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Chapter 1

Introduction

In this thesis, we study moduli stacks of torsion-free sheaves on K3 surfaces
and noncommutative Projective Calabi-Yau schemes. This thesis consists of
two main parts.

In Chapter 2, we study moduli stacks of torsion-free sheaves on K3 surfaces.
We also give an application to Brill-Noether theory.

When we consider moduli spaces of coherent sheaves, we have a serious
problem. The problem is that we cannot construct moduli spaces parametriz-
ing all coherent sheaves. We have two solutions to this problem. One is restrict-
ing coherent sheaves we consider to semistable sheaves. Then, we can construct
moduli spaces of semistable sheaves by using geometric invariant theory. The
other is constructing the moduli spaces as stacks, which are generalizations of
schemes. In this case, moduli spaces we obtain are not generally schemes, but
they parametrize all coherent sheaves. We often call moduli spaces as stacks
moduli stacks.

K3 surfaces are not only Calabi-Yau manifolds but also (holomorphic) sym-
plectic manifolds. Many examples of Calabi-Yau manifolds are known, while
known examples of irreducible symplectic manifolds are only 4 types up to de-
formations. Many of them are constructed by using moduli spaces of semistable
sheaves on K3 surfaces. From this point of view, studying moduli spaces of
coherent sheaves is important.

It seems that dealing with moduli stacks is more difficult than moduli
schemes because stacks are defined as fibered categories or pseudo functors
although schemes are defined as locally ringed spaces. Actually, moduli spaces
of semistable sheaves are more studied than moduli stacks of coherent sheaves.

On the other hand, different geometric properties of moduli stacks of co-
herent sheaves from moduli spaces of semistable sheaves are observed and
applications to studying schemes are given. Walter studied moduli stacks of
torsion-free sheaves of rank 2 on a ruled surface and gave an application to
Brill-Noether theory ([56]). In detail, he gave the irreducible decompositions
of moduli stacks of torsion-free sheaves of rank 2 and those of Brill-Noether



loci of a Hilbert scheme of points on a ruled surface. As related results, various
types of stratifications of stacks are studied by Gémez, Sols and Zamora [14]
and Hoskins [16] and others.

Let X be a K3 surface over C of Picard rank p(X) = 1. Main results of
Chapter 2 are giving the irreducible decomposition of the moduli stack . (v)
of torsion-free sheaves on X with Mukai vector v and of Brill-Noether loci of
the Hilbert scheme Hilb™(X) of N points on X. Since the properties of K3
surfaces are different from those of ruled surfaces, we need different ideas from
Walter to get the results and mainly use the theories of sheaves on K3 surfaces
by Yoshioka ([23], [24], [60], [63], [62]).

We denote by .#*(v) the moduli stack of semistable sheaves with Mukai
vector v. Our first result in Chapter 2 is the following.

Theorem 1.0.1. Let X be a K3 surface of p(X) = 1 over C, let vy be a
primitive Mukai vector and, let v = ([v]o, [v]1, [v]2) = mvy (m € Z). We
assume [v]g = 2. Then, we have the irreducible decomposition of A" (v) as
follows.

//{tf< ) = {//ss( v) U U (v1,09)<1 ///131]\71}2 () if (v, ve) > —2
Uty (0) otherwise

(v1,v2)

,where the stack AN (v) is defined as

(v1,v2)

(v1,v2

MEN y(v) = {E € .M (v)

3(O C Fy C E) : Harder-Narasimhan filtration
such that v(E;) = v1,v(E/Ey) = vy '

Remark 1.0.2. Note that .#*(v) # 0 if and only if (vg, vg) > —2 ([63, Corollary
0.3]). And, we can compute the dimensions of .#*(v) at each point by using
Theorem 2.1.1 and Lemma 2.3.11.

(Classical) Brill-Noether theory is study of special divsors on a curve. To be
accurate, a Brill-Noether locus is defined as a special locus of the Picard variety
Pic(C) of a smooth projective curve C, which is well-studied for a long time
([1],[2]). On the other hand, a Brill-Noether locus of a moduli space of sheaves
on a smooth projective variety is a special locus defined by cohomologies of
coherent sheaves in the space, which is naturally a generalization of a classical
Brill-Noether locus on a curve. We think of Hilbert schemes of points as moduli
spaces of ideal sheaves of finite schemes and define Brill-Noether loci of Hilbert
schemes of points by using the identifications.

In our case, the Brill-Noether locus Wi (nH) is defined as

Wi (nH) = {[Z) € Hilb (X) | b (S5(nH)) > i},

where i,n, N € Z>o and H is ample generator of Pic(X). In particular, A
Brill-Noether locus of Hilbert schemes of points parametrizes tuples of points
in special positional relationships. Because we have a bijection between the
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set of irreducible components of Wi (nH) of Hilb" (X) and a set of irreducible
components of .#*(v) for some Mukai vector v whose general member satisfies
certain conditions, we can classify the irreducible components of W (nH)
of Hilb" (X) as an application of the first result if we classify such special
irreducible components of . (v). The second result of Chapter 2 is classifying
Wi (nH) when i = 0.

