ¢"T, C J,,Tr + xT} for some £k > 1. By
Lemma there exists ¢ € N and U C Ty such that T,U = T(2p)gse. It then
follows that ¢g™T(2p)x+e € 2T(2p)kte + JnT(20)kte = T(2p)jye + Jrthte, and so
T(2p)/(xT(2p) + J) is not g-torsionfree. O

We are finally in a position to prove our main result:
Theorem 4.3.13. T'(2p) has no proper sporadic ideals.

Proof. As discussed at the beginning of this section, Rogalski’s proof of Theorem
(1) tells us that a minimal sporadic ideal of T'(2p) has the form H'(K N T(2p))H.
Here K is a minimal sporadic ideal of T'(p), and H (respectively, H') is a sporadic
ideal of T'(2p) which, in particular, annihilates all g-torsionfree factors of the right
(respectively, left) exceptional line module associated to the blowup T'(2p) C T'(p).
However, by Theorem [4.2.4](2), T'(p) has no proper sporadic ideals, so T'(p) is a minimal
sporadic ideal in itself, and we may therefore set K = T'(p). Moreover, Proposition
tells us that we may take H = T'(2p) in the above. Since all of our right hand
results have left hand analogues, we may also take H' = T(2p), and then the ideal
T(2p)(T(p)NT(2p))T(2p) = T(2p) is a minimal sporadic ideal of T'(2p). It follows that
any sporadic ideal I of T'(2p) is equal to T'(2p) in large degree. That is, T'(2p) has no
proper sporadic ideals. ]

4.4 The rings A(d) and their properties

We now consider some algebras which have appeared previously in [ATVdB91l [Rogl1]
RSS15bl [RSS17] and work out some of their properties.

Definition 4.4.1. Let T be the 3-Veronese of a generic Sklyanin algebra, and let d be
an effective divisor on E with 0 < degd < 7. We set A(d) = (T(d)[g~])o.

When d consists of no points then we write A = A(d) = (T[g"!])o and think
of this as “coordinate ring of noncommutative affine space P2, \ E”, and otherwise
we think of A(d) as “coordinate ring of the blowup of noncommutative affine space
Bla(P2.)\ E”. When d consists of multiple points then the resulting geometric picture
depends on whether the points lie on distinct 7-orbits, and this is also reflected in the
ring-theoretic properties of the A(d).

Observing that A(d) = (T(d) ®yy k[g™'])o one can also define a functor (—)° =
(— @lg klg™])o : Gr-T(d) — Mod-A(d). Since k[g*'] is a flat k[g]-module, this func-
tor is exact. Moreover, standard localisation theory implies that Homy gy (M, N)° =
Hom 4(q)(M°, N°) for any M, N € Gr-T'(d) and that (—)° eliminates degree shifts, in

63



the sense that (M[n])® = M° for all n € Z. Moreover, A(d) = T'(d)/(g — 1)T'(d)
by [RSS15b, Lemma 2.1], which allows one to deduce a number of properties of these
rings. We first recall a result which is implicit in the proof of [CBH98, Theorem 1.5],
but which is stated more precisely in [CB, Lemma 5.6].

Lemma 4.4.2 ([CB| Lemma 5.6]). Let A be a finitely generated noetherian k-algebra
which is Auslander-regular and Cohen-Macaulay. Then

gl.dim A = max{GKdim A — GKdim M | 0 # M € mod-A}.

Proposition 4.4.3. The rings A(d) are finitely generated k-algebras which are noethe-
rian domains. They are Cohen-Macaulay and Auslander-Gorenstein with i.dim A(d) <
2 and GKdim A(d) = 2. If A(d) has finite global dimension, then it has global dimen-
sion 1 if and only if it has no nonzero finite-dimensional modules, and global dimension
2 otherwise.

Proof. Since A(d) is the degree 0 part of the localisation of a domain, it is itself a
domain. By [RSS14, Theorem 1.1], it is a finitely generated noetherian k-algebra. By
[RSS15Db, Corollary 2.3], A(d) has a filtration whose associated graded ring is isomorphic
to B = B(E,Op(—d) ® M, 1), and it is known by [Lev92, Theorem 6.6], that B =
T(d)/gT(d) is Cohen-Macaulay and Auslander-Gorenstein with i.dim B = 2. Then, by
[Lev92, Proposition 3.2 (ii), Theorem 3.6 (2)], it follows that A(d) is Cohen-Macaulay
and Auslander-Gorenstein with i.dim A(d) < 2. The value of the GK dimension of A(d)
follows from [Lev92), (5.2.1)], and the value of the global dimension of A(d) follows from
Lemma [4.4.2 O]

The ideal theory of A(d) is closely related to the sporadic ideal theory of T'(d), as
follows:

Proposition 4.4.4. Suppose that T(d) has no proper sporadic ideals. Then A(d) is
simple.

Proof. By the discussion preceding [RSS15al, Lemma 7.8], (—)° gives a bijection between
the set of graded g-divisible ideals of 7'(d) and the set of ideals of A(d). So suppose
that J is a nonzero ideal of A(d), so that J = I° for some nonzero graded g-divisible

ideal I of T(d). Then I = (I+¢T(d))/gT(d) is a graded ideal of T(d) = T(d)/¢T(d) =
B(E,Op(—d) ® M, 7). It then follows by [RRZ06, Example 1.4] that GKdim T /T = 0.
Thus, for n > 0, we have

0 = dimy (T'/T), = dimy (T'(d)/(I + ¢T(d))),,
= dimy 7'(d),, — dimg I, — dimg(¢7'(d)),, + dimg( N gT'(d))s
= dimy (7(d)/1I),, — dimy T'(d),,—1 + dimyg(Ig),
= dimg(7'(d)/1),, — dimy T(d),—1 + dimg (1)1
— dim (T(d)/ ) — imy (T(d)/ )1,

That is, for n > 0 we have dimy(7°(d)/I),, = dimy(7(d)/I)n—1, so GKdimT'(d)/I < 1.
But T'(d) has no proper sporadic ideals, and so I is equal to T'(d) in all large degrees,
which implies that I° = 7'(d)°. Therefore J = A(d). O

As a corollary of this, we obtain the following:

Corollary 4.4.5. Let p,q € E, where p and q lie on distinct T-orbits. Then A, A(p),
A(p+ q) and A(2p) are all simple rings.
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Proof. By Theorem [RSS15b, Example 9.6] and Theorem |4.3.13] in each case the
corresponding 7'(d) has no proper sporadic ideals, and so A(d) is simple by Proposition
| O

4.5 Singularities of two-point blowups

In this section we determine the global dimension of algebras of the form A(p+ ¢), and
show that the only such algebras which are singular are those of the form A(2p). In
this case, we also calculate the singularity category. The fact that A(2p) is simple is
crucial in determining Dgsg(A(2p)), justifying the effort expended in Section

We will in fact see that the global dimension of A(p + ¢) exhibits trichotomous
behaviour:

1 if p and ¢ lie on distinct 7-orbits
gldimA(p+q) =<« 2 if p=1"(q) for some n € Z\ {0} .
o ifp=gq

At this point, it is worth drawing a comparison with some results in the literature.
In [Sta82], Stafford studied primitive factors R, of U(sl2), which depend on a parameter
«a € k and have the presentation

ke, f,h)
<h6—eh:2e, hf — fh=-=2f >

R, =
ef — fe=h, h*>4+2h+4fe=a’+2a

Stafford showed that the global dimension of R, also exhibits trichotomous behaviour,

as follows:
1 ifaeck\Z
gldmR, =< 2 ifaecZ\{-1} .
oo fa=-1

Stafford also showed that there exist Morita contexts between many of the R, which
he used to establish a number of properties of these algebras in addition to the above.
The values for the global dimensions of A(p + q) when p # ¢ and the existence of
similar Morita contexts for these algebras have been known to the authors of [RSS15b]
for some time.

Additionally, the results of the previous chapter show that for the singular primitive
factor R_; we have a triangle equivalence Dgg(R_1) ~ Dsg(Ra, ). This follows from the
fact that the map

k
<x7 y? Z) _> Ra,
xz=(z+ 1z, ay=z(z+a+1)
yz=(2—1y, yz=(2—1)(z+aq)
1
r— f, y— —e, zr—>§(h—o¢)
is an isomorphism, where the domain is isomorphic to O(—®a+1) (1&1), and when o = —1

we have seen that this ring has an A; singularity.
We now work towards proving the claimed global dimensions of the algebras A(p+q)
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which, while known, are not present in the literature. We first recall an important result
which we will use frequently in this section:

Theorem 4.5.1 ([RSS17, Theorem 9.1, Lemma 6.9]). Let L be the exceptional line
module for a blowup T(d + p) C T(d). Then the following are equivalent:

(1) gl.dim A(d + p) < oo;

(2) p.dimygip) L° =1 and gl.dim A(d) < oo; and

(3) p.dimy(qyp) L° < o0 and gl.dim A(d) < oo.

Using this, we are able to show that the algebras A(p) are nonsingular, and are
in fact hereditary. This will be used in conjuction with Theorem to deduce the
global dimensions of two-point blowups.

Proposition 4.5.2. Let p € E. Then A(p) is hereditary.

Proof. We seek to apply Theorem and so wish to show that p.dim L° < co, where
L° is the localised line module corresponding to the blowup T'(p) C T. To do this, we
show that the localisation of the line ideal J corresponding to the blowup T'(p) C T is
projective.

We first determine an expression for J. Noting that

TYW (o (p))W (0(p))S1 = (W (p)S2)? = T(p)2,

it follows that W (a3(p))W (c(p))S1 C Ji by definition. Since T'(p)/J is a line module,
it follows that dimy J; = 7, while dimy W (a3(p))W (o(p))S1 = 7 by Lemma m and
so Ji = W(a3(p))W(a(p))Si. Since J is generated in degree 1, [RSS17, Lemma 5.8
(2)], it follows that J = W (a3(p))W (a(p))S1T(p).

We now calculate J* := Homp,)(J, T (p)). Clearly k C J* and

T(p)Ty - J = T(p)SsW (o*(p))W (c(p))S1T(p) = T(p)(W (p)S2)*T(p) C T(p),

so that k+7'(p)T1 C J*. Now [RSS15bl Proposition 5.2 (1)] shows that dimg (7' (p)T} ), =
dimy T}, — (g), so that

hilb (k 4+ T'(p)T1) = 1—t)3  (1—-t3 @1-1t3

But we also have

t t+1
hilb J* = hilb T =
ilb J ilb (p)+<1_t)2 1=1)p

by [RSS17, Lemma 5.8 (3)], and since J* and k + T'(p)T; have the same Hilbert series
they must be equal.
Using these expressions for J and J*, we find that

(JJ%)2 D2 W (3 (p))W (0 (p))St - S5 = (W (03 (p)S2)? = T(c® ()2 > ¢

It follows that 1 € (JJ*)° = J°(J°)*, and so J° is projective by the dual basis lemma.
Consider the short exact sequence coming from the definition of J:

0—J—-T(p) —L—0.

66



Applying the exact functor (—)°, we obtain a projective resolution of L°,
0—J°— A(p) —» L° — 0,

and since gl.dim A = 1 < oo by [Aji99, Proposition 2.18], Theorem implies that
gl.dim A(p) < co. Now, Corollary tells us that A(p) is simple, which implies that
it has no finite-dimensional modules, and so gl.dim A(p) = 1 by Proposition that
is, A(p) is hereditary. O

We now turn our attention to two-point blowups, beginning with the cases where
p # q. The following proof is similar to that of Proposition and so some of the
details are suppressed:

Proposition 4.5.3. Let p,q € E, where p # q. Then

. ) 1 if p and q lie on distinct T-orbits
gl.dim A(p+q) = { 2 ifp= Ti(q) for some i € 7.\ {0}

Proof. If p and ¢ lie on the same 7-orbit then, relabelling if necessary, we can assume
that ¢ = 7%(p) for some i > 1. We initially treat both cases simultaneously and show
that A(p + ¢) has finite global dimension provided that p # q.

Let J (respectively, L) be the line ideal (respectively, module) for the blowup T'(p+
q) € T'(p). By mimicking the proof of Lemma one can show that T'(p + q), =
(W(p)W(o(q))S1)". (We remark that if p and ¢ lie on the same 7-orbit then, since
i # —1, we are not in the situation where the right hand side is (W (p)W (c=2(p))S1)",
which is strictly contained in T'(p + 7-%(p)).) As in Proposition one can show
that J = W(a3(q))W (a(p))W (0?(¢))T(p + q) and J* =k + T(p + q)T(p)1. We then
find that

(JT*)2 2 W(a®(a))W (o (p))W (0°(q)) - W (p)S>
= (W@ (@)W (o (p)51)’
=T(p+0%(q)):

> g%
where the hypothesis ¢ > 1 ensures that we have an equality on the third line in the cases
where p and ¢ lie on the same 7-orbit. As in the proof of Proposition [4.5.2] we therefore
find that J° is projective and that p.dim L° < oo, and hence gl.dim A(p + ¢) < oo for
both cases.

Now suppose that p and ¢ lie on distinct 7-orbits. Since A(p + ¢) is simple by
Corollary it has no finite-dimensional modules, and therefore it is hereditary
by Proposition [£.4.3] If instead p and ¢ lie on the same 7-orbit then, by the remark
preceding [RSS15b, Example 9.7], T'(p + ¢) has a proper sporadic ideal I, and by
[Roglll Lemma 6.4 (2)], we may assume that T(p + ¢)/I is g-torsionfree. It follows
that (T'(p+ q)/I)O is a finite-dimensional A(p + ¢)-module, and so gl.dim A(p + q) = 2
by Proposition 4.4.3 O

It remains to prove the claim that A(2p) is singular, and to determine its singu-
larity category. This is more involved, and takes up majority of this section. For the
remainder of this section, we will fix notation for the following three T'(2p)-modules,

J = W(o®(p))W(a(p))W(o*(p)T(2p)
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M =k +T(p):T(2p)
N =k+ Ty T(2p),

and we write J°, M° and N° for the corresponding A(2p)-modules. We note that J is
the line ideal for the blowup T'(2p) C T'(p). We first determine some Hom spaces.

Proposition 4.5.4.
(1) EndT(zp)(J) T(p+7(p))-

(2) J k+T( p)T(p)1

(3) M* =T2p)W(p)W (o (p))W (o~ (p)).
(4) EndT(?p( ) =T (p)).

Proof.

(1) This follows from [RSSI7, Theorem 8.9 (1)].
(2) One inclusion is clear: noting that left multiplication by k gives an element of J*,
and that

T(2p)T(p)1 - J = T(2p)W (p)S2W (03 (p))W (o (p))W (0% (p))T(2p)
=T(2p)W (p)W(o(p))S1W (p)W (o (p))S1T(2p)
C T(2p),

it follows that we have k + T'(2p)T'(p);1 € J*. We complete the proof by showing
that both spaces have the same Hilbert series. By [RSSI15b, Proposition 5.2 (1)],
dimy (k 4+ 7(2p)T(p)1)n = dimy T(p)n, — 3n(n — 1) for n > 0. Therefore, we have

2 46t + 1 |
(1-03 (1=t ([1-1%

Then, by [RSS17, Lemma 5.8 (3)], hilb J* = hilb T(2p) +t/(1 —t)? = (6t +1)/(1 — t)3
and so hilb J* = hilb(k + 7'(2p)T'(p)1), as required.

(3) By [RSS17, Lemma 5.8 (2)], J is reflexive, and the same is true of the left line
module for the blowup T'(2p) C T(p), which we call JY. Using the same methods as
for J, it is easy to check that JY = T'(2p)W (p)W (o (p))W (¢~ 1(p)) and that (JY)* =
k+ T(p)1T(2p) = M. Reflexivity of J¥ then implies

M = (JV)™ = 1Y = T@p)W (p)W (o (p))W (0~ ().

(4) This follows from the calculations in [RSS17, Lemma 10.6]. O

hilb (k + T'(2p)T(p)1) =

Proposition 4.5.5.

(1) N° is projective, and therefore reflezive.
(2) J° is reflexive, but not projective.

(3) M° is reflexive, but not projective.

Proof.

(1) Since N and N* may be viewed as left and right End(a,) (NV)-modules respectively,
we may view NN* as a two-sided ideal of Endy(g,)(N) = T(27~!(p)). Since the functors
(—)* and (—)° commute, so we find that (NN*)° = (N°)(N°)* is a nonzero two-sided
ideal of A(277!(p)). But A(27~!(p)) is simple by Theorem and Theorem m,
so 1 € (N°)(N°)*, and hence N° is projective by the dual basis lemma. The second
claim follows from the fact that projective modules are always reflexive; see [Lam99,
pp. 55, Example 7].
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(2) As mentioned previously, J is reflexive by [RSS17, Lemma 5.8 (2)]. Applying the
functor (—)°, we see that J° is reflexive.

For the second claim, first note that we may view JJ* as a two-sided ideal of
Endpgp)(J) = T(p+7(p)), and that J* = k+T(2p)T(p)1. We then have (JJ*); = Ji,
while for n > 2,

(JJ)n = ((1iT(2p))(k + T(2p)T(p)1))
= LT (2p)n—2T(Ph
= W(* )W (e @)W (o° () (W 0)W (o(p)S1)" W (0(p))S2
= W(o™ ()W (0(p) 11V (0° () (W (0 (p)) LW (0 (1)) " W (0(p)) St
= (W(@*(p))W(a(p))S1)".

By [Rogll, Proposition 11.2], it follows that JJ* = J; & K=o, where

n

K = W(a*p)W(o(p)SiT(p + o3(p))

is a sporadic ideal of T'(p + o3(p)) with ¢" ¢ K for all n > 1. It follows that 1 ¢ K°,
and so since (J°)(J°)* C K°, we have 1 ¢ (J°)(J°)*, and therefore J° is not projective
by the dual basis lemma.
(3) As we saw in Proposition (3), M is the dual of the left line module JV, and
since JV is reflexive, the same is true of M.

To show that M?° is not projective, we consider the two exact sequences

0—J—T(2p) — L—0,
0—T(2p) - M — L[—1] — 0,

the first of which comes from the definition of the exceptional line module L = T'(2p)/J,
and the second of which comes from the proof of [Ro, Lemma 9.1 (1)]. Applying (—)°
yields exact sequences

0—J°—= A(2p) = L° — 0,
0— A(2p) - M° — L° — 0.

If M° were projective, then Schanuel’s Lemma would imply that M° @ J° = A(2p)2.
In particular, J° would be a direct summand of a free module and would therefore be
projective, contradicting part (2). Therefore M® is not projective. ]

As an immediate corollary, we deduce that A(2p) is singular:
Corollary 4.5.6. p.dim M° = oo, and therefore gl.dim A(2p) =

Proof. By Lemma [2.2.13] and Proposition M?° is a maximal Cohen-Macaulay
module which is not projective. It therefore has infinite projective dimension by Lemma
2.2.9[ (4), whence the result. O

We now wish to determine the singularity category of A(2p), which we claim is
equivalent to Dgs(Rj4,), where Ry, is the coordinate ring of an A; singularity. To
achieve this, we first prove a fairly general result which gives sufficient conditions for a
(possibly noncommutative) ring to have an A; singularity, and then show that A(2p)
satisfies all of its hypotheses.
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Theorem 4.5.7. Let R be a Gorenstein k-algebra of injective dimension at most 2.
Suppose that R has a mazimal Cohen-Macaulay module M which is a generator such
that gl.dim Endg(M) < 2 and Endr(M) = k. Then R has infinite global dimension
and has an A1 singularity.

Proof. Since Endp(M) # 0, M is not projective. It therefore has infinite projective
dimension by Lemma (4), and therefore gl.dim R = co. By [Kralbl, Proposition
2.3], the functor

Homp(M, —) : mod-R — Mod- End (M) = Mod-k

induces a fully faithful functor addyeq-r(M) — proj-k. From Chapter (3| we know that
proj-k is equivalent to Dss(Ra,) as a k-linear category, where Ry, is the coordinate
ring of an A; singularity. Since i.dim R < 2 and gl.dim Endg(M) < 2, Proposition
implies that addy,oq.gr(M) = MCM-R. Since projective modules are killed when
passing to the stable category, we find that addped-r(M) = MCM-R. We therefore
have a fully faithful functor

MR(M7 _) : M_R — pro.j_k = Dsg(RA1)7

which is also essentially surjective since k™ is the image of M"™ under the functor.
Therefore we have an k-linear equivalence between these two categories, and this induces
a triangulated structure on Dge(Ry,). It is also a triangle equivalence because, by
[Chelll Lemma 3.4], Dsg(Ry,) has a unique triangulated structure since the only k-
linear autoequivalence of Dgs (R4, ) is the identity. O

We now show that A(2p) and the module M*° satisfy the hypotheses of Theorem
We have already seen that A(2p) is Gorenstein of injective dimension at most 2,
and that M° is reflexive and hence MCM.