Theorem 1.0.3. Let X be a K3 surface of p(X) = 1 over C, let v :=
(2,nH, ”2—2H2 — N + 2)= muy (v : primitive Mukai vector, m € 7Z) and let
nH be an effective divisor on X (n € Zsq, H : the generator of Pic(X)). We
assume N < h°(O(nH)). Then, we classify the irreducible components of

Wy(nH) = {[Z] € HIb"(X) | h'(Fz(nH)) > 1}

into one of the following.

(a) = for all (vy,va), if (v1,v2) < 1, [v1]1, [ve]1 # 0 : effective and —1 < [vq)s,
there exists a unique irreducible component of WY(nH) such that, for a general
member Z, the torsion-free sheaf E fitting into the extension

0—>0x > FE— F72(nH) =0

is contained in //(ff\fw)(v).
(B) : if (vo,v0) > —2 except for the case “ H* = 2 and v = (2,3H,5) 7,
there exists a unique irreducible component of Wy(nH) such that for a general

member Z, the torsion-free sheaf E fitting into the extension
0—0x —>FE— I7(nH) — 0
is contained in M *(v).

Remark 1.0.4. If N > h°(€(nH)), then W (nH) = Hilb" (X). And by using
Theorem 2.1.3, we see not only whether W3 (nH) is empty or not but also the
dimensions and the number of the irreducible components of W (nH).

Note that we consider all K3 surfaces of Picard rank 1 although Walter
([56]) only consider a special ruled surface P! x P! in applications of Brill-
Noether theory.

In Chapter3, we study noncommutative projective Calabi-Yau schemes.

Two Noetherian schemes S, T are reconstructed by the categories Coh(S5)
and Coh(T") of coherent sheaves on S, T', respectively. This is proved by Gabriel
in 1962 ([12]). On the other hand, it is well-known that the category Coh(.S)
of coherent sheaves on a projective scheme S over a field k is equivalent to the
Serre quotient category qgr(R) of a the category of finitely R-graded modules
by the subcategory of torsion R-modules, where R is a graded k-algebra ([44]).
From this point of view, a noncommutative projective scheme proj(R) asso-



ciated to a (not nececessarily commutative) graded k-algebra R is defined by
the pair (qgr(R), R), where R is the object in qgr(R) naturally given by R.

As mentioned above, to find an essentially new example of holomorphic
symplectic manifold is very difficult. On the other hand, a triangulated sub-
category of the derived category of a cubic fourfold in P®, which is obtained
by some semiorthogonal decompositions, has the same property as the derived
category of coherent sheaves on a projective K3 surface such as the Serre func-
tor exists and is the 2-shift functor [2] ([25]). Moreover, some such categories
are not obtained as the derived categories of coherent sheaves of projective K3
surfaces and called noncommutative K3 surfaces.

A noncommutative projective scheme proj(R) is Calabi-Yau n scheme if
qgr(R) is smooth and the Serre functor of D’(qgr(R)) is the n-shift functor.
It seems that describing a noncommutative K3 surface as the derived category
of a noncommutative projective scheme is interesting. However, there are few
examples of known noncommutative projective Calabi-Yau schemes. The only
example of a non-commutative projective Calabi-Yau scheme known to the
author is the one constructed by Kanazawa ([22]).

In Chapter 3, we construct new examples noncommutative projective
Calabi-Yau schemes by using noncommutative Segre products and weighted
hypersurfaces.

In order to construct noncommutative projective Calabi-Yau schemes as
noncommutative analogues of complete intersections in Segre products, we
perform a more detailed analysis of noncommutative projective schemes de-
fined by Z2-graded algebras, which were studied by Van Rompay ([53]). A
different approach to noncommutative Segre products is also studied in [15].
The result regarding noncommutative Segre products is the following.

Theorem 1.0.5. Let A = k{zo, - ,2,)/(v;2; — guzviz;)i;, B =
ko, - s Ym) /[ (Yi¥i — €yiyi)iy and C = A @y B, where q;;,qj; € k™ for
all i,5. We regard C' as an N?-graded algebra with bideg(x;) = (1,0) and
bideg(y;) = (0,1) for all i.

1. Let f = Y0 2™ and g == Yyt We assume that (i) q; =

=0 "1
n+1 /m+1

4ij95i = 435 = 1 for all i, j, (i) q;; = qz{qui =4q; = L for alli,j.
Then, proj(C/(f,g)) is a mnoncommutatative projective Calabi-Yau
scheme of dimension (n +m — 2) if and only if [[;_yqi; and [TZ, q;
are independent of 7, respectively.

2. Suppose that m = n + 1 (resp. m = n) and q;; = 1 for all i,j. Let
f=300 s and g = Syt (resp. SO0 yr). We assume that
Qi = 4ijq5: = qé}“ =1 foralli,j.