Proposition 4.5.8. The module M° is a generator for mod-A(2p) which satisfies
gl.dim End 4(9,)(M°) = 2. Moreover, End 45,y (M°) = k.

Proof. Write E := Endp(g,)(M), so that M becomes an (E,T(2p))-bimodule. By
similar arguments to those found in the proof of Proposition [£.5.4 E = T(p + 7(p)).
It follows that End 4(a,)(M°) = A(p + 7(p)), which we know to have global dimension
2 by Proposition [4.5.3

To show that M° is a generator for mod-A(2p), we can equivalently show that M*® is
a projective left E°-module. Since (M°)*M° is a nonzero two-sided ideal of the simple
ring A(2p), we necessarily have 1 € (M°)*M°. It follows from the dual basis lemma
that M° is a projective left E°-module, as required.

For the final claim, we first show that M° and J° are isomorphic in mod-A(2p). By
the definition of L, the proof of [RSS17, Lemma 10.8], and exactness of (—)°, we have
exact sequences

0—J°— A(2p) — L° — 0,

0— M°— N°—L°—0,
where A(2p) and N° are projective. Schanuel’s Lemma implies that J° @& N° = M° @
A(2p), so that J° and M° are projectively equivalent and therefore isomorphic in

mod-A(2p).
Hence, to determine End ) (M°) it suffices to calculate End ;) (J/°). In the
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proof of Proposition we saw that (J°)(J°)* C K°, where K is a sporadic ideal of
T(p+ o3(p)); we claim that this inclusion is in fact an equality. To see this, recall that
JJ* = J1 & K=o and consider the short exact sequence

0—=JJ" > K—K/JJ"—0,

where K/JJ* is finite-dimensional. Applying the exact functor (—)° and noting that
(K/JJ*)° =0, we obtain an isomorphism (J°)(J°)* = K°, as claimed. Finally,

°) = o Endaey(J°) _ Endrey () (T +03(p)
End s ) (M°) = End 5 5y (J°) = o lT7) o Endrean(7)” ( @)

(Jo)(Jo)* Ko K

Then, since T'(p+03(p))/K has k-basis given by {1, g,9% g3, ...}, see [Ro, Proposition
11.2], it follows that End 4o,y (M°) = k. O

We have therefore shown that A(2p) and the module M° satisfy all the hypotheses
of Theorem and hence A(2p) has an A; singularity:

Theorem 4.5.9. There is a triangle equivalence MCM-(A(2p)) =~ Dsg(Ra,)- ]
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Chapter 5

Azumaya Skew Group Algebras

In this chapter, we provide necessary and sufficient conditions for a skew group algebra,
or more generally, a crossed product ring, to be an Azumaya algebra. The two particular
cases of interest to us are that of a finite group acting X-outer on a prime noetherian
k-algebra, and a finite cyclic group acting inner on a prime k-algebra. We recall from
Chapter 2 that a group acts X-outer on a prime noetherian ring R if the only element
acting as conjugation by an element of the Goldie quotient ring Q(R) is the identity.
The main results of this chapter will be used in subsequent chapters to establish that
(deformations of) quantum Kleinian singularities, as defined in Chapters |1| and [2| are
maximal orders.

5.1 Azumaya crossed products with an X-outer action

Suppose that A x G is a crossed product where G is a finite group acting X-outer on
A. Unsurprisingly, a necessary condition to ensure that A x G is Azumaya is that A
is itself Azumaya. Additionally, since properties of an Azumaya algebra A are closely
related to the geometry of Spec Z(A), one might expect the action of G on the points
of Spec Z(A) to influence whether A x G is Azumaya. This is the case, as we will see
in Theorem [5.1.3]

We first determine the centre Z(AxG) of Ax G, which is relatively straightforward.

Lemma 5.1.1. Consider a crossed product T := A x G, where A is prime and G is a
finite group. Suppose that the action of G on A is X -outer. Then Z(AxG) = Z(A)C.

Proof. The inclusion Z(A)Y C Z(A* G) is easy to establish and holds without the X-
outer hypothesis, so we now show the reverse inclusion. So suppose that »_ 9eG €99 €
Z(A % @G). Then for any b € A we have

Z bcyg = Z cqgb = Z cg0rg(0)g.
geG geqG geqG

This forces cgay(b) = bey for each g € G and each b € A. In particular, ¢4 is a
normal element of A, and so if it were nonzero then it would be an element of Q(A) by
[Pas87, Lemma 2.1 (ii)]. Since a4 acts X-outer when g # e by hypothesis, this forces
cg = 0 for all g # e. Therefore we must have Z(A « G) C Z(A), so now consider some
a€ Z(AxG)C Z(A). Then, for any g we have

ag = ga = ag(a)g,

73



which means that a lies in Z(A)®. This gives the claimed equality. O

We briefly recall some terminology. A G-stable ideal I of R is an ideal which satisfies
g-I =1 forall g € G. In this case, [ is said to be G-prime if it is proper and whenever
JK C I for GG-stable ideals J and K, then J C I or K C I. Moreover, I is said to be G-
maximal if whenever I C J for some G-stable ideal J, then J = R. It is straightforward
to check that the one-to-one correspondence between prime (respectively, maximal)
ideals of an Azumaya algebra A and maximal ideals of its centre Z restricts to a one-
to-one correspondence between G-prime (respectively, G-maximal) ideals.

To prove our main result, we will also need the following lemma:

Lemma 5.1.2. Let R be a commutative finitely generated k-algebra which is a domain.
Suppose that G is a finite group acting k-linearly and freely on R; that is, the stabiliser
of every mazimal ideal of R is trivial. If m € MaxSpec RY, then mR is a G-mazimal
ideal of R.

Proof. Let m € MaxSpec R®. Tt is straightforward to check that mR is a G-stable
ideal of R, so it remains to verify that it is maximal among all such ideals. Since k
is algebraically closed, there is a one-to-one correspondence between orbits of points
in MaxSpec R and G-maximal ideals of R, and by our hypothesis on maximal ideals,
these orbits have size |G|. Since Spec R/mR is a G-stable subvariety of Spec R, it is a
union of orbits, and we wish to show that it consists of a single orbit. Therefore if we
show that Spec R/mR has size |G| then it follows that mR is a G-maximal ideal.

To this end, consider the natural morphism 7 : Spec R — Spec R coming from
the inclusion i : R® < R. Since G is finite, the action of G' on Spec R is closed, and
so [Mum65, Amplification 1.3] tells us that (Spec RY, ) is a geometric quotient of R.
By [Mum65, Proposition 0.9], it follows that 7 is flat and finite. Therefore 7 is a flat,
finite, dominant morphism between integral schemes, and so writing p = Spec R“ /m,
we have |771(p)| = [Frac(R) : Frac(R%)] by [Liu02, Exercise 5.1.25], and this value is
equal to |G| by [Ben93, Proposition 1.1.1]. But

p) =p X S$pec RG Opec R = Spec(RY /m @ pe R) = Spec R/mR,

and so |Spec R/mR| = |G|. By the preceding paragraph, it now follows that mR is a
G-maximal ideal of R. ]

We remind the reader that, for a crossed product A x G, the automorphisms o act
as a group on Z(A). This fact will be used in the proof of the following, which is the
main result of this section.

Theorem 5.1.3. Consider a crossed product T := AxG, where A is a prime noetherian
k-algebra and G is a finite group acting X -outer on A by k-linear automorphisms. Then
T is prime noetherian. Moreover, T is Azumaya if and only if
(1) A is Azumaya; and
(2) G acts freely on Z(A); that is, the stabiliser of every mazimal ideal of Z(A) is
trivial.
If T is Azumaya, then the ranks of A and T satisfy rank T = |G|? rank A.

Proof. First note that T is prime by [Pas89, Corollary 12.6] and noetherian by [MRO1],
Lemma 1.5.1]. Also, Z(A) is a domain since A is prime.

Throughout this proof, we will be concerned with maximal ideals lying in a number
of different rings: it will be our convention to write m,n, and M for maximal ideals in
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Z(T),Z(A), and T, respectively.

(=) Assume that T is Azumaya. Since G acts X-outer, Z(T) = Z(A)Y C A
by Lemma Therefore, [Car05, Proposition 2.4] implies that A is a separable
extension of Z(A)®. We then have a chain of inclusions Z(A)¢ C Z(A) C A, and so A
is a separable extension of Z(A) by [HS66, Proposition 2.5]; that is, A is Azumaya. In
particular, since A is Azumaya and noetherian this implies that Z(A) is noetherian by
[MROT, 13.7.10].

It remains to show that (2) holds, and that if rank 7' = 72 then rank A = (r/|G|)2.
We establish these simultaneously. We claim that a maximal ideal n of Z(A) has trivial
stabiliser if and only if dimy A/nA = (r/|G|)?. So suppose that n € MaxSpec Z(A).
Since Z(A) is a module-finite extension of Z(A)Y, [Ben93, Lemma 1.4.2] implies that
nN Z(A)% is a maximal ideal of Z(A)Y = Z(T). Therefore, as T is Azumaya, (n N
Z(A)E)T is a maximal ideal of T. Writing

which is the intersection of |G|/| Stabg(n)| maximal ideals of Z(A), we have nnZ(A)¢ C
n'. Maximality of (nN Z(A)%)T forces (nN Z(A))T = w'T, so w'T is a maximal ideal
of T. Since n’A is G-stable and T is Azumaya of rank 72, we have

A T
dimy <n/A * G> = dimy T = r2,
and so dimy A/n'A = r2/|G|. We now turn our attention to determining A/n’A. We
clearly have an inclusion WA C (1 ¢ ((9 - n)A) of G-stable ideals. Since n’ is a G-
maximal ideal of Z(A) and A is Azumaya, it follows that n’A is a G-maximal ideal of
A, and hence WA = geG ((g-n)A). Using the fact that A is Azumaya, there is some
¢ € N such that A/(g-n)A = My(k) for each g € G. Then, since n’A is the intersection
of |G|/| Stabg(n)| maximal ideals of A, the Chinese Remainder Theorem implies that

A
WA My(k) x -+ x My(k),

|G|/| Stabg(n)| copies
so that, taking dimensions on both sides,

i — &g?
|G| | Stabg(n)]

Therefore n has trivial stabiliser if and only if /2 = 72 /|G|?, which happens if and only
if dimy A/nA = (r/|G|)?, as claimed.

It follows that if we can find a single maximal ideal of Z(A) with trivial stabiliser
then A has rank (r/|G|)?, and since A is Azumaya, this will imply that every maximal
ideal of Z(A) has trivial stabiliser.

To this end, write X = Spec Z(A), which is an irreducible affine variety. Since G acts
X-outer it acts faithfully on Z(A), soif g € G is not the identity, then {x € X | g-x = =}
is a proper subvariety of X and so has strictly smaller dimension than X. But X is
irreducible and so cannot be a finite union of subvarieties of strictly smaller dimension,
and so some point of X lies outside of (J cq{z € X | g~z = x}. That is, there exists
some maximal ideal of Z(A) having trivial stabiliser, completing the proof of necessity.

(«=) Now suppose that (1) and (2) both hold. As in the proof of necessity, noethe-
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rianity of A implies that Z(A) is noetherian. Seeking to prove that 7' is Azumaya,
first note that by Lemma we have Z(T) = Z(A)®. Let m be a maximal ideal of
Z(T). Then, since Z(A) is a noetherian domain and the stabiliser of every maximal
ideal of Z(A) is trivial, Lemma[5.1.2]implies that mZ(A) is a G-maximal ideal of Z(A).
Since A is Azumaya, we find that mA is a G-maximal ideal of A. Let @) be a prime
of A minimal over mA; necessarily ) is a maximal ideal of A, and so by hypothesis
Stabg @ = {e}. Since

A/mA
Q/mA

is prime, [Pas89, Corollary 14.8] implies that (A/mA) % G is prime, and hence m7T is a
prime ideal of T. We claim that mT is in fact maximal. So suppose that [ is a prime
ideal of T' with mT C I. Intersecting down with A we find that mA C INA, where INA
is a G-stable ideal of A, and so G-maximality of mA forces mA = I N A. By [Pas89,
Theorem 14.7], such prime ideals I are in one-to-one correspondence with primes J of
A xStabg Q = A with J N A = Q. This forces J = @), and so there is only one prime [
with m7T C I. Since m7T is prime, this forces m7T = I, and so m7 is a maximal ideal of
T.

Now let M be a maximal ideal of T', and write m = M N Z(7T). By [BG12, Lemma
II1.1.5], m is a maximal ideal of Z(T'), and moreover it satisfies m7T" C M. By the
previous paragraph, m7 is a maximal ideal of T, and so mT = M.

Since T' is prime, we use the Artin-Procesi Theorem to show that T is Azumaya,
and it suffices to show that T is PI and that every maximal ideal M of T satisfies
(MNZ(T))T = M, see [BG12, Theorem III.1.6]. To see the first of these, note that
we have a chain of inclusions

« Stabe Q = A/Q

Z(T)=Z(A)Y CZ(A)CACT
where each term is module-finite over the preceding term: indeed, since Z(A) is a
noetherian domain we find that Z(A) is finite over Z(A)“ by [LW12, Proposition 5.4],
while A is finite over Z(A) since A is Azumaya, and T is finite over A by definition.
Therefore T is PI by [MRO1l, Corollary 13.1.13 (iii)]. Finally, the preceding paragraph
shows that every maximal ideal M of T satisfies (M N Z(T))T = M, and so T is
Azumaya. O

Noting that the action of a group on a commutative ring A is automatically X -outer,
we obtain the following.

Corollary 5.1.4. Consider a crossed product T := A x G, where A is a commutative
noetherian k-algebra which is a domain and where G is a finite group acting k-linearly
on A. Then T is prime noetherian. Moreover, T is Azumaya if and only if G acts
freely on A, and in this case, rank T = |G|.

We now give an application of Theorem This demonstrates an approach which
we will use in Chapter [f] to analyse skew group rings arising from quantum Kleinian
singularities.

Ezample 5.1.5. Let A = k[u, v], which is clearly a prime noetherian Azumaya algebra.
Let G = S3 = (h) act (X-outer) on A via h-u = v, h-v =u. Observe that a maximal
ideal (u—a,v—>b) of Z(A) = A has nontrivial stabiliser if and only if @ = b; in particular,
the action is not free, and so Theorem tells us that T'= A#G is not Azumaya.
Indeed, the maximal ideal m = (u + v, uwv) of Z(T') = k[u + v, uv] does not extend to a
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maximal ideal of T" since mT" C (u+v,uv,h —1) C T, and so T is not Azumaya. More
generally, given m = (u + v — o, uv — 3) € MaxSpec Z(T'), one can show that

~ ) Ma(k) if o® # 4P
T/‘“T:{ T(Ay) ifa?=48 "~

where II(Ag) is the preprojective algebra of an Ay Dynkin quiver, so that m7T is not
even prime when o? = 43. However, if we replace A by A’ = A[(u — v)~!] then the
maximal ideals of Z(A’) = A’ have the form (u—a,v—b) with a # b, and Theorem|[5.1.3]
guarantees that 7" = A'#G is Azumaya. Indeed, Z(A'#G) = k[u + v, uwv][(u — v) 2]
and

o2
(u—v)_2<(u+v—a)(u—|—v—|—oz)—4(uv—4)) = (u—wv)"2 ((u+v)2—4uv) =1

so that MaxSpec Z(T") = {(u+v—a,uv— ) | a® # 43}. As before, one can then show
that T'/mT" = My(k) for all m € MaxSpec Z(T"), so that 7" = A’#G is Azumaya by
Lemma [2.4.9

As mentioned above, this example demonstrates a strategy that we will utilise
frequently in Chapter [ In that setting, we are frequently concerned with rings A
which are finite over their centres, and where G acts X-outer. It will often be the case
that a generic maximal ideal of the centre of A has trivial stabiliser, and we can remove
those that do not by localising A at a suitable subset of Z(A). The new algebra A’

and the group G will then meet the hypothesis of Theorem and so A’ # G will be
Azumaya.

5.2 Azumaya skew group algebras where a cyclic group
acts inner

Now let GG be a cyclic group acting inner on an algebra A. As in the previous section, one
would expect that A must necessarily be Azumaya to ensure that A# G is Azumaya.
Under our hypotheses, this turns out to be both necessary and sufficient.

We begin with a lemma that determines the centre of such a skew group ring.

Lemma 5.2.1. Suppose that G = (g | g") acts inner on A, so there exists a unitn € A
such that g -a = nan~! for alla € A. Then

Z(A#G) = Z(A)[(n '9)*"].
Proof. First observe that if z € Z(A), a € A and ¢* € C,, then
-1 RS PSS T SRR [Ny SSNNRSRUNIES I SNSNRE TR SN T SN S |
&1 -g-ag = zn nan "gg =czan g9 =azn gg=agmn zn ng=ag -zn g,

which establishes the inclusion Z(A)[(n71g)*1)] € Z(A#G). For the reverse inclusion,
consider any element x = Z?;ol a;g' € Z(A#G). Then for any b € A we have

n—1 n—1 n—1
Z baig' = bxr = xb = Z a;g'b = Z a;in'bn'g’,
=0 1=0 =0

and so ba; = a;n'bn~" for each i. Equivalently, ba;n’ = a;n'b for each i and for each
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b€ A, and so each a;n' lies in Z(A). Therefore

n—1 n—1
z=> (an' ) ~'g" = (ain')(n"'9)" € Z(A)(n 9",
i=0 i=0
as required. ]

We can now prove the main result of this section:

Theorem 5.2.2. Let A be a prime k-algebra and let G = (g | g") be a cyclic group
acting inner on A, so there exists a unit n € A such that g -a = nan~" for all a € A.
Suppose also that T = A# G is prime. Then A is Azumaya if and only if T is Azumaya,
and in this case A and T have the same rank.

Proof. (=) Assume that A is Azumaya of rank d2. First observe that T is PI: indeed,
A is necessarily module-finite over its centre, and since Z(T) = Z(A)[(n~'g)*!] where
(n=tg)™ = n~", it follows that T is also module-finite over its centre, which implies that
T is PI by [MRO1, Corollary 13.1.13 (iii)]. Therefore, since T is also prime, by Lemma
it suffices to show that T'/mT = My(k) for each m € MaxSpec Z(T).

To this end, let m be a maximal ideal of Z(T'). Then m N Z(A) is a maximal ideal
of Z(A) by [Ben93| Lemma 1.4.2], and since A is Azumaya, (mN Z(A))A is a maximal
ideal of A. Therefore, B := A/(m N Z(A))A = My(k) which, in particular, is a simple
ring. Let m : A — B be the natural projection and define a linear map

0:B—T/mT, 60()=a+mT, where m(a) =b.

This map is well-defined in the sense that it does not depend on the choice of the
preimage of b: if w(a) = b = w(d), then a — d € (mN Z(A)A C mT, so that
a+mT = a +mT. The map 6 is also clearly a ring homomorphism, and we claim
that it is surjective. To this end, let ¢t = Z?:_(]l a;g' € T. Since k is algebraically closed
and A is a finitely generated k-algebra, m contains an element of the form =g — X,
where A € k. By replacing each instance of ¢ in ¢ by (¢ — An) + An and noting that
g and \n commute, we can write ¢t = Z?;ol al(g — An)® for some a, € A. Therefore
t+mT = ay+mT so that 0(w(af))) = ay+mT = t+mT, and hence 6 is surjective. Since
B is simple and 6 is not the zero map, ker @ is trivial, and hence 6 is an isomorphism.
Therefore T'/mT = B = M(k), as required.

(<) For the converse, suppose that T is Azumaya of rank d2. Since T is PI of PI
degree d, A is PI and Pldeg A < d. Using Lemma [2.4.9] it suffices to show that if m
is a maximal ideal of Z(A) then A/mA = M,(k), since this will force PIdeg A = d. So
let m € MaxSpec Z(A). Now, Z(A) and Z(T) = Z(A)[(n~tg)*]) = Z(A)[t]/{t" — ™)
are finitely generated k-algebras, so Z(T) has a maximal ideal of the form m’ = m +
(n~tg — B) for some B € k*. Since T is Azumaya of rank d?, T/m'T = My(k). Define
a linear map

¢:T — A/mA, ¢(ag’) = a(nB)’ +mA,

which is easily checked to be a surjective ring homomorphism. It is clear that m'T C
ker ¢, so we get a well-defined surjection ¢ : T'/m'T — A/mA. But T/m'T = My(k) is
a simple ring and ¢ is not the zero map, so ker ¢ is trivial and ¢ is an isomorphism.
Therefore A/mA = T/m'T = My(k), as required. O

Remark 5.2.3. It is not automatically the case that 7' is prime under the above hy-
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potheses, even if the action is faithful. For example, set A = M3(C) and G = Cs = (g),
where g acts as conjugation by (91 (1)) Then

o OB 0 O O e

are central elements of T' := A# G which satisfy zy = 0. Therefore 2Ty = xyT = 0
and so T is not prime.

Example 5.2.4. We provide an example of an application of Theorem which will
be generalised in Chapter @ Let A =k_i[u™!,v*] and G = Cy, where the generator
g acts via g - u = —u, g - v = —v. This is an inner action, since g acts as conjugation
by (uv)~!. We claim that A# G is Azumaya; since A is Azumaya, by Theorem m
we only need to show that A# G is prime.

Since A#G is semiprime, see [Pas89, Theorem 4.4], and noetherian, A# G has a
classical quotient ring Q(A#G), [GW04, Corollary 6.16]. By [GW04, Lemma 6.17],
it suffices to show that Q(A#G) = k_1(u,v)#G is simple. Since k_;(u,v) is simple,
by [Oinl4, Theorem 1.2] Q(A#G) is simple if and only if Z(k_i(u,v)#G) is a field.
Observing that g acts as conjugation by (uv)~!, Lemma implies that

k(u?,v?)[t]

I

Z(k-1(u, v)#G) = k(u®,v*)[(uvg)™]

Since 2 — u?v? is irreducible over k[u?, v2][t], it is also irreducible over k(u?,v?)[t] by

Gauss’s Lemma. Therefore Z(k_1(u,v)#G) is a field, which implies that A#G is
prime.

To close this example, note that k_;[u™!,v] is not Azumaya, but one can show that
the skew group ring k_1[u®!,v]#Cy is Azumaya. This does not contradict Theorem
since in this case the action is not inner, as v is not invertible.
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Chapter 6

Deformations of Quantum
Kleinian Singularities

In this chapter we show that one can deform the quantum Kleinian singularities A® from
Table and the corresponding rings A# G in the same way as in [CBH98], and show
that these deformations have nice ring-theoretic and homological properties. In later
chapters we also determine properties related to the singularities and representation
theory of these deformations. We remark that the existence of these deformations is
guaranteed by [WW14, Theorem 3.1], so the main new results in this chapter relate to
their properties.

6.1 The deformations S} and O} and their first properties

We deform the algebras A#G and A in the same manner as in [CBH98|, and this
section follows the same outline as that of [CBH98, Section 1]. We first repeat the
classification of quantum Kleinian singularities below, drawing attention to the changes
in notation for cases (i) and (iii); in particular, for the latter we now write

n—{ mtd if i is even

2
mTH if m is odd

This allows us to always assume that our McKay quivers have n + 1 vertices.

Case A G Q
(l) kq [ua U] Cn+1 Ign
(i) | k_ifu,0] | Sy L,

D, if m is even
(i) | koq[u,v] | Dy s
DL, if m is odd

(iV) ]kJ ['LL, ’U] CQ Al

Table 6.1: The pairs (A4,G) for quantum Kleinian singularities A%, and their McKay
quivers.

Given a pair (4, G) from Table we first establish a bijection between k! = kQo
and Z(kG); this is essentially the same as in Section but we repeat it for the
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reader’s convenience. The irreducible representations Wo, Wi, ..., Wy, of G correspond
to the vertices of the McKay quiver @), where Wy is the trivial representation. Write
9; = dimg W;. The only cases where we have not already explicitly listed ¢ are when

Q is Ly or DL,, (n > 2). With the numbering of the vertices of @ as in Figure ﬂ we
have

Li: 6=(1,1)

DL,: 6=(1,1,2,2...,2,2).
N——
n—1 times

Writing x; for the character of the representation W, for 0 < ¢ < n set

1
== Y xi(9)9,
a7 2 nl9)

geG

which are central idempotents in kG and form a k-basis for Z(kG). Then the map
K™ = Z(kG), (Ao Arse o An) = Y ?’7 (6.1.1)
i=0 ¢

is a bijection, which we will henceforth use to identify k"*! with Z(kG), often without
mention.

Now fix a pair (4, G) from Table and view the action of G on A as an action
on k(u,v). For * € {q,—1, J} define

vu —quv  if x = g (case (1))
pi(u,v) = VU + U if ¥ = —1 (cases (ii) and (iii))
vu —uv —u? if x = J (case (iv))

Fix A € k", which gives rise to an element of Z(kG) as in (6.1.1]) which we also call
A, and let e = ‘—é' dec g € kG be the average of the group elements. Noting that

A% = e(A#G)e [BHZI6, Lemma 3.1 (3)], we then define our deformations of A# G
and A% to be, respectively,

k{u, vy #G

s and - 0X(Q) = eSNQ)e.
(pa(u,v) — ) d 0(Q) =eS(Q)

SNQ) =

Observe that the algebra we are deforming is uniquely determined by * and @ When
the precise algebra is unimportant, we will frequently omit the quiver @, but will retain
the asterisk to make it clear that these are deformations in the quantum setting. Setting
A\ = 0, we recover the algebras A#G and A®.

Note that S} and O can be filtered by putting u and v in degree 1 and elements
of G in degree 0. This also induces a filtration of O}. We then have:

Lemma 6.1.2. With respect to the above filtration, gr S} = A#G and gr O = AC.

Proof. In each case, the relation p.(u,v) — A enables any monomial in u and v to be
rewritten as a linear combination of monomials of the form u*v7, and hence

{u'vig|ge G, i, =0}

is a k-basis of grS}. It follows that gr S} = A#G. Since e(A#G)e = A%, the result
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for O} also follows. O

This lemma allows us to prove a number of ring-theoretic properties of these defor-
mations by first proving them for the undeformed algebras A# G and A“.

Lemma 6.1.3.

(1) S} and O} are both noetherian, and are finitely generated as k-algebras.
(2) S is a prime ring and O is a domain.

(3) 82 and O} both have GK dimension 2.

Proof. (1) Since A is either kq[u,v] or k;[u,v], both of which are noetherian, A#G
is noetherian by [MROI, Lemma 1.5.11]. Noetherianity of A follows from [Mon93,
Corollary 4.3.5]. It then follows from Lemma and [MROI, Theorem 1.6.9] that
S2 and O} are both noetherian. Finally, S is clearly finitely generated as a k-algebra,
while the corresponding result for O follows from [MSS1, Corollary 1].

(2) The claims follow by [MROI, Proposition 1.6.6] provided that we can show that
A#G is prime and A® is a domain in each case. The latter of these follows from the
fact that both kg[u,v] and k;[u,v] are domains, so we turn our attention to showing
that A# G is prime. We use a case-by-case argument noting that, by [Pas89, Corollary
12.6], it suffices to show that A# G x_inn is prime.

We first consider case (i). By [BW99, Proposition 2.2], every X-inner automorphism
of A is given by conjugation by a monomial in v and v. In particular, if ¢ is not a root
of unity, then Gx_ijnn is trivial, whence the result. So assume that ¢ has order k and
write ¢ = lem(n + 1,k) and d = ged(n + 1,k). Let g be a generator of C),11, acting
via g -u = wu, g-v = w~lv, where w is a primitive (n + 1)th root of unity. If ¢* acts
X-inner, say as conjugation by some monomial f € kq(u,v), then since uF is central
we have

WHFUE = gk = bl = ok,
Therefore ik € (n+ 1)Z, so z% Wﬁh,k)z
£7. But also ¢"/* - a = (uv)"/ " Va(uv)= ™+ for all a € ky(u,v), so that Gx_iny =
(g"'*). We therefore need to show that k,[u, v] # (g*/*) is prime, and by [GW04, Lemma
6.17] it suffices to show that Q(A# Gx.inn) = k,(u, v) # (g*/*) is simple. Since k,(u,v)
is simple, by [Oin14, Theorem 1.2] we only need to show that Z(k,(u,v)# (g"/*)) is a

field. Since g*/* acts inner on k,(u,v) as conjugation by (uv)™/*+1) by Lemma
we have

€ Z, and so necessarily ¢ €

2 kg, 0)#4g"/%)) = 2y, 0)) (o) =/ g1/
= (¥, o) [(u) /D g/
k(u¥, bt

[ad

Now, t? —u~%v=F is irreducible over k[u=*, v=*][t], and so Gauss’s Lemma implies that
it is also irreducible over k(u¥,v*)[t]. Therefore k(u¥, v*)[t]/(t¢ — u=Fv~F) is a field,
and hence so too is Z(k,(u,v)# (g*/*)), from which it follows that A# G is prime.

Now consider case (ii). Since the action of the generator of Sy interchanges v and
v, it quickly follows from degree considerations that G x_iju, is trivial. Therefore, since
k_1[u,v] is prime, so too is A#G.
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For case (iii), the analysis in the previous two paragraphs shows that

k_1[u, v]# (g™2) if m is even
k_1[u,v]#G xinn = { [k_l][u,gf]] ) Fmis odd
where ¢ is a generator for the group of rotations inside D,,. In either case, we already
know that A+# G x_inn is prime, and so A# G is prime.

Finally, consider case (iv). We claim that every X-inner automorphism of k;[u, v]
is given by conjugation by some power of u. First observe that k;lu,v] is the Ore
extension k[u][v;u®4L]. Therefore by [Mon81, Theorem 2], if o is X-inner then it is
necessarily conjugation by some u*a/b € k(u) where a,b € k[u] are coprime, u f a, u f b,
and k € Z. Since u”* is normal, conjugation by it is clearly X-inner, and since X-inner
automorphisms form a subgroup of the automorphism group of ky[u,v], cu™" = a/b
must also act X-inner. By [Mon81, Theorem 2] again, the element

b uzi a) _ w?(bd —ab)
a du\b) ab

must lie in k[u]. Since u fa and u } b, it follows that ab | (ba’—ab’) but this is impossible
by degree considerations unless a’ = b = 0, in which case a/b € k. Therefore o is given
by conjugation by u*. But

uwuF =u# —u=g-u

and so G x_ijnn is trivial, from which it follows that T is prime.

(3) The filtration of S given above is a finite-dimensional filtration and so by [MROI]
Proposition 8.6.5] and Lemma GKdim S} = GKdim A#G and GKdim O} =
GKdim A®. Since GKdim A#G = GKdim A = 2 by [MRO0I], Proposition 8.2.9], we
find that GKdim S = 2. Moreover, by [Mon93, Theorem 4.4.2], A is finitely generated
as a module over A® on either side, and so [MROI], Proposition 8.2.9 (ii)] tells us that
GKdim A% = 2, and hence GKdim O} = 2 as well. O

Remark 6.1.4. One can alternatively show that A#G is prime by combining [BHZ16),
Lemma 3.10 (2)] and [CKWZ16al, Theorem 4.1]. However, we later give an alternative
proof of [CKWZ16al, Theorem 4.1] which relies on the fact that that A#G is prime,
and so we can not invoke their results at this point.

If we were to follow the exposition of [CBH9S]|, we would next like to show that these
algebras are maximal orders. However, this result requires significantly more work in
our new setting, and so we defer it until the next section. Instead, we now show that
these deformations have nice homological properties. We also provide a value for the
global dimensions of these algebras which depends on the existence of finite-dimensional
modules. In Chapter [§] we are able to show when these exist and hence give a more
precise value for the global dimension and, in particular, when they are singular.

Proposition 6.1.5. The algebra S is Auslander-reqular and Cohen-Macaulay. It has
global dimension 1 if and only if it has no nonzero finite-dimensional modules, and
global dimension 2 otherwise.

Proof. We first focus our attention on A# G, which has global dimension 2 by [MROI],
Theorem 7.5.6]. First note that in either case A is an Ore extension:

kq[u,v] = k[u][v;a :u s qu] and  kjlu,v] = k[u][v;u® L.
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It follows from [Eks89, Theorem 4.2] that in either case A is Auslander-Gorenstein,
and hence so too is A# G by [Y195, Proposition 3.9 (1)]. Similarly, in either case A is
Cohen-Macaulay by [Lev92, Theorem 5.10], and so A#G is also Cohen-Macaulay by
[BHZ16l, Proposition 3.3].

We now translate these results to S using Lemma By [MRO1, Corollary
7.6.18] we find that gl.dimS} < 2, and by [Bjo87, Theorem 4.1], S is Auslander-
Gorenstein; combining these, we find that it is Auslander-regular. Finally, [Bjo87,
Theorem 4.3] tells us that, given a finitely generated S2-module M, we have j sx(M) =
Jagc(grM), while [MROI, Proposition 6.5] tells us that GKdim (M) = GKdim(gr M).
Therefore, using the Cohen-Macaulay property of A#G,

GKdim(M) + jgr (M) = GKdim(gr M) + jagc(gr M)
= GKdim(A#G) = GKdim(S)),

and so S} is Cohen-Macaulay.

For the final claim, we apply Lemma Observe that gl.dimS)} # 0, since
otherwise this would imply that S? is artinian, which is not the case since it is infinite-
dimensional. Since GKdim M = 0 if and only if M is finite-dimensional, it now follows
that S has global dimension 1 (respectively, 2) if and only if it has no nonzero finite-
dimensional modules (respectively, has a nonzero finite-dimensional module). O

Proposition 6.1.6. The algebra O} is Auslander-Gorenstein of injective dimension
at most 2 and is Cohen-Macaulay. It has global dimension 1, 2, or co. When it has
finite global dimension, it has global dimension 1 if and only if it has no nonzero finite-
dimensional modules.

Proof. As above, we first consider gr O} = AY. By [CKWZ16al, Theorem 5.2], A% =
B/QB, where B is an AS regular algebra with i.dim B = 3 and 2 is homogeneous,
regular, and normal. By [Lev92, Corollary 6.2], B is Auslander-Gorenstein (in fact,
Auslander-regular) and Cohen-Macaulay. Then [Lev92, Theorem 5.10] implies that A
is Auslander-Gorenstein and Cohen-Macaulay with i.dim A% = 2.

The same arguments as in the second paragraph of Proposition [6.1.5] now show
that O} is Auslander-Gorenstein and Cohen-Macaulay. The bound on the injective
dimension follows from [Bj687, Theorem 4.1]. Finally, A% has infinite global dimension
by [CKWZ14, Theorem 2.3], so we cannot a priori bound the global dimension of 0.
However, when it is finite, the same argument (using Lemma as in the third
paragraph of Proposition [6.1.5] establishes the last claim. ]

In [CBH9S]|, the authors had to work quite hard to show that the corresponding
deformations of Kleinian singularities R® are commutative precisely when A-6 = 0. On
the other hand, deformations of quantum Kleinian singularities are always noncommu-
tative in many cases:

Lemma 6.1.7. The algebra O} is noncommutative, except possibly in case (i) when
¢t =1 and case (iii) when m is even.

Proof. Since grO} = A% is noncommutative for all cases except for case (i) when

¢"*! =1 and case (iii) when m is even (see [CKWZ16al, Table 3]), it follows that O} is
noncommutative. O
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6.2 Azumaya localisations of quantum Kleinian singular-
ities

To completely generalise the results of [CBH98, Section 1], it remains to show that
deformations of quantum Kleinian singularities are maximal orders. In the classical
setting this follows immediately from results in the literature, but the same is not true
for quantum Kleinian singularities. The main result that Crawley-Boevey—Holland used
was [Mar95, Theorem 3.13], which gives necessary and sufficient conditions for a skew
group ring A# G to be a maximal order, provided that other hypotheses on A and G
are met. In many cases, however, quantum Kleinian singularities do not satisfy these
hypotheses, so we will employ an alternative strategy.

Our approach is to use the results of Chapter |5 to show that suitable localisations
of the rings A#G are Azumaya, which will be used later to show that S} and O}
are maximal orders. More specifically, we use Theorems [5.1.3] and [5.2.2] to show that
suitable localisations of the rings T := A#G are Azumaya in cases (i) (when ¢ is a
root of unity), (ii), and (iii). The choice of Ore set at which we localise is influenced by
both conditions (1) and (2) of Theorem since firstly none of the algebras A are
Azumaya, and since secondly we wish to remove maximal ideals of Z(A) which have
nontrivial stabiliser under the action of G.

For ease of notation, for the remainder of this chapter we return to our earlier
notation for quantum Kleinian singularities from Table In particular, this means
that g will always denote an element of order n (where n is to be determined from
context) and h will always denote an element of order 2. These elements will act on
u,v € A via

g-u=wu, g-v=w v, h-u=wv, h-v=u,

where w is a primitive nth root of unity.

6.2.1 An Azumaya localisation for case (i) when ¢ is a root of unity

We first show that, for case (i) when ¢ is a root of unity, a suitable localisation of
T = A#G = k4[u, v]#C), is Azumaya. Since A is not Azumaya, we instead consider the
Azuamya algebra A’ = k,[u™!, v¥1] and write T' := A’ #G. Note that T" = T[u=*,v~1],
which is prime since T is prime. By combining Theorems and we now show
that T" is Azumaya.

Proposition 6.2.1. Suppose that q is a kth root of unity. Then the algebra T' =
ky[utt, vEY#C), is Azumaya.

Proof. Throughout the proof, it will be convenient to write ¢ = lem(n, k). We also let
¢ be a primitive ¢th root of unity, so that we may as well assume that w = /™ and

q=¢e'k.
Note that ¢%/* acts inner on A’, since
gE/k: cu = wﬂ/ku _ 562/nku _ qé/nu _ (u,U)Z/nu (uv)—é/n
gf/k Cp = w—ﬁ/kv _ E—EQ/nkU _ q—é/nv _ (uv)g/”v (U,U)—E/n

and so the subgroup (g“*) acts inner on A’. By Lemma A4 (g"/*) is prime,
and hence so too is the localisation A’# (g*/*). Therefore Theorem ensures that

A4 ("%} is Azumaya.
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Since Cy, /(g"*) = C, /k» as in [MROI, Lemma 1.5.9] we may define an isomorphism
T' = (A'#(g"%)) % Cy .

When defining this isomorphism, we think of Cy/;, as the group (o | o!/F) and write
Coy = {o?] 0 <i < £/k}, where o¢ = ¢g*. The induced automorphisms of A’# (¢*/*)
are given by

Agi (u) = wiuv Qi (’U) = w_ivv Qi (gf/k) = gf/k‘_

We wish to apply Theorem m to show that (A’# (g“/*)) x C, /k is Azumaya. We first
show that the action of Cy/, on R = A’#(gf/k) is X-outer, so suppose that a,r acts
as conjugation by an element of Q(R). Since R is prime and PI, Q(R) is obtained from
R by inverting all nonzero central elements. Moreover, since central elements do not
affect the result when conjugating, we can assume that a,- is given by conjugation by
an element of the form ), )\tuitvjtgmtz/k, where iy, j:, my € Z and Ay € k. We therefore
have

Qgr (u) . Z )\tuz’tvjtgmzf/k _ Z )\tuitvjtgmzf/k -,
t t

or equivalently,

Z wr)\tuit—l—lvjtgmtﬂ/k _ Z qjtwmtf/k)\tuit-f—l,thgmtﬁ/k'
t t

Therefore, for each t we require

. 2 . . 2
grtin = givl/k+mat /mk - or equivalently, jt£ + mt% — r% € V7.

k/ ged(n,k)
n/ ged(n,k)
k/gcd(n, k) and n/ ged(n, k) are coprime, we must then have r € WZ = %Z. But
0 < r </{/ksor =0, which means that the induced action is X-outer.