Then, proj(C/(f,g)) is a noncommutatative projective Calabi-Yau
scheme of dimension (2n — 1)(resp. (2n — 2)) if and only if [[;_, ¢
15 independent of j.



In order to construct noncommutative projective Calabi-Yau schemes as
noncommutative analogues of weighted hypersurfaces, we consider quotients
of weighted quantum polynomial rings. Local structures of noncommutative
projective schemes of quotients of weighted quantum polynomial rings are
somewhat complicated. This makes studying the smooothness of noncommu-
tative weighte hypersurfaces difficult. We overcome this by using the notion
of quasi-veronese algebras introduced by Mori ([33]). The result regarding
noncommutative weighted hypersurfaces is the following.

Theorem 1.0.6. Let (dy,--- ,d,) € Z"§' and d := >oiodi such that d is
divisible by d; for alli. Let C = k(xo,- - ,z,)/(xjz; — qjiziz;);;, where q;; €
kX, deg(x;) = d; for alld,j. Let f:= 3" M, where h; := d/d;.

We assume that q; = qi;qi = qlh]’ = qZ =1 for alli,j. Then, proj(C/(f))
is a noncommutative projective Calabi-Yau scheme of dimension (n—1) if and
only if there exists ¢ € k such that ¢ = [[i_, qi; for all .

Moreover, we prove that some our constructions in Theorem 1.0.6 give
essentially new examples of noncommutative projective Calabi-Yau schemes
which are not isomorphic to commutative Calabi-Yau manifolds.

Proposition 1.0.7. There exists a noncommutative projective Calabi-Yau
scheme of dimension 2 which is obtained in Theorem 1.0.6 and not isomor-
phic to either commutative Calabi- Yau surfaces or noncommutative projective
Calabi- Yau schemes of dimensions 2 obtained in [22].



Chapter 2

Classifying the irreducible
components of moduli stacks of
torsion-free sheaves on K3

surfaces and an application to
Brill-Noether theory

2.1 Introduction

Moduli spaces of sheaves is one of the most central areas of algebraic geom-
etry. By considering them, many interesting objects have been found. On
K3 surfaces, moduli spaces of sheaves can have symplectic structures, which
was first observed by Mukai ([38]). On the other hand, as is well-known, we
can construct such moduli spaces by restricting objects to coherent sheaves
satisfying stability. However, the moduli spaces do not parametrize unstable
sheaves. In this point, stack is important and useful tool to construct moduli
spaces which is difficult to construct in the framework of scheme.

Our original motivation of the present paper is studying symplecticity of
moduli spaces of sheaves on K3 surfaces. Moreover, in [37] and [63] and others,
it was shown that non-emptiness, irreducibility and other properties of moduli
schemes depend essentially on Mukai vector. In [24] and [62], properties of
the moduli stacks of semistable sheaves on K3 surfaces are studied. Although
we can study moduli spaces of unstable sheaves on K3 surfaces by using stack
theory, detailed observations are less than studies of moduli schemes.

Various types of stratifications of stacks are studied by Goémez, Sols and
Zamora [14] and Hoskins [16] and others. However, it seems that irreducible
decomposition of moduli stacks of sheaves is not treated in these papers. In the
present article, we first classify the irreducible components of moduli stacks
of torsion-free sheaves of rank 2 on K3 surfaces of Picard number p = 1.
Classifying the irreducible components of moduli stacks of torsion-free sheaves
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on ruled surfaces is discussed in [56]. However, we need new ideas to solve our
problem because K3 surfaces have trivial canonical sheaves and may not be
fibered surfaces. Important results and methods in this paper are studies of
moduli stacks of semistable sheaves and filtered sheaves by Yoshioka ([23], [24],
[62], [60]), the classical theory by Shatz ([45]) and generalized Shatz’s theory
by Nitsure ([39]). By using these theories, we obtain our first result. More
precisely, we first take stratification of moduli stacks of torsion-free sheaves by
moduli stacks of semistable sheaves and ones of Harder-Narasimhan filtrations.
After that, we analyze the strata and describe the irreducible components by
using the above theory of Yoshioka.

If 4" (v) and .#*(v) denote respectively the moduli stacks of torsion-free
sheaves and semistable sheaves with Mukai vector v (in detail, see Definition
2.2.1), our first result is the following.

Theorem 2.1.1. Let X be a K3 surface of p(X) = 1 over C, let vy be a
primitive Mukai vector and, let v = ([v]o, [v]1, [v]2) = mvy (m € Z). We
assume [v]g = 2. Then, we have the irreducible decomposition of A *(v) as
follows.

%tf( ) = {//ss( v) U U (01,09)<1 ///131]\7”2 () if (v, ve) > —2
U//[HN (v) otherwise

(v1,v2)

, where the stack .///HN

(v1,v2)

)(v) is defined as

(v1,v2

HN g tf
M ;) (V) { €A (v) such that v(Ey) = vy, v(E/Ey) = v,

3(O C Ey, C E) : Harder-Narasimhan ﬁltration}

We call }Ulfm)(v) the moduli stack of Harder-Narasimhan filtrations with
type (v1,v2). (in detail, see Definition 2.3.3)

Remark 2.1.2. Note that .#*(v) # 0 if and only if (vg, vg) > —2 ([63, Corollary
0.3]). And, we can compute the dimensions of .#*(v) at each point by using
Theorem 2.1.1 and Lemma 2.3.11.

The second purpose of this paper is classifying the irreducible components
of Brill-Noether loci of Hilbert schemes of points on K3 surfaces by using the
first result. Originally, in [56], components of Brill-Noether loci of Hilbert
schemes of points on ruled surfaces were classified. In [56], Castelnuovo-
Mumford regularity and the Bertini’s theorem were mainly used. However,
we need more detailed analysis to achieve the application for K3 surfaces.
Namely, we focus on the method of the proof of the Bertini theorem ([4]) and
more recent results about K3 surfaces ([24], [63]). Our second result is the
following.

Theorem 2.1.3. Let X be a K3 surface of p(X) = 1 over C, let v :=
(2,nH, ”2—2H2 — N + 2)= muy (v : primitive Mukai vector, m € 7Z) and let
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nH be an effective divisor on X (n € Zsq, H : the generator of Pic(X)). We
assume N < h°(O(nH)). Then, we classify the irreducible components of

Wy(nH) = {[Z] € HIb"(X) | b (Fz(nH)) > 1}

into one of the following.

() = for all (v1,v9) satisfying v = vy + vy and vy > vy (about this notation,
see Definiton 2.3.2), if (vi,v2) < 1,—1 < [vg]a, and [v1]1, [v2]1 are non zero
effective divisors, there exists a unique irreducible component of W3 (nH) such
that, for a general member Z, the torsion-free sheaf E fitting into the extension

0—0x —>FE— I7(nH) =0

is contained in ///(ff\fw)(v).
(B) : if {vo,v0) > —2 except for the case “ H* = 2 and v = (2,3H,5) 7,
there exists a unique irreducible component of Wy (nH) such that for a general

member Z, the torsion-free sheaf E fitting into the extension
0—0x > FE— J7(nH) — 0

is contained in M **(v).

Remark 2.1.4. If N > h%(0(nH)), then W (nH) = Hilb" (X). And by using
Theorem 2.1.3, we see not only whether WY, (nH) is empty or not but also the
dimensions and the number of the irreducible components of WY, (nH).

Remark 2.1.5. About what happens in the exceptional case “ H? = 2 and
v =(2,3H,5) " in Theorem 2.1.3, see Claim 2.4.7 and a few paragraphs after
that.

2.2 Preliminaries

In this paper, the word a surface means a two-dimensional algebraic variety
over C. The word an algebraic stack means an Artin stack over C. In addition,
the word open (resp. closed, resp. locally closed) substack means a strictly
substack whose inclusion map is an open (resp. closed, resp. locally closed)
immersion (in detail, see [26] or [50]).

2.2.1 Mukai vectors

Definition 2.2.1 (Mukai vectors [17]). Let X be a K3 surface and let E
be a coherent sheaf on X.Then the Mukai vector v(E) of E is (rank(E),

a(E), “EE _ o)(E)4rank(E)) € Z @ Pic(X) @ Z.

Definition 2.2.2 (Mukai paring [17]). Let X be a K3 surface and let v :=
([v]o, [v]1, [v] 2), " := ([]o, [V']1, [V']2) € Z & Pic(X) @& Z. Then, we define the
Mukai pairing of v and v’ to be (v,v'):= —[v]o[v']2 + [v]1[v']1 — [v]2[v']o EZ.
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Definition 2.2.3 (([17])). For any v € Z & Pic(X) & Z, v is primitive if
“WeZdPic(X)BZ meZ, v=mv=>m=1or —1”

2.2.2 Moduli stacks

Definition 2.2.4 (Moduli stacks of torsion-free sheaves). Let X be a K3
surface over C, and let v € Z®NS(X) @ Z. we define the moduli stack .2 (v)
of torsion-free sheaves with Mukai vector v on X to be the following category

1. Objects: (S, E), where S : scheme over C, E : quasi-coherent locally of
finite presentation sheaves over X x¢ S(=: Z) and flat over S, and E :
torsion-free sheaf over Z; = Xj4) such that v(E) = v, (Vt € S);

2. Morphisms : morphisms from (S, E) to (S, E') are the pairings (¢ :
S — S a:¢*E — E) such that « is an isomorphism.

Remark 2.2.5. 4" (v) is an algebraic stack. And, we can define moduli stacks
A (v) of coherent sheaves with Mukai vector v on X in the same way.

Definition 2.2.6 (Points of algebraic stacks [26], [50]). Let 2" be an algebraic
stack. Then,
|27 = 11 2 (Spec(K))/ ~,
K /C:extension of fields

where if let £ € 2 (Spec(K)), let E' € 2 (Spec(K’)) and let K, K’ be exten-
sions of C, we write £ ~ E’ if there exists a extension K" of K, K’ such that
E |XSpeC(K”): E/ |XSpec(K”)‘

Definition 2.2.7 (Topological spaces of algebraic stacks [26], [50]). Let 2" be
an algebraic stack. Then the set {U C |2'| | 3% : open substack of 2" such

that |%| = U} satisfies the axiom of open sets of 2. We think of | 2| as a
topological space by applying the definition.