We also need to show that Stabg, , (m) is trivial for each m € MaxSpec Z(R). Note
that m has form

This forces j; —|—mt£ — r% € kZ, and so necessarily r% =r is an integer. Since

(" = a, (wo)~"g"h — ),

where a@ # 0 # (. Therefore, to show that any such ideal has trivial stabiliser, it
suffices to show that if 0 < r < £/k and ayr(uF) = u¥, then r = 0. If agr(uF) = u¥,
then e"%/" = 1, and so we require % € Z. But, arguing in the same way as before,
this forces r € %Z and hence r = 0, and so every maximal ideal has trivial stabiliser.
Applying Theorem we find that (kq[uil,vil]#@e/k» * Cyp is Azumaya, and

hence so too is T". ]

6.2.2 An Azumaya localisation for case (ii)

We now consider case (ii). It is easy to show that the action in this case is X-outer,
and so we wish to apply Theorem As with case (i), we replace A =k_;[u,v] by
the Azumaya algebra A’ = k_;[u*!, v*!]. We will also need to localise a second time
to ensure that every maximal ideal of the centre has trivial stabiliser, as in Example

87



0. 1.5l

Proposition 6.2.2. Write A’ = k_;[u™,v*!] and A" = A'[(u® — v2)"Y]. Then the
algebra T" = A" # S5 is Azumaya.

Proof. Seeking to apply Theorem first note that A’ is a prime noetherian k-
algebra which is Azumaya. Localisation preserves these properties, so the same is true
of A”. Since the generator of Sy interchanges u and v, degree considerations imply that
the action is X-outer, so it remains to show that S acts freely on MaxSpec Z(A”). Now,
using the fact that Z(RX 1) = Z(R)X ! for a noetherian ring R and a multiplicative
set X of regular elements contained in Z(R), we find that

Z(A") = kw2, vF][(u® — v*) 7] = Z(A)[(u® — v*) 7).

The maximal ideals of Z(A”) are in one-to-one correspondence with maximal ideals of
Z(A") which do not contain u? — v? [GW04, Theorem 10.20]. But MaxSpec Z(A’) =
{{u? — a,v? — B) | a # 0 # B}, and such a maximal ideal m has nontrivial stabiliser if
and only if @ = 3 and this happens if and only if u? — v? lies in m. Therefore such m
do not give rise to maximal ideals of Z(A”), so the stabiliser of every maximal ideal of
Z(A") is trivial, and so Theorem tells us that 7" is Azumaya. O

6.2.3 An Azumaya localisation for case (iii)

The final case we consider is case (iii). When showing that a suitable localisation of
A# G is Azumaya in these cases, the set at which we localise depends on the parity of
n, so we consider two separate cases. We first consider the case when n is odd, which
is easier due to the action being X-outer.

Proposition 6.2.3. Suppose that n is odd, and let A’ = k_q[u™ v*] and A" =
A'[(u?™ —v*)~Y. Then T" := A"# D,, is Azumaya.

Proof. We check that the hypotheses of Theorem [5.1.3| are met. Firstly, as in the proof
of Proposition the nontrivial rotations g* act X-outer since the order of ¢ = —1
is coprime to n, and each of the reflections g'h acts X-outer by degree considerations.
Moreover, A” is a prime noetherian Azumaya k-algebra, so it remains to check that D,,
acts freely on maximal ideals of Z(A”). These are in one-to-one correspondence with
the maximal ideals of Z(A’) which do not contain u** — v?" [GW04, Theorem 10.20].
But MaxSpec Z(A4") = {(u? — a,v?> — B) | a@ # 0 # B}, and such a maximal ideal m
has nontrivial stabiliser if and only if o = w'B for some 7, and this happens if and only
if u2 — wiv? lies in m. However, since 1_[0<i<n(u2 — wh?) = u?" — v?" such m do not
give rise to maximal ideals of Z(A”). Therefore the stabiliser of every maximal ideal
of Z(A”) is trivial, and so Theorem tells us that 7" is Azumaya. O

We now assume that n is even, in which case the action is not X-outer, and so we
have to combine Theorems and as in the proof of Proposition [6.2.1

Proposition 6.2.4. Suppose that n is even, and let A’ = k_l[uﬂ,vﬂ]. Then T' =
A'# D, is Azumaya.

Proof. Write m = n/2. First note that we have an isomorphism

T' = (A'#(g™)) * D,
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where, as shown in the proof of Proposition A'#(g™) is a prime noetherian
Azumaya algebra with centre Z = k[u®?, v*?2 uvg] = k[z*!, y ™1, 2% /(xy + 22). Here,
we think of D,, as the group (0,7 | 0™, 72,70 = 07 17) = {077 | 0 <i <m,j =01},
and our copy of the set D,, inside T” is given by oir/ = ¢'h’/. Tracing through this
isomorphism, one finds that the induced automorphisms of A’# (¢g") are given by

agi(u) = wiu, ayi(v) = w, ayi(g™) = g™,
m

i (u) = —wv,  ayi (V) =wu, agi(g™) = g™

The same argument as in the proof of Proposition shows that each of these auto-
morphisms is X-outer. It is easy to see that the restrictions of the above automorphisms
to Z are given by

2 27

ixa Agi (y) =w Y, Qi (Z> =%,
anT(l') = w721y7 anT(y) = w2

() = w
‘T, ain(2) = —2.

Therefore if m = (u? — a,v? — B,uvg — ), where a # 0 # 3 and aff + % = 0, is a
maximal ideal of Z, then

2 —21 2 2% e
u® — w o, vt — wBuvg — ) ifj=0
aa”‘ﬁ('“)_{ < 2 >

(u? —w™2B, 0% —w¥a,uvg +7) ifj=1

which in either case is not equal to m unless ¢ = 0 = j. Therefore D,, acts freely on
Z(A'#(g™)) so, by Theorem (k_1[u®!, vE# (g™)) * Dy, is Azumaya, and hence
so too is T". O

6.3 Deformations of quantum Kleinian singularities are
maximal orders

We now show that an analogue of [CBH98, Lemma 1.4] holds for deformations of
quantum Kleinian singularities. The majority of this subsection is devoted to proving
the following result:

Theorem 6.3.1. Suppose that AS is a quantum Kleinian singularity. Then A#G is
a mazximal order.

Our proof of this result considers each case in turn. Assuming that Theorem [6.3.1]
holds, it is not difficult to prove the appropriate analogue of [CBH98| Lemma 1.4]:

Theorem 6.3.2. The deformations S} and O} are mazimal orders.

Proof. By [VABVOS89, Theorem 5], we only need to prove that grS} = A#G and
gr O} = A% are maximal orders. The first of these is the content of Theoremm SO we
now show that A“ is a maximal order. Letting e = |—Cl;| >_gec 9, we have e(A# G)e = ACG

by [BHZ16, Lemma 3.1]. Then A is a maximal order by [MZY98, Corollary 1.7]. [
It remains to prove Theorem We first recall and prove some preliminary
results which will be used in the proof of Theorem We have the following result,

which we state in a form most suited to our use:
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Theorem 6.3.3 ([Mar95, Theorem 3.13]). Let A be a prime noetherian ring and G a
finite group acting on A such that the action of G is X -outer. Write T' = A#G and
write

v = { ﬂ g-p ‘ p is a reflexive height 1 prime ideal of A}.
geG

Suppose also that the following two conditions hold:
(1) A is a mazimal order in its quotient ring; and
(2) PT € SpecT for all P € .

Then T is a prime maximal order.

It will turn out that the above result is useful in only some of the cases of interest to
us, since our actions are frequently not X-outer. Instead, we will make use of Lemma
from Chapter [2l The following result will allow us to reduce the amount of work
we need to do when applying it. We remind the reader that for a nonzero ideal I of R,
we write

OI)={qeQR) |qgI €I}, O()={qeQ(R)|IqCI}.

Lemma 6.3.4. Let T be a finitely generated prime noetherian PI k-algebra which is
Cohen-Macaulay and of GK dimension d. Then the (classical) Krull dimension of T
is d and Oy(P) =T = O,(P) for every prime ideal P of T with ht P > 2.

Proof. That cl.Kdim = d under these hypotheses is well-known; see [KL00, Theorem
10.10]. If P is a height r prime of T with r > 2, then T'/ P is a finitely generated prime PI
algebra and so by [KL00, Theorem 10.10], we find that GKdim7T/P = cl. KdimT/P =
d — r. Now, applying the functor Homp(—,7T") to the short exact sequence of right
T-modules

0—-P—T—T/P—0,
we obtain the following exact sequence:
Homy(T/P,T) — T — Homg(P,T) — Ext}-(T/P,T).
By the Cohen-Macaulay property of T', the grade of T'/ P satisfies
J(T'/P) = GKdim(T') — GKdim(T/P) =d—(d—r) =1 > 2.
In particular, Homp (7T /P, T) = 0 = Ext:(T/P, T), and so Hom7(P,T) = T. Therefore,
T C Endyp(P) C Homp(P,T) =T,
and so Oy(P) = Endr(P) = T. The proof that O,(P) = T is symmetrical. O

We now explain why the above lemma is useful. If A% is a quantum Kleinian
singularity, then Lemma tells us that T'= A#G is a prime noetherian k-algebra
which is Cohen-Macaulay. Moreover, other than for case (i) when ¢ is not a root of unity
and for case (iv), T is PI since it is finite over its centre. Finally, each such skew group
ring is a noetherian finitely generated k-algebra and so, by [KL00, Theorem 10.10], its
(classical) Krull dimension is equal to its GK dimension, namely 2. Therefore, since
Lemma tells us that 7' is a maximal order provided that Endr(Pr) = T =
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Endp (7 P) for all prime ideals P, Lemma implies that we only need to check that
Endgp(P) = T for all height 1 primes P of T. We formalise this observation into the
following lemma, to which we will refer back multiple times.

Lemma 6.3.5. Let T := A#G, where the pair (A,G) is as in cases (1) (when q is a
root of unity), (ii), or (iii). Then T is a mazimal order if and only if End(Pr) =T =
End(7P) for all height 1 prime ideals P of T'. O

We now seek to prove Theorem [6.3.1] for each case, beginning with the cases where
the conditions of Theorem [6.3.3] are easily verified.

6.3.1 Proof of Theorem for case (iv)

That A#G is a maximal order in this case follows relatively quickly from Theorem
since, as we saw in the proof of Lemma the action is X-outer.

Theorem 6.3.6. The algebra T = ky[u,v]#Cy in case (iv) is a mazimal order.

Proof. First recall that A = kj[u,v] is a noetherian domain. By [Sta94, Theorem
2.10], ks[u,v] is a maximal order, and so condition (1) of Theorem is satisfied.
Moreover, by [Irv79b, Theorem 5.2], the only height one prime of k;[u,v] is P = (u),
which is also reflexive and G-stable. We claim that PT is a prime ideal of 7', or
equivalently that T'/PT is prime. Since P is G-stable, this latter ring is isomorphic to
(ky[u,v]/P)#Cqy = k[v]# Ca, and so by [GW04, Lemma 6.17] it suffices to show that
Q(k[v]# C9) is a simple ring. But Q(k[v]# C2) = k(v)# Co, and this ring is simple by
[MRO1), Proposition 7.8.12]. Thus PT is a prime ideal of T'. Therefore condition (2) of
Theorem holds, so T is a maximal order. O

6.3.2 Proof of Theorem for case (i)

By the proof of Lemma[6.1.3] in this case the action is X-outer if and only if ¢ is not a
root of unity or when the orders of g and ¢ are coprime. We first consider the former
case:

Theorem 6.3.7. Suppose q is not a root of unity. Then the algebra T = kq[u,v]#Cy,
in case (i) is a mazimal order.

Proof. 1t is well-known that A = kg[u,v] is a noetherian domain. Moreover, since A
is AS regular, it follows from [Sta94, Theorem 2.10] that it is a maximal order, and so
condition (1) of Theorem is satisfied.

We now show that condition (2) holds. Since ¢ is not a root of unity, by [GW04,
Exercise 10P] the height 1 prime ideals of A are (u) and (v). Moreover, these ideals
are reflexive and G-stable, so ¥ = {(u), (v)}. The same argument as in the proof of
Theorem shows that both (u)7" and (v)T are prime ideals of T', so condition (2)
of Theorem [6.3.3 holds. Therefore T' is a maximal order. O

We now turn our attention to the case when ¢ is a root of unity. Despite the fact
that the action is X-outer when the order of ¢ is coprime to n, it is difficult to check
condition (2) of Theorem in this case. This is due to the fact that k,[u,v] has
many more G-prime ideals than when ¢ is not a root of unity, see [Irv79al, Section 8].
We therefore take advantage of the fact that k,[u™!, v*!]#C), is Azumaya.

Theorem 6.3.8. Suppose q is a kth root of unity. Then the algebra T = ky[u, v]#Cy,
in case (1) is a mazimal order.
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Proof. By Lemma [6.3.5] it suffices to show that Oy(P) = T = O,(P) for all height 1
primes. So suppose that P has height 1. If P contains u, then since (u) is a prime
ideal of T" we have P = (u) (that (u) is prime follows from the same argument as in
the proof of Theorem m which does not make use of ¢ having infinite order). Since
u is a normal nonzerodivisor, Oy(P) = T. Similarly, if P contains v then P = (v) is a
prime ideal of T and Oy(P) = T. Write A’ == k,[u*!,vF!] and T' := A’#G, both of
which are Azumaya by Proposition Now let P be a height 1 prime of T which
does not contain u or v, so that P corresponds to a height 1 prime PT” of T”. Since
T’ is Azumaya, there exists a height 1 prime p of Z(7”) such that PT'" = pT’. Writing
¢ =lem(n, k), it is not difficult to show that

Z(T") = k[u™", ((uwo)~/"g"*)H],

which is a Laurent polynomial ring in two variables and is hence a UFD. Therefore
its height 1 primes are principal, and so p = zZ(T") for some z € Z(T"). Since z is
a central nonzerodivisor, we have Endp/(27") = T’, and therefore we have a chain of
inclusions

T g EHdT(P) Q EDdT/(PT/) = El’ldT/<ZT/) = T/.

It remains to show that this forces Endp(P) = T. To this end, let ¢’ € Endp(P) C T”
and choose i > 0 minimal such that ¢ := (uv)t’ € T. We claim that i = 0, forcing
t' € T. Seeking a contradiction, suppose that ¢ > 1; then

tP = (uwv)t'P C (uv)'P C (u).

Since P ¢ (u) and, as noted previously, (u) is a prime ideal of T', we find that ¢ € (u);
similarly, ¢t € (v). Therefore t € (u) N (v) = (uv), contradicting minimality of i. Hence
t' € T, and so Endyp(P) =T.

It follows that every nonzero prime ideal of P of T satisfies Oy(P) = T, and similarly
also satisfies O,(P) = T. Thus T is a maximal order. O

We will use the same approach as in the above proof to show that T'= A#G is a
maximal order in cases (ii) and (iii). As before, it suffices to show that Endp(P) =T
for all height 1 primes, which we show to be true for a few carefully chosen primes.
These primes are chosen so that when we invert powers of their generators, the resulting
algebra 7" is Azumaya. We then show that Z(T") is a UFD, which will allow us to
deduce that 7" C Endp(P) C T’ for all remaining primes P. Finally, we argue that
necessarily Endy(P) = T.

It turns out that we must work harder to prove Theorem for the remaining
two cases, mainly because it is more difficult to show that our chosen ideals are in fact
prime. Moreover, showing that the centres of our Azumaya skew group algebras are
UFDs is more involved.

6.3.3 Proof of Theorem for case (ii)

We have already seen that the action is X-outer in this case, but again Theorem [6.3.3
is difficult to apply for the same reasons as for case (i). Recall that, by Proposition
T" .= A" 4 S5 is Azumaya, where A’ = k_1[u*!, vF!] and A" = A'[(u? — v?)71].

We write A = k_j[u,v] and G = S2 = (h) throughout this subsection, where
h-u=wv,h-v=u We will need the following result:
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Lemma 6.3.9. Let T = k_1[u,v]#5S2, as in case (ii). Then (uv) and (u? — v?) are
prime ideals of T.

Proof. We first consider (uv). Since this ideal is G-stable, it suffices to show that
the quotient 7'/(uv) = (k_1[u,v]/(uv))#S2 is prime. Noting that k_;[u,v]/(uv) is
semiprime, [Pas89, Theorem 4.4] implies that the same is true of (k_1[u, v]/(uv))# Sa;
since this latter ring is also noetherian, it necessarily has a classical quotient ring.
Therefore to show that (k_1[u,v]/{uv))# S2 is prime, we can equivalently show that
its classical quotient ring

Q((k-1[u, v]/{uv)) #52) = Q(k-1[u, v]/ (uv)) # S,

is simple. First note that the natural map

¢ koqfu,v] = klu] x k[v], f(u,v) — (f(u,0), f(0,v))

gives rise to an isomorphism Q(k_1[u,v]/{uwv)) = k(u) x k(v). Tracing through this
isomorphism, we find that the corresponding Ss-action is given by

b (fi(w), f2(v)) = (f2(u), f1(v)),

and so we wish to show that (k(u) x k(v)) # S5 is simple. By |Oin14, Theorem 1.2 (c)],
it suffices to show that k(u) xk(v) is G-simple, and that the centre of (k(u) xk(v)) # S2
is a field. For the first of these, let I be a nonzero G-stable ideal of k(u) x k(v), and
let 0 # (fi(u), fo(v)) € I, where, acting by h if necessary and using G-stability, we
may assume that fi(u) # 0. Multiplying by (f1(u)~!,0), we find that (1,0) € I, and
then acting by h shows that (0,1) € I, so that (1,1) € I and hence I = k(u) x k(v).
Therefore, k(u) x k(v) is G-simple. By Lemma the centre of (k(u) x k(v))# 5S>
equals (k(u) x k(v))s2, which is easily seen to be {(f(u), f(v)) | f(¢t) € k(¢)}, and this
is clearly a field. Therefore (k(u)xk(v))# S is simple, and hence (k_1 [u, v]/(uv)) # So
is prime.

We now show that (u? — v?) is a prime ideal of T.. As before, it suffices to show
that Q(k_1[u,v]/{u? —v?))# Sy is simple. We first claim that we have an isomorphism

Q ([ ) #50 Malk(0) 51

with an appropriate action of S on Mas(k(t)). To this end, define an algebra homo-
morphism

k_q [uil, v:l:l]

ok <u2 — U2> — MQ(k[til])v
0 1 (0 1
where i? = —1, which is easily checked to be well-defined. Since k_;[u*!,v*!] and

Mo (k[t*1]) are both free modules of rank 4 over R := k[u™?] and ¢(R) = k[t*!] respec-
tively, we see that ¢ is an isomorphism. Chasing through the definition of ¢, one can
verify that it is an isomorphism of Ss-modules provided that we define

. =1
h~€11 = €22, h'€12: —’Lt@gl, h-€21 =1t €12, h'622:611, h-t=t.
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With this action, we therefore have a chain of isomorphisms

v?)

By direct calculation, one can verify that the centre of My (k(t))# 52 is

a O 0 b
Z = (0 a>+<—itb o>h

This is a field because the map

'LLi ’Ujz
o) e Q(M)?“ QUML) # 52 = Ma(k(0) 52

a,b € k(t)

0 1
H(—it o)h

gives rise to an isomorphism Z = k(t)[x]/(z? + it), where the right hand side is a field.
Additionally, My (k(t)) is simple and therefore, by |[Oinl4, Theorem 1.2 (c)], it follows
that My (k(t))# Sz is simple. Hence (u? — v?) is a prime ideal of T, as claimed. O

k()] Z, te (8 (t))

Theorem 6.3.10. The algebra T = k_;[u,v]|# S2 in case (ii) is a mazimal order.