Definition 2.2.8 (Relative dimensions [26],[50]). Let P : U — 2  be a mor-
phism from a scheme, and we assume u € U maps to x € | Z'|. Then, we
define dim,, (P) as follows. In the commutative diagram

U X o Spec(k) — Spec(k)

L

U Z,

dim, (P) := dim, (U x 4 Spec(k)).

Definition 2.2.9 (Dimensions of algebraic stacks at points [26], [50]). Let 2~
be an algebraic stack, let z € 2 (Spec(K')) where K/C is an extension and let
P :U — Z be a smooth morphism from a scheme. We assume u € U maps
to x € |27|. Then

dim,(2") := dim,(U) — dim,(P).

13



Remark 2.2.10. If there is no confusion, we do not distinguish 2~ with |.27|.
And, Irreducible decomposition of 2" means irreducible decomposition of | 27|

2.2.3 Harder-Narasimhan filtrations and polygons

Theorem 2.2.11 (Harder-Narasimhan(HN) filtration [17]). Let X be a projec-
tive surface over C, let H be an ample divisor on X and let E be a torsion-free
sheaf on X. Then, for E and H, there exists a unique filtration

O=FCkE,C---CE,_1CE,=F

such that E;/E;_ is semistable (in the sense of Gieseker) with respect to H
(t=1,---5) and

p(E1/Ey) > p(Ey/Ey) > - > p(Es_1/Es_2) > p(Ey/E,_1)

, where p(E;/E;_1) are the reduced Hilbert polynomials (cf.[17, Def 1.2.3])
of E;/E;_1 and each p(E;/E;_1) > p(Ei1/E;)) means p(E;/E;_1)(m) >
p(Eit1/E;)(m) for m > 0 . It is called Harder-Narasimhan(HN) filtration
of E for stability (in the sense of Gieseker) with respect to H.

In the same way, we have HN filtration of E for u-stability w.r.t. H.

Definition 2.2.12 (Harder-Narasimhan polygon[39],[45]). Let Q[A] be the
polynomial ring in one variable over Q. Let X be a projective surface over C,
H be an ample divisor on X and E be a torsion-free sheaf on X. We assume
that F has the HN filtration for stability w.r.t. H

O:E()CElC“‘CEs,lCESIE.

Then, we define the HN polygon HNP(E) of E for stability w.r.t. H to be the
subset of Z x Q[A] which is the union of the segments T;7; ;7 for 0 < i < s,
where x; := (rank(E;), p(E;)) and each T;T; 11 consists of all (a, f) € Z x Q[)]
such that (a, f) = tz; + (1 — t)z;41 for some t € Q with 0 <¢ < 1.

We can also define the HN polygon HNP#(E) of E for p-stability w.r.t. H.

Remark 2.2.13. In this paper, a HN-filtration (resp. polygon) means a HN-
filtration (resp. polygon) for stability (not for u-stability).

2.3 Irreducible decomposition of .#"(v)

Notation 2.3.1. In this and next section, X always means a K3 surface of
p(X) =1 and H means the ample generator of Pic(X). We denote the open
substack of semi stable sheaves and of p-semi stable sheaves of .Z (v) by
AE(v) and AP (v). If {p} > p/, then we write p ~» p', where p,p’ denote
points of a topological space and say that p specializes p’. We always assume
that [v]y = 2.

14



Definition 2.3.2. Let v; := (1,d;H,a;) € Z & Pic(X) @& Z, (i = 1,2). Then,
we say v; > vg if (i) di > dg, or (ii) d; = dy and a; > as.

Definition 2.3.3. Let v; := (1,d;H, a;) € Z@Pic(X) ®Z, (i = 1,2) such that
v = vy + vy and v; > ve. We define ///v 0y (V) to be a substack of M (v)
whose objects and morphisms are deﬁned as follows.

Objects: E € .#*(v) such that E’s HN-filtration is 0 C E; C E with
U(El) = (1, le, al), ’U(E/El) = (1, dgH, CLQ);

Morphisms: « : EF — E’: an isomorphism preserving their HN-filtrations.