Proof. Again, by Lemma it suffices show that Oy(P) =T = O,(P) for all height
1 primes. So suppose that P has height 1. We first remark that (u) = (v) is not a
prime ideal of T', since the quotient of 1" by this ideal is isomorphic to kS, which is
not prime. If P contains u? —v2, then by Lemmam P = (u? —v?), and since u? — v?
is a normal nonzerodivisor, we have Oy(P) = T in this case. Similarly, using Lemma
6.3.9| again, if P contains wv then P = (uv) and Oy(P) = T. Now let P be a height

1 prime of T not containing u? — v? or uw, so that P corresponds to a height 1 prime

PT" of T" == k_1[u*!, v [(u? — v?)~1]#S,. As established in Proposition T"
is Azumaya, so there exists a height 1 prime p of Z(T") such that PT" = pT”. But
using the fact that Z(RX ') = Z(R)X ' if X C Z(R) and that (RX )¢ = REX !
if X C RY, and since clearly A’[(u? —v?)™1] = A'[(u?® — v?)7?],

Z(T//) — Z(k_l[uil, :tl][(u _ U2 2]#52>
_ Z(lk,l[uil, :I:l][( ’U2) 2])
Kk u:l:27v:|:2][( U2) -2 )52

= (k|
= (k[u?, v?][(u*0?) 1)) 2 [(u? — v?) 7Y
(1?0 u? + 02 [(u? — 0?) 2]
[ y][(y? — 42)71).

The last ring is the localisation of a UFD which implies that Z(T") is a UFD, and so
height 1 primes are principal, which means that p = 2Z(T") for some z € Z(T"). Since
2z is a central nonzerodivisor, we have End (2T") = T", and therefore we have a chain
of inclusions

k
k

12

T - EndT(P) - EndT//(PT”) = EndT// (zT”) = T”.

It remains to show that this forces Endy(P) = T. To this end, let ¢ € Endp(P) C
T" and choose i > 0 minimal such that ¢ :== (uv(u® — v?))t"” € T. We claim that i = 0,
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forcing t” € T. Seeking a contradiction, suppose that i > 1; then
tP = (uv(u® — v?))t"P C (uwv(u?® — v?))'P C (uv).

Since P ¢ (uv) and, by Lemma {(uv) is a prime ideal of T', we find that ¢t € (uv);

similarly, t € (u? — v?). Hence t € (uv) N (u? — v?) = (uv(u? — v?)), contradicting

minimality of i. Therefore t” € T', and so Endyp(P) =T.
It follows that every nonzero prime ideal of P of T satisfies Oy(P) = T', and similarly
also satisfies O,(P) =T, and so T is a maximal order. O

6.3.4 Proof of Theorem for case (iii)

We finally come to what turns out to be the most involved case. Again, we use the same
approach as in the proof of Theorem but we must first make some preliminary
calculations. Most notably, computing the centres of the algebras of interest is quite
involved, and so we state these as independent lemmas.

Throughout, we write A =k_1[u,v], A’ = Alu=!,v71], A” = A'[(u®" —v?")71], and
T,T',T" for the corresponding skew group rings coming from the action of G = D,,.

Proposition 6.3.11. Suppose that n is odd. Then there is an isomorphism
2(T") = Kl o+ o2"[(w?) ) (" — o)) 2 R gl — 407,
and this ring is a UFD.

Proof. By the proof of Proposition T satisfies the hypotheses of Lemma [5.1.1
Writing a = u?, b = v?, we therefore have

Z(T) = Z(A)Pr = K[a, b)P".
where the D,-action on kl[a, b] is given by
g-a=w?a, g-b=w?b, h-a=b, h-b=a.
By [Ben93, Appendix A],
k[a, b]P" = k[ab, a" 4 b"]
is a polynomial ring in two variables, and so
Z(T) = k[u®v?, u*" + v*"] = K[z, y],

where z = u?v?, y = u®® + v*".

From here we can quickly determine Z(T”). To do this, first note that T =
T[(u?v?)~L, ((u?™ —v?")%)~1], where the multiplicative set generated by u?v? and (u?" —
v?™)? is contained in Z(T). With the notation for # and y as above, we have (u?" —

v?")? = 42 — 42" and so

Z(T") = Z(D)[(u*?*) ", (" = v*")*) 7]

Il

Kl y)[(y? — 42™) 71,
This, being the localisation of a UFD, is itself a UFD. O

Determining the centre of 7" is more involved when n is even, essentially because
the action is not X-outer.
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Proposition 6.3.12. Suppose that n is even and write m = n/2. Then

klz,y, #]

Z T//
( ) <$2y+ym+1 + Z2>

12

', (2 + 2%y™) 7.

Moreover, Z(T") is a UFD.

Proof. We first determine the centre of T'. As in the proof of Proposition we have
an isomorphism

T = (k_1[u, v]#(g™)) * Dyy,.
Now,
Z(k_1[u, 0] #(g™)) = Kla, b, ]/ {ab — 2)

where a = u?,b = v?, ¢ = iuvg™. As in the proof of Proposition the set of
automorphisms {agi.; | 0 <i < m,j=0,1} acts as a group of X-outer automorphisms
on k[a, b, c]/(ab — c?) via

agi(a) =c'a, a,i(b) =c'b, aui(c) =c,

0101'7_((1) = g_ib7 aair(b) = Eiav anT(C) = —¢

where ¢ = w?. Therefore, using Lemma we have

Z(k-1[u, v]# Dp) = Z((k-1[u, v] #(g™)) * D)
= Z(k-1[u,v]# (™))"

We first determine R = kla, b, c]Dm, where the action is as above. We use Molien’s
formula [Ben93, Theorem 2.5.2] to work out the Hilbert series of R:

1

1
hilb R = .
' 1Dy O;det(l—at)

In matrix form, the elements of D,, and the relevant determinants are as follows:

aedG Matrix Number det(I — at)
e 0 0
ol, 0<i<m-—1 0 ¢ 0 m (1—)(1 —&t)(1 —e~it)
0 0 1
0 ¢ 0
olr, 0<i<m-—-1|[e* 0 0 m (1—1)(1+1¢)?
0 0 -1

We therefore have

—

. 1 m N !
hilb B = —— er (1= t)(1—et)(1— e it)

7=
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1 1'm 1
= 2+ *Z —it)
21 —=t)(1+1) 21—t) m por (1 —e€t)(1 —eit)

(%)

Now (x) is, by Molien’s formula, the Hilbert series of the coordinate ring of an A,
singularity, and so is known to equal (1 —#2™)/(1 —#2)(1 —¢™)2. A routine calculation
then shows that

1 — $2(m+1)

b B = e ey — ey

This implies that R has four generators, of degrees 2,2, m,m + 1, and that there is a
single relation of degree 2(m + 1) between these generators. It is easy to check that

j 1
T = %(am + bm)? Y= ab7 y/ = CQ? Z = §(amc - me)v

are D,,-invariants and that 2%y’ + y™y' + 22 = 0, so that

klz,y,v, 2]

_ Do~
R =kla, b, c] =y gy )

Since y = ¢/ in k[a, b, ] /{ab — c?), it immediately follows that

k[a,b,c] \ P ~ kl[z,y, z]

(ab — c2) T 2Py +ymt 4 22)
where ., y, and z are as above. Finally, since Z(k_1[u,v]# D,,) = (kla, b, ¢]/{ab—c?))Pm
where a = u?, b := v?, ¢ := iuvg™, we find that

k[z,y, z]

Z(k_ D,,) = ,
( 1[“72}}# ) <x2y+ym+1 +22>

where we have set

i ?
T = 5(un + ,Un)’ y = u2v2’ o= §(un+1vgm _ uvn—‘rlgm)‘

To determine the centre of T”, observe that we have
T" — T[(UQUQ)_l, (u2n _ U2n)—2]’

where the multiplicative set generated by u?v? and (u*® — v?™)? is contained in Z(T).
With the notation for x,y, z as above, we find

1 2n 2n)2

—(u™ —w =2t + 2%y™

and so

k[z,y, 2]
(x2y + ym 1 + 22

Z(T") = Z(T)[y ™", (2" + 2%y™) 7] = ] =" (2 + 2%y™) 7.

For the final claim, observe that S := Z(T") is a localisation of the coordinate ring
R of a Dy,49 singularity. Write Cl(R) for the divisor class group of R. By Nagata’s
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theorem, the canonical map
¢CI(R)_>CI(S)> <Oél,...,Oér>R'—><041,...,Oér>5'

is a surjection. Therefore, if ¢ maps every element of C1(R) to [S] in C1(S) then CI(S)
is trivial. Since R is a noetherian integrally closed domain [Ben93, Proposition 1.1.1],
we can define Cl(R) to be the set of isomorphism class of rank one reflexive modules,
with multiplication given by [I][J] = [(I®gJ)**]. Since i.dim R = 2, these are precisely
the rank one maximal Cohen-Macaulay modules. These modules are known: by [LW12]
9.21], up to isomorphism they are

R, (y,2), (z,ay —iy™>™h), (z,zy+iy™>™)  if m is even
R, (y,2), (z,2+iyHD/2) (zy, 2 +iymHD/2)  if m s odd

But z,y, and z are all invertible in S since

o (27 +ay™) (@t + 2ty =1,
y-y =1,

1 (.T y+.’L’2 m—l—l) —1($4+$2ym)—1 -1,

. *.’L’22’y_1(564 + x2ym)

Therefore each of the above ideals gets sent to [S] under ¢, and so CI(S) is trivial,
which implies that S is a UFD. O

The remainder of the proof of Theorem for case (iii) does not depend on the
parity of n. We now show that certain ideals of T" are prime:

Lemma 6.3.13. Let T = k_1[u,v]# D, as in case (iii). Then (uv) and (u*" — v?")
are prime ideals of T'.

Proof. Since (uv) is G-stable, we need to show that 7'/(uv) = (k_i[u,v]/(uv))# D,
is prime. Equivalently, we show that Q(k_;[u,v]/(uv))+# D,, is simple, where we note

that the classical quotient ring of (k_i[u, v]/{uv))# D,, exists by the same argument as
in Lemma [6.3.9] As in the proof of Lemma [6.3.9, we have

Q(k—1[u, v]/{wv)) # Dpn = (k(u) X k(v)) # Dn,
where D,, acts via
g-(u,0) = (wu,0), g-(0,0)=(0,w ), h-(u,0)=(0,v), h-(0,v)=(u,0).

To show that this latter ring is simple, we show that k(u) xk(v) is G-simple and that the
centraliser C' of k(u) x k(v) in ((k(u) x k(v))# Dy, is k(u) x k(v), see [Oin09, Theorem
6.13]. G-simplicity of k(u) x k(v) follows from the same argument as in the proof of
Lemma 6.3.9} so now let ¢ = 3 ;. o<i<1 fij9’ 'k € C, where f;; = (f ( ), fl(f (v)) €
k(u) x k(v). Then

Z (u Z(J)?O)g h = (u,0)c = c(u,0) = Z (w'u i(()l),O)gi—i- Z (0,w " i(f))gih,

0<i<n 0<i<n 0<i<n
0<j<1

)

which implies that f0 =0 for all 1 < ¢ < n and that f =0= f(1) for all 0
A similar calculation with (0, v) in place of (u,0) shows that f (0) =0 for all 1
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and so ¢ = (f(g(l))a fég))- It follows that C' = k(u) x k(v), and so (k(u) x k(v))# Dy, is
simple. Therefore (uv) is a prime ideal of T'.

We now consider (u?" — v?"). Since (u? — v?) is a prime ideal of k_1[u,v] [Irv79al,
Section 8], and (u?" —v?") = Nsep, |- (u? —v?), it follows that (u?" —v?") is a G-prime
ideal of A, and so we wish to show that T'/(u?" —v?") = (A/(u?" —v?")) # D,, is prime.
Now, T/{u®" — v?") is a G-prime ring and (u? — v?)/(u?" — v?") is a minimal prime
of T/{u* — v®) with stabiliser H = (h), and so by [Pas89, Corollary 14.8], it suffices
to show that (k_1[u,v]/{u? — v?))# H is prime (where here we recall that H acts via
h-u =wv,h-v =wu). But this is established in Lemma and so (u?" — v?") is a
prime ideal of T. O

This allows us to prove that the remaining case is a maximal order, which completes
the proof of Theorem [6.3.1

Theorem 6.3.14. The algebra T = k_1[u,v]|# D,, in case (iii) is a maximal order.

Proof. Again, we only show that Oy(P) = T for all height 1 primes. So suppose that
P is a height 1 prime. We first remark that (u) = (v) is not a prime ideal of T, since
the quotient of T' by this ideal is isomorphic to kD,,, which is not prime. If P contains
u?™ — v, then by Lemma P = (u® — v?), and since u?" — v?" is a normal
nonzerodivisor, we have Oy(P) = T in this case. Similarly, using Lemma again,
if P contains uv then P = (uv) and Oy(P) = T. Now let P be a height 1 prime of
T not containing u?™ — v>" or uw, so that P corresponds to a height 1 prime PT" of
T" = k_i[ut!, v [(u? —v®) " # D,. As established in Propositions and
T" is Azumaya, and so there exists a height 1 prime p of Z(T") such that PT" = pT"”.
But Z(T") is a UFD by Propositions|6.3.11]and [6.3.12} so height 1 primes are principal,
and so p = 2Z(T") for some z € Z(T"). Since z is a central nonzerodivisor, we have
Endp (2T") = T", and therefore we have a chain of inclusions

T C Endy(P) C Endpw (PT") = Endgn (2T") = T".

It remains to show that this forces Endyp(P) = T. To this end, let ¢’ € Endp(P) C T”
and choose i > 0 minimal such that ¢ := (uv(u?® — v?"))" € T. We claim that i = 0,
forcing t” € T. Seeking a contradiction, suppose that i > 1; then

tP = (uv(u®™ — v*™))4"P C (uv(u®™ — v*™))'P C (uv).

Since P ¢ (uv) and, by Lemma (uv) is a prime ideal of T, we find that t €
(uv); similarly, ¢ € (u®® — v?"). Therefore t € (uv) N (u?* — V") = (uv(u?* — V")),
contradicting minimality of i. Hence ¢” € T, and so Endp(P) =T.

It follows that every nonzero prime ideal of P of T satisfies Oy(P) = T', and similarly
also satisfies O,(P) =T, and so T is a maximal order. O

6.4 A proof of Auslander’s Theorem for deformations of
quantum Kleinian singularities

Using the fact that the deformations S are maximal orders, we now show that Aus-
lander’s Theorem holds for these algebras. We use the following quite general result,
which is implicit in [CBH98, Lemma 1.4], but is proven in full generality in [CBl Section
5.4]:
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Lemma 6.4.1. Let R be a prime Goldie maximal order and let e € R an idempotent.
Then End.g.(Re) = R.

We can now prove a version of Auslander’s Theorem:

Theorem 6.4.2. There is an isomorphism
Endp)(Ste) = S2.

In particular, End 4c (A) = A#G for a quantum Kleinian singularity AC.

Proof. The ring R = S is a prime noetherian maximal order by Lemma, and The-
orem Setting e = ﬁ deva we have eS}e = O} by definition, and so the first
isomorphism is immediate from Lemma [6.4.1] The second isomorphism then follows
from the first after setting A\ = 0 and noting that (A#G)e = A as an (A#G, A%)-
bimodule by [BHZ16, Lemma 3.1]. O

We remark that this result was established for the undeformed algebras A# G and
A% in [CKWZ16al, Theorem 4.1], but their proof uses very different techniques. It does
not appear to be possible to use their result to prove Auslander’s Theorem for the
deformations S and O using, for example, associated graded techniques.
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Chapter 7

Deformations of Quantum
Preprojective Algebras

The aim of this chapter is to show that analogues of the results of [CBH98| §3] hold for
quantum Kleinian singularities. Using the notation of the previous chapter, we show
that for a deformation S,f‘(@) of A#G, where A% is a quantum Kleinian singularity,
there exists a path algebra with relations II}(Q) which is Morita equivalent to SX(Q).
Moreover, we show that the corresponding deformation (’);\(CNQ) of AGNis isomorphic to

eolI} (Q)eq, where e is the idempotent corresponding to vertex 0 in Q.

7.1 Deformed quantum preprojective algebras

We first define the algebras of interest in this chapter.

Definition 7.1.1. Let Q be a quiver and A a weight for Q. Define the double Q of Q
to be the quiver obtained from @) by adding a reverse arrow @ : j — i for each arrow
a:i— jin Q or, if a: i — i is a loop, adding no arrows and declaring @ = «. We call
the arrows in @ which are not reverse arrows ordinary arrows. Let ¢ € k*. We then
define the deformed quantum preprojective algebra of Q to be

I15(Q) =kQ/I,

where I is the two-sided ideal of kQ with generators

Zaa—qzaa—/\iei

CZE)QI' ha(E)Ql‘
t(a)=1 a)=1
t(o)#i

for each vertex i € Q. If Q = ,&1, then we additionally allow a subscript J in place of
q, in which case we define

kA
< gty — Q] — Q] — Ap€o >

s
IT5 (A1) =
a1 — Qg — Qg — A€

We write Hi(Q) to mean an arbitrary deformed quantum preprojective algebra.

When ¢ = 1, this is just the deformed preprojective algebra of [CBH98]. We often
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omit ) when it is unimportant or understood from context. If we write II*(Q) then
we have implicitly set ¢ = 1, and if we write IL,(Q) then we have implicitly set A = 0.
When A\ = 0, more general versions of these algebras have been studied in [Kle04] and
[Kal09).

We note that the ideal I can equivalently be defined as being generated by a single
element, namely the sum of the given generators. In general, for our purposes it will
be more convenient to think of II} as the path algebra of a quiver with a relation at
each vertex, and our definition has been chosen to emphasise this.

When the underlying graph of @ is a tree, the following lemma (which is similar to
[Kal09, Fakt 4.1.9]) shows that the deformed quantum preprojective algebra H;‘(Q) of
Q is simply a deformed preprojective algebra:

Lemma 7.1.2. Suppose that Q is a quiver without cycles (either oriented or unori-
ented). Then there exists a weight X' such that I1)(Q) = Y(Q), where N, = 0 if and
only if A; = 0.

Proof. For this proof, it will be convenient to generalise Definition as follows. Let
q : Qo — k* be some function and write HQ(Q) =kQ/I, where I is the two-sided ideal

of kQ with generators

Z aa — q(i) Z ao — \ie;

a€Qq aEQ

t(a)=t h(a)=1
for each vertex i € Qg. (Observe that setting q(i) = ¢ for all i € Qg recovers our
previous definition.)

Now assume that @) is as in the statement of the lemma, A is a weight for () and
q: Qo — k*. Fix i € Qg. We claim that HQ(Q) = Hé;(Q) where

L1 =
“”‘{qo>ﬁj¢i

and where X will be defined in the course of the proof; in particular, we will see that
it satisfies ' = 0 if and only if A = 0. This is sufficient to prove the result.
At vertex ¢, @ has the form

° & y °
: i :
° °

Since ) has no cycles, removing vertex ¢ splits ¢ into m + n connected components.

For each j, let FJL be the connected component containing the vertex ¢(3;) and let I‘f

be the connected component containing the vertex h(7;). Also write I'L and I'? for the
full subquivers of @ with respective vertex sets {i} L[ |T_, (Ff)o and {i} U]/, (Ff)o.
Finally, define a weight \' by

X:{quiUGGﬂMﬁ}
3 N ifje (I '
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We now define an algebra homomorphism ¢ : HQ(Q) — H;}i(Q) on the generators as
follows:

1 - - L
p(ej) = ej forall j € Qo, ¢(a) =aforalla € @, (@)= { 00 fae )

a ifae ('),

We verify that this map is well-defined: at vertex ¢, we have

¢< Zo@—q(i) Zaa—/\ieZ) = Zaa— Zaa—)\ieizo,

a€Q a€Q1 a€Q1 a€Q1
t(a)=1 h(a)=t t(a)=t h(a)=1

while for any vertex j € '} \ {i} we have

¢( S e q() Y a0 Am) - ( S q) Y aa - q<z‘>Ajej> _o,

ac€Qq aeQn a€Q1 aeQn
t(a)=j h(a)=j t(a)=j h(a)=j

and for j € T¥\ {i},
d>< > aa—q(j) Y aa-— /\j6j> = > a@—q(j) Y aa— e =0,
a€Q1 aeQ1 a€Qn aeQ1
t(a)=j h(o)=j t(a)=j h(o)=j

as required. In the same way, it is easy to write down a map which is inverse to ¢ and
S0 ¢ is an isomorphism. O

Lemma 2.2 of [CBH98] shows that the orientation of the arrows of @ does not
change the isomorphism class of II*(Q), but in general this is not the case for H;‘(Q).
However, it is still the case that multiplying A by a unit does not affect I1}(Q):

Lemma 7.1.3. I1)(Q) is unchanged up to isomorphism if X is multiplied by c € k*.

Proof. It is easy to see that the map

6:TNQ) > TINQ), e e aH\}Ea, ou—)\%

is an isomorphism. ]

@

Finally, one can grade k@ by putting the e; in degree 0 and the arrows a and @
in degree 1. This induces a grading of II, and a filtration on II}. We then have the
following result, the statement and proof of which are identical to [CBH98, Lemmas
2.3 and 2.4].

Lemma 7.1.4. There is a natural surjective homomorphism II, — grII}. Conse-
quently, if * = q and Q is a (disjoint union of ) Dynkin or type I quiver(s), then HZI\(Q)

s finite-dimensional.

~ ~

7.2 Morita equivalence between II)(Q)) and S}(Q)

At this point, the definition of deformed quantum preprojective algebras is somewhat
unmotivated, especially in the case of II}(A1). We will show that the deformations
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SMQ) (respectively, O}(Q)) from the previous chapter are Morita equivalent to (re-
spectively, isomorphic to corner rings of) deformed quantum preprojective algebras.
Throughout, we assume that all quivers are labelled as in Figure this is especially
important in case (i), where the ordinary arrows of A,, must be cyclically ordered.

Theorem 7.2.1. Let A% be a quantum Kleinian singularity with corresponding Eu-
clidean diagram @, and let A\ € k" be a weight for Q. Then SNQ) is Morita equiva-
lent to TI}(Q) and there is an isomorphism O}(Q) = eglI}(Q)eo.

When A = 0 this theorem says that A# G is Morita equivalent to some I, (@) and
ACG =~ eOH*(@)eo, which is itself a new result. We also remark that in any case where
@ = An, the Morita equivalence of Theorem is in fact an isomorphism, a fact
which comes out during the course of the proof.

For this section only, in all (quotients of) path algebras we will compose arrows
from right to left, rather than using our usual convention of composing from left to
right. This will make our calculations easier, and is justified by the following lemma:

Lemma 7.2.2.

. . A ~ TTA o
(1) Let E) be a quzger, A a weight for Q, and q € k™. Then I13(Q) = TI3(Q)°P.
(2) T5(A1) =TI (A1)

Proof. (1) Define an antihomomorphism ¢ : H;‘(Q) — HS(Q) on arrows via ¢(a) =@
and ¢(@) = a. This is well-defined since for each vertex ¢ we have

qb( Z aa —q Z aa — )\iei> = Z p(@)op(a) — q Z dla)od(@) — Aie;

a€Q a€Q a€Qy a€Qn
t(a)=1 h(a)=t t(a)=t h(a)=t
t(o)#i t(a)#i
= Zo@—qzaa—)\iei
a€Qq a€Qy
t(a)=t h(a)=t
t(a)#i
=0.

Since ¢ is an involution, the claim follows.

(2) Define an antihomomorphism ¢ : Hj}(&l) — Hﬁ(&l) on arrows via ¢(a;) = a1
and ¢(@;) = —aq—; for i = 0,1. Since ¢ is an involution, we only need to check that
this is well-defined. Indeed, for ¢ = 0,1 we have

Oty — Q1o —; — a1 —; — Ai€;)
= o(a;)p(a;) — plan—i)p(an1—;) — Pplar—i)d(as) — Niej
= —01-i0—j + Q0 — Q- — Ai€;

=0,

as required. O

The following paragraph is essentially a repeat of the material required for
but with some additional details that will be important for this chapter. Let A% be
a quantum Kleinian singularity as in Table and let V = ku & kv. The irreducible
representations Wy, Wi, ..., W, of G correspond to the vertices of the McKay quiver
@ of G, where Wy is the trivial representation. Writing x; for the character of the
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representation W;, for 0 < i < n set

geG

which are central idempotents in kG and form a k-basis for Z(kG). Alternatively, if
we write §; = dimy W;, fix an isomorphism

and write E](.Z), where 0 < ¢ < nand 1 < j,k < 9;, for the element of kG which
is mapped to the corresponding matrix unit under this isomorphism, then we can
equivalently define

95
n; = Z E(Z)
j=1
We then identify k"*! with Z(kG) as in (6.1.1)):

n+1 § : v
k _>Z(kG% (/\07)\17-~-7)\n) — p 577%7
Let e = |G\ degg € kG be the average of the group elements, and for 0 < i < n set

fi= . Then we have the following facts:
(1) ksz = Wi
(2) The f; are pairwise orthogonal, so f = fo + -+ + f,, is an idempotent;
(3) fo=¢€,s0e= fef;
(4) kG fkG = kG, since 1 = 3, E(Z)E =2 E(Z) ) ¢ kG fkG. Therefore
f is a full idempotent of kG, and SO ]kG is Morlta equlvalent to fkG f; and

(5) f; Z Aitli = Aj fj-

To prove Theorem we first establish some intermediate lemmas for each of
the cases. The exposition from now on closely follows that of [CBH98, §3], although
we also provide some of the proofs that were left to the reader there.

Lemma 7.2.3 (Case (i)). Let ¢ € k*. Suppose (A,G) = (kq[u,v],Cry1). For each
arrow o; 11— 1+ 1 in Q = Ay, define linear maps

Oo; * Wiv1 = Vo W, 0o, (fit1) =u® fi,
gai Wy > Ve Wi, gal(fz) =V fi+1.

Then these maps are kG-module homomorphisms which satisfy
(idy @ 04,)00, — q(idy ® 04, )00, , = (V@ u — qu ® v) @ idy,

as maps W; = V@V ® W;, and moreover these maps combine to give a basis for
eai,j HomkG(Wi, |4 & Wj).

Proof. We assume that the f; are ordered so that g - f; = w'fi, where Cp,11 = (g) and
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w is a primitive (n + 1)th root of unity. The 6,, are kG-module homomorphisms since

Oai(9- fir1) = w00, (fir1) =M@ fi = (wu) @ (W' fi) =g (u® fi)
=9g- eai(fiJrl)a

and similarly one can show that the 0, are kG-module homomorphisms. The following
calculation shows that these maps satisfy the claimed relation:

((idv ® 90&;‘)5011‘ —q(idy ® gaifl)eaifl) (fi)
= (idv & Qai)(’U & fi—f—l) - Q(idV ®§ai—l)(u ® fi—l)
=vQu® fi—qu®v® f)
= (v ®u—qu®v)®idw,(f;).

Finally, these maps form a basis for @” Homyq(W;, V @ Wj) since the number of

arrows between vertex i and j in the double of @ is dimy Homyq(W;, V @ W;), and this
is the number of linearly independent maps we have written down for these spaces. [

The next lemma is an analogue of Lemma for case (iv). The proof is similar
to that of Lemma [7.2.3] so we omit it.

Lemma 7.2.4 (Case (iv)). Suppose (A, G) = (ks[u,v],Cq). Fori=0,1, define linear
maps

Oy :Wii = VW, 0o, (fici) =u® fi

Oa; : Wi =V @ Wiy, Oo;(fi) = v ® fii.
Then these maps are kG-module homomorphisms which satisfy
(idy ® 04, )00, — (idy ® Oay_,)00,_, — (idy ®00,)00,_, = (" @u—-1u®v—u®u) @ idy,

as maps W; — V@ V.® W;, and moreover these maps combine to give a basis for
Gai,j Homkg(Wi, Ve Wj).

We would also like to prove an analogue of Lemmas [7.2.3| and [7.2.4] for cases (ii)
and (iii). This is more involved, so we adapt the approach in [CBH98]. In these cases,
since G < O(2,k), there is a G-invariant symmetrical bilinear form B on V given by

B(u,v) = 1= B(v,u), B(u,u) =0 = B(v,v),
and hence this induces a homomorphism B : V®V — k. There is also a homomorphism
v:ik=VaV, v(l)=u®@v+v®u.
We then have the following technical lemma:

Lemma 7.2.5 ([CBH9S8, Lemma 3.1]). Suppose that M and N are kG-modules. Then
there are mutually inverse bijections

#: Homyg(M,V @ N) — Homy(V @ M,N), 60— 6°* = (B®idy)(idy ® )
b : Homyg(V @ M, N) — Homyg(M,V @ N), ¢ — ¢ = (idy @ ¢)(v @idyy).
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Proof. Let 6 € Homgg(M,V @ N) and m € M, and write §(m) = u®n+ v ® n’ for
some n,n’ € N. Then

(6%)° (m) = (idy ® 6)(v ® idag) (m)
=u®0 (v@m)+v®0H(u®m)
=u® (BRidy)(v®f(m))+v® (BRidy)(u® 6(m))
=u® (Bidy)v@uadan+rvven)+0v® (BRidy)(u®@udn+u®ven')
=u@n+oven
=0(m).

Now suppose that ¢ € Homgg(V ® M, N) and m € M. Then

(¢") (u®m) = (B@idy)(idy © ¢")(u®m)
= (B@idy)(u® ¢ (m))
=BRdy)(u@ud(vem)+u®v® d(u®m))
= du®m),

and similarly (¢°)!(v®m) = ¢(v®@m). Therefore the maps # and b are mutually inverse
bijections, as claimed. O

We are now in a position to prove an analogue of Lemmas and for cases
(ii) and (iii), the proof of which is essentially the same as [CBH98, Lemma 3.2]. We
recall that §; = dimy W;.

Lemma 7.2.6 (Cases (ii) and (iii)). Suppose (A,G) is as in_cases (ii) or (iil) with
associated McKay quiver Q. To each arrow « : 1 — j in Q with i # j, one can
associate homomorphisms

O :W; = VW, Oo : Wi =V & Wj,
and to each loop a1 i — 1 in @ one can associate a homomorphism
Op =00 W; = VW,
such that, for each vertex v,

> (dy @ 0a)06 + > (idy ® 0a)00 = 6;(v @ idw,)
ae@l Oé€C~21
t(a)=i h(a)=i
t(a)#t
as maps W; = V@V ® W;, and moreover these maps combine to give a basis for
@id« Homkg(m, V® Wj).

Proof. Since the double of @ is the McKay quiver of G corresponding to the represen-
tation V, for each arrow « in @ one can choose nonzero homomorphisms 6, : W) —
V@ Wy and 0, : Wita) = V@ Wy (if a is a loop, take , = 04). Then, since the ir-
reducible representation W, () (respectively, Wy(,)) appears as a summand of Wy, @V
(respectively, Whia) ® V') precisely once, @ﬁoﬁa and 9,&@(1 are nonzero endomorphisms of
Wh(a) and Wy(,), respectively; in particular, they are scalar multiples of the identity,
and by rescaling the 6,, one can rescale these endomorphisms. We claim that it can
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be arranged so that there is a nonzero scalar m; for each vertex ¢ such that, for each
arrow « which is not a loop,

giga = mt(a)idWh(a)v Hgga = mh(a)ith(a>. (727)

(Note that if « is a loop then these two equations are the same.) This is possible
essentially because @ is a tree which possibly has loops. Indeed, fix the value of m;
for a vertex i, and consider some arrow « : ¢ — j. If o is not a loop then one of the
two equations fixes 0, up to multiplication by a scalar, and the other equation
determines m;. If « is a loop then we only need to satisfy a single equation, and this
only requires k to be quadratically closed. One then repeats this process recursively
for the other vertices in the quiver.

It follows that Haéi is given by my(,) times the projection V @ Wiy — Wi(a)
followed by the inclusion Wy,) — V ® Wy, and similarly @oﬁﬁa is my,(q) times the
composition V' @ Wiy = Wia) = V @ Wy(q). Therefore, for any vertex ¢ we have

Z Hagﬁa + Z 5@9& = miid\/@)wi. (7.2.8)
m’:‘@l m’:’@l
t(a)=1 h(a)=i

t(a)#1

Call this map 9, and consider the map (idy ® ) (v ® idw,). Calculating using the right
hand side of ([7.2.8) we obtain (m;idy ®@ idygw,) (v ® idw,) = m;(v @ idw,) while, using
instead the left hand side and applying Lemma [7.2.5]

Y (dy @ 0,05 (v @idw,) + Y (idy ©0.0%) (v ® idw,)

aE§1 aEél
t(a)=1 h(a)=i
t(a)#t
= Y (dv ®0)(idy @ 0) (v @ idw,) + Y (idy ®8a)(idy © 04) (v ® idw,)
a€§1 066621
t(a)=1 h(a)=1
t(a)#i
= Y (dy ©0.)@) + Y (dy @ 0)(65)
OtGél Oéeél
t(a)=i h(a)=i
t(a)#1
=Y (dy ®0a)0a + > (idy @ 0a)ba.
a€Qy a€Q:
t(a)=1 h(a)=i
t(a)#t
Therefore we have an equality
D (idv ®@0a)0a + Y (idy ® 0a)a = m(v @ idw,). (7.2.9)
a€Q a€Q:
t(a)=i h(a)=i
t(a) At

We now claim that that vector (m;), 0o is necessarily a nonzero scalar multiple of
d. Composing both sides of (7.2.9) with the map B ® idw, : V® V @ W; — W; and
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using Lemma the resulting endomorphism of W; is multiplication by

D Ma@) T Y M) = 2m.

a€é1 04661
t(a)=1 h(a)=i
t(a)#t

That is, writing 07 for the set of vertices adjacent to vertex i (where i € 9i if there is
a loop at vertex i), we have an identity

Z m; = 2m,

JEOI
In the terminology of [HPR80], ths means that (m;), 5,
Q. But, by [HPR8(, Theorem 2|, any additive function of a graph of type Ly, Dy,
or DL,, is necessarily a scalar multiple of 4, forcing (mi)z‘e@o to be a nonzero scalar
multiple of §. The result now follows after rescaling all of the 6, suitably.

Finally, we have the claimed basis for the same reason as in the proof of Lemma
(2.5 O

gives an additive function of

Write S = k(u, v) #G, graded with v and v in degree 1 and G in degree 0. Consider
V @ kG as a kG-bimodule with action hi(w ® g)he = hyw & h1gha. Then, as algebras,
S is isomorphic to Txg(V ® kG), the tensor algebra of the bimodule V' ® kG over kG,
via the map

¢:8 — Tia(V @ kG), wi... WG (1) Q- @ (w1 ®1) ® (Wi ® g).

Since f is a full idempotent of kG it is also a full idempotent of fSf and so S is Morita
equivalent to fSf. Therefore fSf is isomorphic to the tensor algebra of the bimodule
fS1f over fkGf. We also have an isomorphism fSyf = k90 since Sy = kG, and we
also have an identification

Homye(W;, V © Wj) = Homyg(kG fi, V @ kG f;) = Homya (kG f;, S1f;) = fiS1f;-
Noting that ¢; = 1 for each vertex i in cases (i), (ii) and (iv), and recalling the notation

vu —quv  if x = ¢ (case (1))

ps(u,v) = vu + uv if ¥ = —1 (cases (ii) and (iii))

vu —uv —u? if x = J (case (iv))

from Chapter [0, we can restate Lemmas and as follows:

Lemma 7.2.10. Let A% be a quantum Kleinian singularity. To each arrow a : i — j
in Q with i # j, one can associate elements

0o € [i51fi, 0o € fiS115,
and to each loop a1 i — 1 in @ one can associate an element

0o =04 € fiS1fi,

109



such that, for each vertex 1,

.
gaieai - qeai_lgai_l fOT case (l)
~ gaga _ Haga .. d (iii
8:fi pa(u,v) = ZtczS)Q:lz + Zhaé?:ll for cases (ii) and (iii)
t(o)#i
gaieai - 9a1,i§a1,i — 0o, 00, for case (iv)

and moreover these elements combine to give a basis for @m- fiS1fj. O
This allows us to prove the following theorem, from which Theorem follows:

Theorem 7.2.11. Let A% be a quantum Kleinian singularity with corresponding Eu-
clidean diagram Q, and let X\ € kK"*. Then there is an isomorphism fS} f = TI)NQ).
Under this isomorphism, e is sent to the trivial path eq.

Proof. By the discussion above, there is an isomorphism ¢ : fSf — k5 sending

fi = €4, eai = Qy, 9011' = Qj,

where if a is a loop then o = @ and 6, = 0,,. Identifying A with a central element of kG
via , we see that every element of kG commutes with p,(u,v)—A. In particular, f
commutes with p,(u,v) — A, and so f(ps(u,v) =) f = f(p«(u,v) —A) = (p«(u,v) = A) f.

Now let I = (ps«(u,v) —\)g, where the subscript S indicates that we are considering
this as the two-sided ideal of S generated by p.(u,v)—\. We claim that I = (f(p.(u,v)—
A))s. Indeed, since f is a full idempotent of kG, there exist g;, h; € kG with ) . g; fh; =
1, and so (f(p«(u,v) — A))s contains

Zgiﬂp*(u, ) = Ah; = Zgz-fhz«p*(u, v) = A) = pa(u,v) = \.

Therefore (p.(u,v) — A)s C (f(p«(u,v) — A))g, and the other inclusion is clear, so we
have the claimed equality. It follows that, as an ideal of fSf, we have I N fSf =
(f(ps(u,v) — X)) r5¢. One also observes that this ideal is generated by the elements

"\ i
=0 ’

!

d(@fiﬂ*(“»”) = Aifi)-

Therefore, using Lemma [7.2.10)

<§ai9ai - qeai,lgai,1 - A’Lfl

i€ C~20> for case (i)

t(a)=i h(a)=1

INfSf= < > acd, 0aba + 27 neq, 0aba — Aifi

i€ @0> for cases (ii) and (iii)

<§04i90¢i - 904171‘504171' - 00&171'9061‘ —Aifi

1€ @0> for case (iv)
The image under ¢ of this ideal is the ideal of relations defining I1}(Q), and so we have

110



the claimed isomorphism. O

Proof of Theorem[7.2.1 Since f is a full idempotent and FSMQ)f = TINQ), this im-
mediately implies that S}(Q) and II)(Q) are Morita equivalent. Moreover, since e is
mapped to ey under this isomorphism, pre- and post-multiplying the left hand side
(respectively, right hand side) of the isomorphism by e (respectively, ep) shows that

ONQ) = oI} (Q)eo. O

Remark 7.2.12. We remarked previously that the Morita equivalence between S;\(@)
and II)(Q) is in fact an isomorphism in cases (i), (ii) and (iv). This is because our
proof shows that fSM(Q)f = I1X(Q), and when Q = A,,, f is actually equal to 1 since
G is abelian.

Theorem has the following corollary, the proof of which is identical to that of
[CBH98| Corollary 3.6].

Corollary 7.2.13. Let Q be the quiver corresponding to a quantum Kleinian singularity
AC and let \ be a weight for Q. Then the natural map 11,(Q) — grIIMNQ) is an
isomorphism and Hi‘(Q) is a prime noetherian ring of GK dimension 2.
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Chapter 8

Singularities of Deformations of
Quantum Kleinian Singularities

In this chapter, we seek to determine the global dimensions of the deformations of
quantum Kleinian singularities O} from Chapter @ In the cases where O} is singular,
we also provide a description of its singularity category.

We will see that, in many cases, the singularity theory of deformations of quantum
Kleinian singularities is quite different from that of deformations of classical Kleinian
singularities, as considered in [CBH98|. For example, Crawley-Boevey—Holland showed
that their deformations are generically nonsingular, and that this behaviour was uni-
form across all Dynkin types. Moreover, they showed that generically O*(Q) and S*(Q)
are Morita equivalent for deformations of Kleinian singularities. On the other hand,
deformations of quantum Kleinian singularities in case (ii) and in case (iii) (when m is
odd) are always singular. The corresponding deformations S of the skew group rings
A#G also exhibit new behaviour in these cases, as well as in case (iv), since they al-
ways have global dimension 2; the analagous deformations in [CBH98] generically have
global dimension 1.

8.1 Preliminary results

We refer the reader to Table for the classification of quantum Kleinian singularities
in the form that we will need for this chapter. The main aim of this section is to prove
weaker a version of Theorem for deformations of quantum Kleinian singularities.
In subsequent sections we are then able to make more precise statements by considering
each case separately.