Remark 2.3.4. In Definition 2.3.3, if the condition “v; > vy” does not hold,
then ///HN y(v) = 0.

vl U2

Notation 2.3.5. Let v be an element of Z @ Pic(Z) @ Z. We define
Qx(F,v) :={F — E | E : coherent on X,v(E) = v},
RY™(v) = {[90 : Ox(—=m)®N — E] € Qx(Ox (-m)*", v)

REY™ = RN™ X ) M (v),
RIE™ = RN (o) M5 (0) = R Xy (0) M),
Nm | _ Nymo o ~ RPNm HN
R ) =R M (v ).//(Ul U2)( ) ~ R Xi///tf(v) .//( )(v)

(v1,v2 V1,V2

H%(p(m)) : isomorphism}
HY(E(m))=0(>0) J’

Remark 2.3.6. [RY™/GL(N)|] — .#*(v) and [ RY™ y/GL(N)] — //HN (V)

are open immersions because [RYV'™/GL(N)] — ,/// (v ) is an open immersion
(|20, Proposition 9.6]). In addition, we have dim[RY™/GL(N)] = dimRY"™ —
dimGL(N) and dim[R;", | /GL(N)] = dimR", ' — dimGL(N).

2.3.1 Irreducibility of moduli stacks of sheaves and
known results

In this subsection, we refer to irreducibility of moduli stacks of HN-filtrations
and known results needed to prove the our results.

Lemma 2.3.7 ([23, Theorem 1.2]). Let X be a K3 surface of Picard number
1. If (v,v) > 0, then A*(v) is an irreducible algebraic stack. O

Remark 2.3.8. When (v,v) < 0 and .Z*(v) # 0, the topological spaces of
moduli stacks and moduli schemes are homeomorphic because the stacks are
quotient stacks and all semistable sheaves are polystable. Therefore, the mod-
uli stacks are irreducible.

Lemma 2.3.9 ([60, Lemma 2.5]). Let .#[" (v) be the moduli stack of
torsion-free sheaves with Mukai vector v whose Harder-Narasimhan type is
(v1,v9). Then

1. the morphism ,///HN

(o) (V) = A (V) s an immersion;
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2. Let £ € //gfm)(v), whose HN-filtration corresponds to 0 — Fy — E —
Fy — 0 and let ///fffm)(v) — M (v1) X M**(v2) be a morphism which
sends [E] — ([F1],[Fz]). Then, all irreducible components of ///(ff\’fw)(v)
are obtained as the pullback of an irreducible component of 4 **(vy) X

%SS(UQ) .
Corollary 2.3.10. .//(Igf\fw)(v) is an irreducible algebraic stack.

We explain facts about dim.#(v) and dime///(lgflw)(v), which are necessary
to prove a proposition later.

Lemma 2.3.11 ([23, Theorem 1.2] [24, Lemma 5.3], [31, Lemma 5.3.2]). Let
X be K3 surface of Picard number 1. v = lvy with vy : primitive and | € Z.
Then,

(v,v) +1  (v,v) >0
dimZ*(v) = { (v,0) +1  (v,0) =0

(v,v) + 12 (vg,vp) = —2
dim///(HN y(v) = (v1,v1) + (v2,v2) + (v1,v2) + 2.

U1,V2

We also explain facts which are necessary to prove Theorem 2.1.1.

Lemma 2.3.12 (23, Proposition 1.1]). The dimensions of all irreducible com-
ponents of A (v) is more than(or equal to) (v,v) + 1.

Lemma 2.3.13 ([11, Lemma 2.21]). Let 2 be a pseudo-catenary, jacobson,
and locally noetherian algebraic stack. If | 27| is irreducible, then dim, 2" is
constant for all x € | Z7|.

Remark 2.3.14. (i) algebraic stacks which are locally of finite type satisfy
the assumption of Lemma 2.3.13.

(ii) by Lemma 2.3.12 and Lemma 2.3.13, we get dim,.#Z" (v) > (v,v) + 1
(Vx € [V (v))).

2.3.2 A criterion of the irreducible components of

%tf(v)

In this section, we classify the irreducible components of . (v).

Let vy, vg, v}, v € Z @ Pic(X) @ Z such that v = vy + vy = v} + v}, v1 > v9
and v} > v. We also suppose v, # v} and vy # v}.
Lemma 2.3.15. if dim.#;", (v) > dimZ;",\(v), We have 4, \(v) &

(v1,v2) (v1,v2)

%(H/N / ('U)

V1,V9
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Proof. We assume that .# I;IHUQ)(U) C ///(ijvé)(v) holds. If let p and p’ be the
generic points of .2, . ) (v) and 7 H,N : )(v) respectively, there exist N,m €

Z>( such that the morphlsm R )~ ,///(U 02)

g pe Ay, ( ). Note that RNm is irreducible.

(v1,v2)

By the fact that p ~» p and [26] , there exists ¢ € R ol 5) such that

PN (1) is dominant, i.e., R ) D

U1 V2

RN™ 5¢ —p e 4PN (v)and ¢ ~ ¢ in RIY™ and we thlnk of ¢’ as the

(U1 v, ) (v1,v2)
generic pomt of R( Ft) . So, we get dimRN’ = dlmRNm and d1mR( o) =
dlmR vty D addltlon we have .7 HN ( ) # /// (U) . Therefore, it

v} (v1,v2)

holds that dlmR o ,) > dlmRNU"Z) (if dlmRé\vf’i N = dlmR ™ |, we have

(v1,v2)?

Ré\lﬁb = R]:il”:} this contradicts to uniqueness of generic points.)

On the other hand, the condition dim.Z(;, ) (v) > dim.#" , (v) is equiv-

alent to dimRéZ’lm2 > dimR; ol ) because of the 1rredu01b1hty of M, I;INUQ (v)

(cf.Corollary 2.3.10) and Remark 2 3.6. This contradicts to the above inequal-
ity dimR( T > dimR(" .

Ul U2

]

Lemma 2.3.16. We have //l(vl w)( v) ¢ ///Ul V) (V).

Proof. We assume ,///(y1 vs) ( ) C A Ij, v,)( v). Let p and p’ be the generic points

of A Igi\lv (v) and AZMN o ,)( v) respectively. Then, we have p’ ~» p. On the other

hand, the map |///tf( )| > p” — HNP(p”) is upper semicontinuous by [45] or
[39], where HNP(p") := HNP(E")(E" is a corresponding object in . (v) to
”) So, we have HNP(p) > HNP(p'). Let vy := (1,mH, m22H2 1) and
=(1,mH,™ /2H2 — 0}, 4+ 1). Then, this means m > m’.
If vy == (1,(n — m)H, @22 _ 4, 4 1), then

dlm.///(lji\lw)( v) = (v1,v1) + (ve,v2) + (v1,v2) + 2
= (251 — 2) + (252 — 2)

+{m(n—’m)H2— <m22H2 —el+1> - <("_7;)2HZ—62+1)}
+2

2H2 _ 2H2
(04 ) — At m(n—myE? = TH_(=m)

2 2
2H2 _ 2H2
:—Qm(n—m)HQ—m2 _n T;) + (3c2 — 4)
2 3n2H?
=1 (m-2) 4 .
m 5 + 3ca 1

Note that 1 + 5 + m(n — m)H? = ¢, in the above calculation. From this
calculation, we have dim.Z(,,, (v) > dim.Z(;",,, (v) by the above calculation.
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This contradicts to Lemma 2.3.15. Therefore, we get .#HN (v) (V) ¢

(v1,v2)

AN
///(vg,vg)(v)' O

Remark 2.317. 1. It is shown that .#>(v) 2 .#"N (v) implies

(v1,v2)

dim.Z*(v) > dim.Z, HN y(v) by the method of the proof of Lemma

(v1,v2)

2.3.15, Remark 2.3.6 and the irreducibility of .#Z*(v) and ., I;If\]w (v)
(cf. Lemma 2.3.7, Corollary 2.3.10).

2. It #=(v) # 0, we have A=(v) € #F (v). Actually, if .Z%(v) C

(v1,v2)

///HN )(v), then we have HNP(p;) > HNP(p,) where p; and p, are the

(v1,v2)

HN . .
generic points of .#*(v) and .Z(,,,(v) respectively. However, this does
not occur.

2.3.3 The proof of Theorem 2.1.1
We prove Theorem 2.1.1 by using the lemmas before.

Proof. Any Mukai vector v satisfies one of the following disjoint conditions ;

{v,v) >0,
:{v,v) = 0,—2 and v is primitive ,

{
(vo,v9) = 0, —2 and v is non-primitive ,
d) : (v,v) < —2 and (vg, vg) # —2.

And, we will prove Theorem 2.1.1 in each case. We first have a stratification
of A" (v) by .4*(v) and //l(lgf\fw) (v). (About HN stratification, for example,
see [39] or [16], Section 5). In the case of (a) and (b), if (vy,v9) <1,

dimZ™(v) = (v,v) + 1 = (v1,v1) + (V2, Va) + 2{v1,vq) + 1
= dlm//flf)i\jv2 (v) + (v1,v2) — 1.

By Remark 2.3.17, we get .#*(v) 2 4N, (v) and .4>(v) ¢ A, (v).

(v1, 1)2)

On the other hand, we consider the case (vl,v2> > 1. We assume Z*(v) 2
///HN )(v). Then, for general x € M () (v), we have dim,.#"(v) < (v,v) +

(v1,v2) (v1,v2

1 and this contradicts Remark 2.3.14. So we have .#%(v) D ///HN (v).

(v1,v2)

By Lemma 2.3.7, Remark 2.3.8, and Corollary 2.3.10, the stacks .#%(v) and
AN (v) are irreducible. Thus by Lemma 2.3.16, we get the irreducible

(v1,v2)
decomposition of .Z'(v) as the statements of the theorem.

In the case of (¢), we can show that for any stack of HN-filtrations, (v, vy) <
0 and dim%(%SUQ)(v) > dim.#*(v). Let v := (2,nH, # — ¢+ 2). Then, we
have

1 —n2H?
Z<U’U> = <UUaUO> = 1

+co—2=0o0r —2.

18



And let v, == (1, kH, B2 — ¢, 4 1), 0y := (1,1H, B2 — 0, +-1). Then,

n2H? n2H? n2H?