In light of Theorem in this chapter it will be convenient to view deformations
of quantum Kleinian singularities A as having the form Oi(@) = eOHi(CNQ)eg, where @
is the Euclidean diagram corresponding to A® and \ is a weight for @ We also write @
for the quiver obtained by removing the extending vertex 0 and we set p1 = (A1, ..., \p),
which may be viewed as a weight for (). Many of the results in this section are similar
to those found in Chapter [3|and so some of the details are left to the reader.

Lemma 8.1.1. IT)eg is a finitely generated O -module, and it satisfies Endpa (I)eg) =
1.

Proof. This is proved in the same way as Lemma after noting that II) is Morita
equivalent to the maximal order S3. O
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As in Chapter [3| write V; = eiH;\eo. We again call the V; vertex modules.

Corollary 8.1.2. We have Homp»(V;, Vj) = ejl}e;, and so M)eq is a reflezive (and

hence mazimal Cohen-Macaulay) O -module.
Proof. This is similar to Corollary O
This allows us to determine the stable endomorphism ring of IT}eg.

Lemma 8.1.3. We have

" i), (ii iii
oyt = { () Ao 000 one (6

where = (A1,...,\n).
Proof. By Corollary we have that

(Hieo)* = @ Hompx (eiﬂi‘eo, €0Hi\60) = @ eollle; = eoll).
j i

)

Then, noting that II)eg (Hieo) = II)eoII), we have

m
)\ ~Y * ~Y
Endo, (Iieo) = e i3 = {

I (Q) for cases (i), (ii) and (iii)
IT#(Ay) for case (iv) ’

as claimed. O

We now identify all maximal Cohen-Macaulay O}-modules. We remark that in
[CKWZ16b, Theorem C], the authors were able to give a more precise description of
the maximal Cohen-Macaulay modules in the case where A = 0, i.e., when O} = A®.
In particular, they showed that there is a bijective correspondence between indecom-
posable MCM modules and vertices of @ We do not know if similar results hold for
arbitrary A. (In [CKWZI16b|], the authors use an alternative definition of maximal
Cohen-Macaulay, but this agrees with our definition by the remark after Definition 2.4
in [Ueyl7].)

Proposition 8.1.4. We have MCM-07 = add II)ey.
Proof. First note that O is Gorenstein and that, using Proposition

gl.dim End (I}eg) = gl.dim IT} < 2.

Since II)ey has O as a direct summand, the claim then follows from Proposition

2211 O

Finally, we prove a weaker version of Theorem [3.2.0

Theorem 8.1.5. The functor Homex (IT}eq, —) induces a fully faithful functor

A proj-I¥ (Q)  for cases (i), (ii) and (iii)
MCM-0; = { proj-I1#(Ay) for case (iv) ’

where = (A1,...,\n).
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Proof. By [Kralbl Proposition 2.3|, the functor
Homx (I)eg, —) : mod-O — mod- End (Ieo),
induces a fully faithful k-linear functor

proj-IT (Q)  for cases (i), (ii) and (iii)
dd 11} =
ade e = { proj-IT*(A;) for case (iv) ’

where add IT}eqg = MCM-O? by Proposition O

As stated earlier, we are not able to make this result more precise without consid-
ering each case separately. We do this now, and in the process determine the global
dimensions of S} and OJ, as well as their singularity categories where appropriate.

8.2 Singularities in case (i)

We begin be considering case (i), so_we are interested in the singularities of deforma-
tions of ky[u,v]“*+1. By Theorem we can Wl:i/te our deformation as O;‘(An) =

eOHQ‘(An)eO for some weight A, where the arrows of A,, are cyclically oriented. We first
show that one can restrict attention to quasi-dominant weights, in the same sense as
Definition We achieve this using an analogue of the dual reflections of [CBH9S].

We make the following definition, which is valid for any loop-free quiver @ but
where we are particularly interested in the case of an A, quiver. Define a matrix C
with rows and columns indexed by vertices of ) as follows:

o i =7 8.2.1
Yo —kq—g if there are k arrows ¢ — j and £ arrows j — i (8.2.1)

Then for each vertex i of Q we define a quantum dual reflection r : k@ — k@ by
(riN); = Aj = CigAi.

We note that applying a reflection to a weight at vertex ¢ is the same as a move in
a generalised version of Mozes’ numbers game (as discussed in Chapter [3) which has
been studied in [DEQS]|, for example.

We now wish to show that these quantum dual reflections give rise to isomorphisms
of the deformations in case (i) as follows: we claim that if ¢ # 0, then O(;\(An) =

q ~
Oy )‘(An). We first require some technical results:

Lemma 8.2.2. Letn > 1 andi € {0,1,...,n}. Let ' be the quiver obtained from the
double of an A, quiver by deleting vertex i and the arrows o;—1,®@;—1, Q;, @;, and adding
arrows

Bri—1l—i—1, ~:ii—1—it+l, F:itl—i—1, e:itl — i+l

as follows:
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Q-2 Q-1 Q Qi1

-2 i2 i—1 i i+1 i+2 -
Q-2 Q1 [e% Qy
B $ £
Q-2 O Y O Q11
-2 i—1 i+1 i+2 -

Qg1

3l
&
2|

Then there is an isomorphism

kI
Q0 — o101 — )\jej for j #i—1,4,i+1
B — q@i—20t_2 — Ni—1€i—1, Q101 — € — Ni+1€i41
vy — qB? — \if3, €2 — qyy — Ne
e — 4By — Aiv,s Y —qVB — A

(1= )T (An)(1 — ¢;) =

Proof. 1t is clear that (1 — ei)Hé‘(An)(l — e;) is generated by the idempotents e; for
j # i and the arrows « of the double of A, which satisfy t(a) # i # h(a), as well
as the paths o;_10;_1, a0, a;—1¢;, a;ar;—1 and so, identifying these latter iour paths
with the elements 3, , v, 7 respectively, we see that we can write (1 — ei)H;‘(An)(l —e;)
as a quotient kI'/.J for some ideal J. B

Let I be the ideal of relations for H(’]\(An), so that I = (r) where

n
r= Z 0l — qOG—10—1 — i€
=0
Clearly there is a bijection 6 between (1 — ei)kgn(l —€;) NI and J which sends a

linear combination of paths in A to the corresponding linear combination of paths in
kI" (replacing a;—1@;—1 with 5 and so on). Since ejrey, # 0 if and only if j = &, elements

of (1— ei)k&n(l — e;) NI are linear combinations of elements of the form prq where
p and ¢ are paths with h(p) = t(q) and t(p) # i # h(q). If h(p) = t(q) = j # i, then
the element 6(prq) € J will lie in the ideal of kI' generated by e;0(r)e;. On the other
hand, if h(p) = t(q) = 4, then the pair of arrows (¢, f), where ¢ is the last arrow of p
and f is the first arrow of ¢, is one of

(ai—1,@im1), (@i, 05), (vi—1,05), (Q,®—1)

and the element 6(prq) € J will lie in the ideal of KI" generated by O(¢rf). Tt follows
that (1 — e;)kA, (1 — ;) N1 is generated by

a0 — qaij_1o—1 — Aje;  for j #i—1,4,1+1
Q101 — G202 — A\i—1€;—1
Q1041 — qQ0G — Aiy1€i41
a1 (o — qay_ 101 — Ni€;) a1
(i — qQ— 1051 — Ni€;) oy
i1 (0G0G — qay_10G—1 — Ai€;)y

@i (o — qai—10G—1 — A\i€;)qi—1
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and the images under 6 of these elements are precisely the generators of the ideal in
the statement of the lemma. O

Proposition 8.2.3. Letn > 1 and i € {0,1,...,n}. Then there is an isomorphism

a4y ~
TP A

(1— eI (An) (1 — e;) = (1 — &)1y " () (1 — €;)
satisfying e; — ej for j # i.
Proof. Retaining the notation of Lemma write J and J’ for the ideals of kI'

qy ~
riA

satisfying (1 — ei)H(’I\(&n)(l —e;) = kI'/J and (1 — ;)11 " (Ap)(1 —e;) = kI'/J'. Tt
suffices to show that we have an isomorphism kI'/.J = kI'/J’. To this end, define a ring
homomorphism

¢ kI — kT,
ej — ej, o — aj, a; — a; for all j,
Y=y, =7, B - é)\iei_l, € e+ Aeiy1.
By direct calculation, we show that ¢ maps the generators of the .J of to those of J'.
Indeed, for j # i—1, i, i+1, we see that ¢ is the identity on ajo; — qaj_1a-1 — Ajej,
while
$(B — q@i—20i-2 = Ni—1€i-1) = B — L hiei1 — q@i—20i—2 — Ai—1€i-1
=B —qti20; 2 — (Ni—1+ é)\i)ei—l
A(ir1@ig1 — g€ — Nit1€i41) = ip1@iq1 — q(e + Ni€ip1) — Aiy1€i41
= ip1@i41 — q€ — (Nit1 + qAi)eitr
(V7 — aB® = NiB) =7 — a(B — thieim1)? = Ni(B — hiein1)
=7 —qB% + 29N — q%/\?ei—l — i+ Lhiei
=97 —qB° — (—N)B
$(e® — g7y — Nig) = (e + Aieiy1)® — g7 — Aile + Nieit)
= &%+ 2\ie + Meir1 — @7y — Mie — Meia
= —qyy — (—N)e
d(ve — By — Niv) = (e + Nieir1) — a(B — Ghiei—1)y — Ay
=7 —qBy — (=X)Y
G(EY — q78 — Ni7) = (e + Nieiy1)T — a7(B8 — hieim1) — Ay
=7 — 78 — (=X)7,
and these are precisely the generators of .J'. ]

The desired result now follows quickly:

Corollary 8.2.4. Letn > 1 andi € {1,...,n}. Then there is an isomorphism

9y ~
TP\

O (An) = Og " (Ay).

Proof. Pre- and post-multiply both sides of the isomorphism of Proposition by eqg
~ q ~
to obtain eOHa\(An)eg > eIl )‘(An)eo, which is precisely the claimed isomorphism. [
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Using this, we can show that it is sufficient to restrict our attention to quasi-
dominant weights for the remainder of this section:

Lemma 8.2.5. Suppose that X is a weight for A Then there exists a quasi-dominant
weight N with O)(Ay) = 0} (Ay).

Proof. Consider = (A1,...,\,) as a weight for the A, obtained by removing vertex
0. In the notation of [DEQS, Section 4], the underlying graph of A,, with matrix C as
in is an E-GCM graph. By [DEOS, Theorem 4.1], it follows that there exists
a sequence of quantum dual reflections at the vertices of A,, which, when applied to
u, vields a dominant weight u/. (We remark that [DEOS| considers the problem of
reflecting to a weight where every entry is < 0, but this is an equivalent problem if we
instead consider —u.) This same sequence of reflections, now viewed as a sequence of
reflections at vertices ¢ # 0 of A, vields a quasi-dominant weight X\’ when applied to \.
It then follows from Corollary that we have an isomorphism O&\(&n) = O;‘/ (An),
as required. O

Remark 8.2.6.
(1) The results on dual reflections given above hold in greater generality than stated
here. If @ is any quiver with vertex set {0,1,...n} and ¢ is a loop free vertex, then we

have an isomorphism eOH;‘(Q)eO = eoﬂzg/\(@)eo. The proof is similar to the one given
above, but it is easier to write down a proof in the specific case of an An quiver, and
this is sufficient for our purposes.

(2) We believe that a similar result to [CBH98, Theorem 5.1] holds for quantum dual
reflections; that is, if @) is any quiver and i is a loop-free vertex then there is a Morita

equivalence between H(’I\(Q) and HZ;ZA(Q).

For the remainder of this section, we will assume that all weights are quasi-dominant.
This allows us to make Theorem more precise:

Theorem 8.2.7. Suppose that A is a quasi-dominant weight for An. Let Q) be the
full subquiver of@ obtained by deleting vertex O and deleting each vertex ¢ with \; > 0.
Then Q) = QW U---UQM™ is a disjoint union of connected Dynkin quivers and, writing
Rg for the Kleinian singularity with corresponding Dynkin quiver Q, there is a triangle
equivalence

MCM-O) (A @Dsg Row)-

Proof. By Theorem there is a fully faithful functor

MCM-O,) (A,,) — proj-Il# (A,).
By Lemma [7.1.2) TI5(A,,) = TI*(A,,) for some weight x’ with u} = 0 precisely when
p; = 0. By [CBHO8, Lemma 7.1 (1)], II* (A,,) = II(Q,), where Q is as claimed in the
statement of the theorem. Therefore we in fact have a fully faithful functor

MCM-ONA,,) — proj-II(Qy),

and one can show that it is essentially surjective in the same way as in the proof of
Theorem Noting that the right hand side is equivalent to @/_, proj-II(Q®), we
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therefore have a k-linear equivalence
MCM—(’);‘(;&”) o~ @proj—H(Q(i)).
i=1

Since the left hand side is triangulated, this equivalence induces a triangulated structure
on the right hand side, and arguments similar to those found Section [3.3]show that each
proj-II(Q®) is an algebraic triangulated subcategory of D, proj-II(Q®). Since each
proj-II(Q®) is k-linearly equivalent to Deg(Rgm), Theorem implies that they are
triangle equivalent, whence the result. ]

Using this we are able to give crude estimates of the global dimensions of the
deformations Sy (A,) and O (A,):

Corollary 8.2.8. Suppose that \ is a quasi-dominant weight for A,. Then C’);‘(.z&n) has
finite globai dimension if aild only if \; #0 for all i # 0. If gl.dim (9;\(1&“) = 00, then
gl.dim Sé\(An) =2. If O(;‘(An) has finite global dimension, then it is Morita equivalent
to S(;\(An), in which case

gl.dim O)(A,,) = gl.dim S)(A,,)

)1 H;\(&n) has no finite-dimensional modules
| 2 otherwise '

Proof. The first claim follows from Theorem [8.2.7] which implies that the singularity
category of (’);‘(An) is trival if and only if A\; # 0 for all 4 # 0. When this is the case, if
we write @ for the full subquiver of A,, supported on those vertices i € {1,...,n} with
Ai =0, then H2 (A,,) has the nonzero finite-dimensional module Hé(l&n) [{eo) = 14(Qn),
and so by the Morita equivalence of Theorem m S;‘(l&n) has at least one finite-
dimensional module. By Proposition M in this case gl.dim Sg‘(,&n) =2

Now suppose that (’);‘(An) has finite global dimension. Consider the right (’);‘(An)—

module Ha\(,&n)eo, which has (’)(}\(;&n) as a direct summand and is hence a generator for

mod—(’)g (An) Since this module is maximal Cohen-Maculay and has finite projective
dimension, it is necessarily projective. Therefore Hq’\ (&n)eo is a progenerator, and so the
isomorphism Endoé(&n)(ﬂg‘(.&n)eg) &~ Hé‘(&n) from Lemma [8.1.1 implies that Hg‘(lgn)
and O (A,,) are Morita equivalent. As 1Ty (A,) is also Morita equivalent to Sé\(;&n), all

three of these algebras have the same global dimension, and its precise value can be
calculated using Proposition [6.1.5 O

We have been unable to give precise conditions as to when Hé(f&n) has finite-

dimensional modules. If A\; = 0 for some ¢ then it is easy to see that H{]\(&n) has
a one-dimensional representation. However, it is possible to have finite-dimensional
representations when A; > 0 for all ¢ if ¢ £ 1, which is in contrast with the ¢ = 1 case
considered by Crawley-Boevey—Holland. For example, if¢ < 1and A = (1—¢,1—¢,1—q)
(so each \; is positive) then Hé (A3) (shown below on the left with its relations) has the
finite-dimensional representation given below on the right:
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1 k
Qg aq 1 1
he Oéo§0 - C]?zoéz =(1-qeo 1 1
a1 — qapag = (1 —q)eg
Qs gty — qanag = (1 —q)eg 1
0 e———m2 k «—k

(%) 1

8.3 Singularities in case (iv)

Now consider case (iv), in which case we are deforming k s[u, v]“2. In this case, we can
write our deformation as O%(A1) = eglI}(A1)eq for some weight . Theorem can
then be refined as follows:

Theorem 8.3.1. Suppose that A is a weight for 1&1. The functor

Hom I} (A1)eg, —) : mod-O% (A1) — Mod-End,, 7 (I} (A1)eq)

o3 (i) AR

induces a triangle equivalence

proj-k if Ay =0

MCM-og(&l)i{ 0 ifa A0

Proof. By Theorem there is a fully faithful functor
MCM-O%) (A1) — proj-IIM (Ay).

By [CBH9S8, Lemma 7.1 (1)], TI™ (A1) = 0 if A; # 0, whence the result in this case. If
A1 = 0 then to establish a k-linear equivalence it remains to show essential surjectivity,
but this is immediate since the only indecomposable of proj-II* (A;) ~ FVecty is
k, and Hoimeﬁ(&l)(ﬂﬁ(Al)eo,Hﬁ(Al)eo) = k. Finally, this is a triangle equivalence
because, by [Chell, Lemma 3.4], Dss(Ra,) has a unique triangulated structure since
the only k-linear autoequivalence of F'Vecty is the identity. O

In particular, Theorem shows that (’)j}(,&l) has an A; singularity when~)\1 = 0.
Using this theorem, we are able to determine the global dimensions of S}(Al) and
OY(Ay):

Theorem 8.3.2. Suppose that X is a weight for 1&1. Then

gl.dimS) (A1) =2 and gl.dimO)(A;) = { 020 Zj ii ;8 .

Proof. We first show that S}(,&l) always has global dimension 2. By Proposition@
it suffices to show that it always has finite-dimensional modules, and by Theorem [7.2.1]
we only need to show that this is the case for IT1}(A1). But it is easy to check that IT}(A;)
(shown below on the left with its relations) has the finite-dimensional representation
given below on the right,
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Ovl Frpgierr
aq 0

o0y — Q1 — Oy = Ao€
10 — Qpayp — g = Aqeq

and so Hf}(&l) has finite-dimensional modules.

We now seek to determine the global dimension of Oﬁ(&l) If A\; = 0, then Theorem
8.3.1{ implies that gl.dim Oﬁ(/&l) = 00. So instead suppose that A\; # 0. By Theorem
8.3.1) Of‘,(,&l) has finite global dimension (in particular, this value is either 1 or 2 by
Proposition . As in the proof of Corollary Hj}(&l) and Oﬁ(&l) are Morita
equivalent. But the previous paragraph shows that Hﬁ (Al) always has global dimension
2, and hence the same is true of O(’}(Al) when A\; # 0. O

8.4 Singularities in case (iii), m even

For case (iii) when m is even, we are interested in deformations of the singularity arising
from D, acting on k_1[u,v]. Writing n = mTH, Theorem allows us to view our

deformations as having the form O, (D,)) = eoII*, (D, )eq for some weight A. In fact,
since D, is a tree, Lemma implies that IT* 1(]]3),1) is isomorphic to IIV (D) for
some weight ), and hence O (D,) = OV (D,,). The global dimension of IV (D,,) and
O (D,,) can then be determined from the results of [CBH98].

We now consider the singularity category of O (Dp). By the results of Section
there exists a quasi-dominant weight A’ such that O (D,) = O*"(D,). A description
of the singularity category of this deformation then follows from Theorem

8.5 Singularities in case (ii)

We now turn our attention to deformations of k_1[u,v]%2. We will see that this is the
first example which exhibits new behaviour, in the sense that we obtain singularity
categories which are distinct from those we have seen so far. We will also see that
deforming these singularities never makes them nonsingular, as was the case for defor-
mations of Kleinian singularities. In particular, this means that O (L;) and S*,(L;)
are never Morita equivalent, since the latter always has global dimension at most 2.

To this end, suppose A = (Mg, A1) is a weight for L; and write g = (A1). We can
then view our deformation as having the form O* 1(It,l) = eoll? l(IEl)eg. Theorem
tells us that there is a fully faithful functor

MCM-O* | (Ly) — proj-IT* (Ly).

Now H’il(]Ll) has a single vertex with a loop 1, and the only relation is 5% = \Nep. It
follows that

x]/(z?) i =
R P Tt
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If we combine these observations then we are able to determine the global dimension of

O, (L1), and then use this information to determine the global dimension of S*; (L ):
Theorem 8.5.1. Suppose that A is a weight for IEl. Then
gl.dimS* (L)) =2 and gl.dim O (L;) = oo.

Proof. Under the fully faithful functor Hom s g (I1* | (L1 )eo, —), the object IT* | (IL; )eg
21

is sent to 11" (1) # 0, so the category MCM-O* 1(]I:l) is nontrivial. This implies that
O (L) always has infinite global dimension.

We now show that S* 1(11) always has global dimension 2, and as in the proof of
Theorem it suffices to show that IT* 1(IEl) always has finite-dimensional modules.
But this is clear since II* | (IL1)/(eq) is always two-dimensional. O

This result contrasts with those [CBH9S§]|, which shows that deformations of Kleinian
singularities are generically nonsingular and that the corresponding deformations of
their skew group rings are generically hereditary. While O 1(]I:l) is never nonsin-
gular, the fact that proj-k x k (obtained when A\; # 0) is homologically nicer than
proj-k[x]/(z?) provides some evidence towards A acting as a “smoothing parameter”.

8.5.1 Singularities when \; =0

In the cases where A\ = 0, we are able to give a more precise description of the
singularity category.

Theorem 8.5.2. Let A\ be a weight for IEl with A1 = 0. Then there is a triangle
equivalence

MCM-0* (L) ~ proj-TI_; (Ly).

The induced translation functor on proj-11_;(ILy) is the identity on objects, and satisfies
Ye1 = —e1. In particular, if X and X' are both weights with A\ = 0 = X}, then there is
a triangle equivalence

MCM-0* (L) ~ MCM-O (Ly).

Proof. We recall that in this setting, IT* 1(111) is the following path algebra with rela-

tions:
—>a0 2 2
€0 0 1 €1 €p + apaig = Aoeg, €7 + apag = 0.
Qg

By Theorem the functor

Hom, (I (L1)eg, —) : MCM-O* | (ILy) — proj-TI_; (Ly),

A (Ly)
is fully faithful. Now proj-II_;(LL;) is Krull-Schmidt and has only a single indecompos-
able, namely P; := IT_;(IL;) itself, which is the image of IT* 1(]I:l)eg under the above
functor, and so we in fact have a k-linear equivalence. In particular, this induces an
algebraic triangulated structure on proj-II_;(L;), and Theorem implies that such
a triangulated structure is unique. This immediately implies the final claim.
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Write ¥ for the translation functor on proj-II_; (L), which is necessarily the iden-
tity on objects. To determine the translation of €1 : Py — P, it suffices to determine
this for 1 : Vi — V7 viewed as a morphism in MCM—Oil(Ll). To do this, we must

first identify a short exact sequence of O} 1(E1)—modules ending with V] whose middle
term is projective. To do this, observe that we have a complex of O 1 (Ly)-modules

ape1
—Q (@0 Elao)
0V —5 Ve Vg ——5 Vi — 0. (8.5.3)

Filtering by path length, we can consider the associated graded complex of eglI_; (]El)eg-

modules
o€l
e

and we claim that this sequence is in fact exact. Since any path from vertex 1 to vertex
0 in I1* | (L) begins with either @y or £1ap, the right hand map in 1) is surjective.
Similarly, the map

(50 € 150)

0 — Vi[-3] Wl-1] & W[-2] ———= V1 — 0, (8.5.4)

<a051 —Oé()) : 601_[,1(]1’:1)60 D €0H,1(£1)€0 — eOH,l(Htl)el

given by multiplication on the right is surjective. Dualising and applying Corollary
shows that the left hand map in is injective. To establish exactness, it
therefore suffices to show that the alternating sum of Hilbert series in is equal
to 0. Using [MOV06, Theorem 2.3.b], one calculates that V{ and V; have Hilbert series

2 —t+1 t
hilb Vj = d hilbV; = .
T Ay a2 ™ S C W R

It follows that the alternating sum of the Hilbert series in the complex (8.5.4) is

t(1+1t3) (t+t)(t2 —t+1) 0
1+2)1-1)2  (Q+e)(1-02

as required. Finally, since is exact, [MRO1, Proposition 1.6.7] implies that the
sequence of O*; (L1 )-modules in is also exact. This also tells us that ¥V; = V7,
which is in line with our earlier observation.

We are now able to determine Xe. It is easy to check that the following diagram
of 0, (IL)-modules, the rows of which are exact, commutes:

(“e) %o e17
—ao (o e1a@p)
0 >y V1 V() ) V() % 0
|
( 0 7(1050)
—€1 ) 0 €1
1
0 > Vi VoW > V1 0
<a051> (a@p e1ap)
— o0
By the definition of > on morphisms, it follows that ¥y = —&;. O
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In [ESO8], the authors show that the singularity category of a simple curve singu-
larity of type Ag, namely k[z, y] /(2% + 33), is k-linearly equivalent to proj-II(L;). By
Theorem [3.3.2] again, we therefore have a triangle equivalence

MCM-k[z, y[ /(22 + y*) ~ MCM-O*, (L,)

for any weight A with A\; = 0.

We have been unable to give a more precise description of the singularity category
when )\ is nonzero. In this case, the category proj-II*;(IL1) has two indecomposables.
We have been unable to identify indecomposables of MCM-0? (}L) which are mapped
to these indecomposables under the functor from Theorem [8.1.5

8.6 Singularities in case (iii), m odd

Finally, we consider deformations of k_i[u,v]P™ and k_i[u, v]# D,, when m is odd.
We will see that these behave in a similar way to the singularities in case (ii). This
similar behaviour is related to the common feature linking these deformations: their
dependence on the data of an affine version of an IL,, quiver.

As has been the case throughout this chapter, we view our deformation of k_1[u, U]Dm
as having the form O* 1(]15)\]Ln) = eoll* 1(Hf)\in)eo. For notational convenience, we have
the following lemma:

Lemma 8.6.1. If A\ is a weight for ]D)Ln, then there exists a weight N such that
I, (DL,) = ITY (DL,,), where X; =0 if and only if \; = 0.

Proof. By applying the procedure outlined in the proof of Lemma to loop-free
vertices and borrowing the notation, we can construct an isomorphism 1%, (DL, ) =

H;‘N (@Ln) where

Q(i):{ Lo

ifi=n
Setting A, = —\’ and X, = X for i # n, it is then easy to check that the map
Héﬁ (DL,,) — IV (DL,,) sending & — v/—1¢ and fixing every other arrow is an isomor-
phism. O

Without loss of generality, we therefore instead work with the algebras H’\(mn)
and ONDL,) = eOHA(ﬁ]ln)eo for some weight A for the rest of this section.

We begin by showing that deformed preprojective algebras of I, quivers are always
nonzero, which is in contrast with the Dynkin case, cf. [CBH98 Lemma 7.1 (1)].

Proposition 8.6.2. Let I (IL,,) be a deformed preprojective algebra of type L. Then
dim ITI*(L,,) = dimII(Ly,) = gn(n + 1)(2n + 1); in particular, I’ (L) is nonzero.

Proof. For this proof, label the arrows of the quivers Ay, and L,, as follows,
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o1 () Q2n-2 Q2n-1

1\_/2\_/ \_/QH—IVQTL
aq a9 Qop-2 Q2p-1
B1 B2 Bn-1
~— 9 — > N —
1 — T — < _— D/Bn = /Bn
61 52 511—1

and write e; and f; for the vertex idempotents in kA, and kL, respectively. Define a
linear map ¢ : kAg, — kIL,, (which we emphasise is not an algebra homomorphism) on
a basis of paths as follows: on vertices and arrows it takes values

ei = fi,  enyi fapr—i,  1<i<on,
o — Bi, a; — By, 1<i<n
Qnti — /Bn—z'a Qnij — ani, 1<i<n— 1)

and on longer paths we extend the above rule multiplicatively. (Graphically, we can
think of ¢ as “folding” As, to obtain L,,.) In particular, ¢ is a surjective map such that
every basis element of kIL,, has exactly two preimages under ¢. Let U; be the space of
paths in kA,, beginning at vertices 1, ..., n and let Us be the space of paths starting at
vertices n + 1,...,2n. We can then think of ¢ as a map U; @ Uy — kL,, such that, for
1=1,2, <Z>\Ui is a vector space isomorphism. Let W be the subspace of kA, spanned
by elements of the form

Pty — Q101 — Ai€;)q, 1<i<n
P(QnyiQnti — Qngi—10n1i—1 + Ant1—i€nti)q, I<i<n

where p, ¢ are arbitrary paths and where ag = ap = a2, = a2n == 0. As vector spaces,
we have an isomorphism kAo, /W = I1¥#(Ag,), where p = (A1,..., An, =Any. ooy — A1),
and also kAo, /W = U /(W NUy) @ Uy /(W N Us). Now, ¢ gives rise to a linear map

5. Ui U _, KL,
WU, T WU, (W)

which is an isomorphism when restricted to either summand. Writing 5y = 3, = 0,
observe that for 1 <7 < n we have

Ploit; — @101 — Nieg) = Biff; — Bi_1Bi-1 — Aifi
G(On4i@nti — Ontrim1Ontie1 + Ant1—i€nti) = BpiBn—i — Bnt1—iBni1_i
+ Ant1—ifnt1-i
= —(B;B; = Bj_1Bj—1 — Aifj)

where j =n + 1 — 14, and so kLL,,/¢(W) = TTI*(LL,,). It follows that
2 dimy 1 (L, ) = dimy IT#(Agy,).

Finally, by [EEQ7, Proposition 5.0.2],

ity T (Agn) = dimy, TT(Agy) = é(Qn)(Qn +1)2n+2) = %n(n +1)2n + 1),
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and therefore dimy IT*(L,) = $n(n + 1)(2n + 1). O

We can now deduce that the deformations OA(ﬁILn) are always singular, as well as

determine the global dimensions of the algebras S*; (DL,,):
Theorem 8.6.3. Suppose that A is a weight for ﬁin. Then
gl.dimSil(mn) =2 and gl.dim (9’\(]]/)51{%) = 00.

Proof. We begin with ok(uﬂn). Writing = (A1, ..., An), Theorem tells us that
there is a fully faithful functor

MCM-O*(DL,,) — proj-II*(L,,).

Notice that IT#(LL,,) nonzero by Proposition m Therefore under the fully faithful
functor Homox(mn)(EA(DLn)eg, —), the object II(DL,,)eq is serito IT#(LL,,) # 0, so the
category MCM-O*(DL,,) is nontrivial. This implies that O*(DL,,) has infinite global
dimension. -

To show that S*;(DL,) always has global dimension 2, it suffices to show that

H’\(]ﬁ)\]]:n) has finite-dimensional modules. As in Theorem this follows from the
fact that TIM(DL,)/(eo) = I*(LL,) is nonzero and finite-dimensional. O

As with case (ii), this behaviour contrasts with that of deformations of classical
Kleinian singularities, since deformations of the invariant rings and skew group rings
in the classical setting are generically Morita equivalent and hereditary.

8.6.1 Singularities when )\; =0 for all ¢ # 0

As with case (ii), when \; = 0 for i # 0, we can give a more precise description of the
singularity category of O*(DL,,). We first need some preparatory results.

Lemma 8.6.4. Grading H(H/)ﬁm) by path length, the Hilbert series of the vertex modules
Vi = ¢, II(DL,,)eg are given by

1+ ¢2n+1
hilb Vo =
1 0 (1 —t4)<1 _t2n+1)
(14 7%)
hilb V; =
PIT o)1 — e
ti—l 1 t2(n—i)—|—1
hilbV; = (1+ ) for2<i<n

(1—1t2)(1 —¢2n-1)
Proof. By [MOV06l, Theorem 2.3.b], if we write A for the adjacency matrix of ]ﬁin, the
matrix Hilbert series of II(DL,) is given by H(t) = ((1 + t*)I — tA)fl. In particular,

hilbV; is the (7,0)th entry of this matrix. To verify that the Hilbert series are as
claimed, if we write h; for the claimed Hilbert series of V; then it suffices to check that

(hg hy - hn>00:(1 0 ... O)T,

where Cj is the Oth column of ((1 +12)I — tA). This amounts to verifying the equalities
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(1+t%)hg — thy =1,

(1+t*)hy — the =0,

(1 +t*)hg — t(ho + h1 + h3) = 0,
(1+t>)hi —t(hi—1 + hiy1) =0  for3<i<n—1,

(1+t*)hy — th,_1 = 0.

This is entirely routine, so we verify only the third equality:

(1+t*)hy — t(ho + h1 + h3)
)Y ( 1420+ £2(1 + 1273 £2(1 + ¢2n5) )

A=) - (121 (L1 2] (1 A1 )
EL+ 22 (1 +2"73) — (1 + 2771 — 3(1 +2773) — (1 + 2) (1 + 2" 7P)
(1 —tH(1—2n 1)
(t426° +°) (1 +2"77) —t(1 + ") =3 (14 2"73) = 3 (L4 2 + 4272 412" 79)
(1—t4)(1 — 27 1)
R L e S T el At Sl At At S
(1 —t4)(1 — 2 1)

=0.
The other calculations are similar, and so the Hilbert series are as claimed. ]
Lemma 8.6.5. Write p for the path agas ... cp—1 in ]]3)\]171, and p for its reverse. Then
Vy, = pagVo @ epaigVp @ £°paio Vo ® £°pa Vo (8.6.6)

Proof. We need to show that the map Vjt — V,, given by left multiplication by
(pag Epag €°pto € Pao)

is surjective and, by [MRO1), Corollary 6.14], it suffices to show this for gr HA(mn) =
H(mn) Consider any path ~ from vertex n to vertex 0 in DLy, where it suffices to
assume that ~ visits vertex 0 only at its end. We need to show that v can be written
as an element of the right hand side of . By using the relation at vertex 2, we
can assume that v does not visit vertex 1. Furthermore, if v has a subpath from vertex
n to itself which does not pass through vertex 2 (respectively, a subpath from vertex 2
to itself which does not pass through vertex n), by using the relations a;a; = @11
3<i<n-—1)and €2 = @,_1a,_1 we can assume that this subpath is given by &’ for
some i (respectively, (as@i2)’ for some j). We can therefore assume that v has the form

v = e"P(agtix) pe”Patiz)?p . . . Pl ) alp.

Using the easily-established identities pagas = @p—10,—1p and pp = £"~2 repeatedly,
v = epap in I(DL,). If i < 3 then we're done, so suppose that i > 4. Then, noting

that agag =0 = ajay in H(DLn),
v = et pag = e pasdaananay = £ Pasaaim @y = e *paga@oararap,

which lies in the right hand side of (8.6.6). The result then follows by induction on
i >4 O
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Theorem 8.6.7. Let \ be a weight for IEn with A\; = 0 for i # 0. Then there is a
triangle equivalence

MCM-ONDL,,) ~ proj-TI(L,).

The induced translation functor on proj-Il(L,,) is the identity on objects, and satisfies
Ye = —e. In particular, if A and X' are both weights with \; = 0 = X, for all i # 0,
then there is a triangle equivalence

MCM-O*(DL,,) ~ MCM-0O* (DL,).
Proof. By Theorem the functor
7H0m0>\(]]’)§in)(n/\(£n)607 _) : 7MCM—O)\(]E”) - pI‘Oj—H(Ln),

is fully faithful. Now proj-II(L,,) is Krull-Schmidt and has n indecomposables P; =
e;II(Ly). As in Theorem we have

Hom,, 57 (I (L )eo, Vi) = P;
and so this functor is essentially surjective and hence a k-linear equivalence. As in
Theorem this induces an algebraic triangulated structure on proj-II(L, ), which
is unique by Theorem [3.3.2] The final claim then follows.

Write ¥ for the translation functor on proj-II(L,). By Lemma Y must in-
duce a graph automorphism of the vertices of L,,, and hence it is the identity on the
objects P;. To determine X : P, — P, it suffices to determine the translation of the
corresponding morphism ¢ : V;, — V;, in MCM-O*(DL,,).

We first determine a short exact sequence of (’))‘(]lﬁ.,n)—modules ending with V;, and

whose middle term is projective. (This will also determine ¥V,,, which we already know
to be V;,.) Adopting the notation from Lemma we claim that the sequence

Qo (1 pe
—Qoa1anp
Qope
_ D o 20— 3o
aop 4 (pozo Epagy €°papy € pao)
00—V, Vo Vi —0 (8.6.8)

is exact. The following calculation confirms that it is a complex, where we note that
Qp_10y,—1Pp = Pagas and use the fact that ayaq = 0:

P - @ onpe + £°PT - APE = PGl 1 PE + Oy 10t —1 POOOOPE
= P20 0 PE 4 POatiaGig O PE
= paatigraiape
— €2n+1
= epQatia22p
= P10 P + EPat2t P
= EpQp - Q1P + EQp—10p—1POOCOD

J— — 3——
=€Epag - a1 p + P - P

Filtering by path length, we can consider the associated graded complex of O* (mn)—
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modules

(agi%%f“p)
0 = Va[=(2n + 1)) ~——5 Vo[~(n — D)] @ Vo[—n] ® Vo[~ (n + 1)] ® Vo[~ (n + 2)]

(pao epap e*pay £*pag)

V, =0  (86.9)

and we claim that this sequence is in fact exact. By Lemma the right hand map
is surjective. Similarly, one can show that the map

(aoalalpg —qpaia1p  Qope —a0p> : (eoﬂ(mn)eo)4 — eoﬂ(mn)en

given by right multiplication is surjective. Dualising and applying Corollary [8.1.2] shows
that the left hand map in is injective. To establish exactness, it therefore suffices
to show that the alternating sum of the Hilbert series of the modules in this complex
is equal to 0. By direct calculation:

(1 + 2" hilbV, — ("1 + " + " " T2) hilb Vp =
tnfl(l +t)(1 +t2n+1) (1 +t2n+1)(tn71 +tn +tn+1 +tn+2)
(1 —t2)(1 _t2n—1) (1 —t4)(1 _t2n+1)
(1 + th-‘rl)(tn—l(l + t)(l + t2) _ (tn—l + tn + tn+1 + tn+2))
(1 _ t4)(1 _ t2n+l)
(1 + t2n+1)((tnfl + tn + tn+1 + tn+2) _ (tnfl + tn + tn+1 + tn+2))
(1 _ t4)(1 _ t2n+1)

=0,

and so is exact. Then [MROI, Proposition 1.6.7] implies that the sequence of
o> (mn)—modules in is also exact. We also see that XV,, = V,,, as expected.

We are finally able to determine Y. We claim that the following diagram of
OMDL,,)-modules, the rows of which are exact, commutes:

_ P
Qoaiope E%aoo
—apaia1p P
aope E"pao
—agp e*pao
n 04 > Vn 0
0 0 0 awgajarg
eo 0 O 0
—& 0 e O apQQ >
0 0 eo 0
0 |74 %5 >y Vi, 0
Oloaioqpa pao T
—QpQa1a1p Epap
“ope e2pa
—oop 3870
e3pap

To show that the right hand square commutes, the only calculation that requires some
effort is the following;:

I — _ 2 — o _ o _
Pag - iy g + E7PQg - g = Paraiai (1 g + Paa Cia g Qp Oy
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= PQoQot22(
= 3pap.

The following calculation verifies that the left hand square commutes:

0 0 0 ayoqaiay Qo011 Pe — o1 (v QL P

ep 0 O 0 —aga1ap Qi v PE

0 e O o oopEe —p11 P — QP
0 0 eg 0 —ap Qope

—Q 0] 2P
QO] PE
—QQQi0p

aope

—aoala1p62
a7 Yo% e 58243
—a0p€2
Qope

Qo1 1 PE
— —Q a1 p (—6)

aope
—Qp

By the definition of ¥ on morphisms, it follows that Ye = —e. O

By [ES08] again, the singularity category of k[, y]/(z? + y?"*1), the coordinate

ring of a simple curve singularity of type Ag,, is k-linearly equivalent to proj-II(L,).
By Theorem again, we therefore have a triangle equivalence

MCM-k[z, y] /(2 + y** ") ~ MCM-O*(DL,,)

for any weight A with A; = 0 for 7 # 0.

As with case (ii), we have been unable to give a more precise description of the
singularity category when some of the \A; are nonzero for ¢ # 0. In particular, the
number of indecomposables of I1#(ILL,) appears to depend on A in a highly nontrivial
way. Investigating this will be the subject of future work.
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