<U1,U2>:]€1H2* +02*2:le2* 1 Jr( 1 +CQ*2)
H2 27172
H2 2H2
(k=D (o ey - 2)

2 —
_H 2 10 e =0
=2 (vo,vp) = —2

So, we have dim///(lgi\fw)(v) = (v,v) — (v1,v2) + 2 > dim.AZ>(v). we get A%(v) P

///(Igivz)(v) and %ss(v) ¢ %gﬁv?)(v) for any pair (v1,v2) such that v = v1 4+ vo by
Remark 2.3.17. This induces the statement of the theorem.

In the case (d), we have .#(v) = ) by [63, Corollary 0.3]. So, we can classify
the irreducible components. O

2.4 An application to Brill-Noether theory of
Hilbert schemes of points

In [56], an application of the irreducible components of moduli stacks of
torsion-free sheaves on ruled surfaces are performed. In this section, we replace
ruled surfaces by K3 surfaces. For a K3 surface X, let N be a non-negative
integer and let D be an effective divisor on X such that h°(X, (D)) > N.
And let Hilb"™ (X) be the Hilbert scheme of finite schemes of length N on X.
For the Hilbert schemes Hilb™(X) of finite schemes of length N on X, We
define W (D) as follows.

Wi (D) := {[Z] € HilbY(X) | k' (#2(D)) > i + 1}.

Then, it is known that W (D) C Hilb" (X) is a closed subscheme from upper
semicontinuity of cohomology of flat families of sheaves and h'(#z(D)) = i+1
for general members of each irreducible component of W} (D). In particular,
if 1 = 0, we have a bijection between the irreducible components of W4 (D)
and the irreducible components of .#*(v) whose general member E satisfies
the conditions (1) : HY(X,E) = H*(X,E) =0 and (2) : 3s € H(X, E) such
that E//sOx is torsion-free. where, v := (2, D, %2 — N +2). Note that the
conditions (1) and (2) are open conditions. Moreover, if F is a general member
of an irreducible component .#" of .#*(v) which satisfies (1), (2) and let the
corresponding irreducible component of Wi (D) be V, then

dimV = dim.#’ + h°(E). (#)

Proof of Theorem 2.1.3. We get the claim of Theorem 2.1.3 by the above com-
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ment, Lemma 2.4.1, Lemma 2.4.6 and calculating and rearranging x(v) > 0
and h%(Ox(n —m)) > (.

For example, a not semistable component .Z ENU )( v) C MY (v) corre-
sponds to a component of Wy (nH) if and only of the following conditions

hold :

e (v1,v3) <1 ( because ,///(ENU ,(v) is an irreducible component of .2 % (v)),

e 2m >n>m > 0<% [v],[vz]; : non zero effective divisors and vy > vy,

x(v) > 0 ( this always holds by the assumption N <
h°(0(n)) and the Riemann-Roch formula),
(

o hO(Ox(n—m)) >l & —1 < [vss,

where vy := (1, mH, @ — (¢ +1)and vy := (1, (n—m)H, w —ly+1).

Thus, we have («) of Theorem 2.1.3. In the same way, we have (3) of Theorem
2.1.3. [

2.4.1 About not semistable components

Lemma 2.4.1. Letv := (2 nH, ”2H2 —N+2), let vy = (1,mH,#—€1+1),

and let v := (1,(n — m)H, (nm— ly 4+ 1) such that v = vy + vy and
vy > vy. We assume that E is a general member of (fNUQ (v). Then, E

satisfies the conditions (1), (2) if and only if the following conditions hold.
(@):2m>n>m >0, (b): x(E) >0, (c) : R°(Ox(n —m)) > ls.

Proof.

(1), (2) = (a), (b), (c) If the conditions (1), (2) are satisfied, it is clear
that a general E satisfies (b). Let

0— I7,(m) = E— Iz,(n—m)—0

be the exact sequence corresponding to the HN-filtration of FE, where
v( Iz (m)) = v, v(Iz(n —m)) = vy. Then, we have (a) because E €
My () and 1?(0(m)) = h*(0(n—m)) = 0. We also have h°(&(n —m)) >
{5 because h'(Fz,(n —m)) = 0. Note that the condition h°(&(n —m)) = ly
does not occur. If h%(&(n — m)) = {5, then any global section s of a general
sheaf £ € .}, (v) is included in H%(# (m)). Because all non-zero sec-
tions in H%(#z, (m)) never induce torsion-free quotients, so E/s0 includes a
torsion sheaf %, (m)/sOx. This contradicts to the condition (2). So, we have

the condition (c).
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(a), (b), (c) = (1),(2) Conversely, we assume that the conditions (a),
(b) and (c) are satisfied. First, we prove the condition (1) by induction for
¢y (cf. [56, Lem 3.3 and Lem 4.5]). Note that H*(E) = 0 for a general
E € ,//(EHUQ)(U) because H?(Iz, (m)) = H*(Fz,(n —m)) = 0. If £; = 0, then
we have H'(E) = 0 in the same way. For general ¢; > 0, we prove H'(E) = 0
for a general £ € ", (v). We assume E' fits in the exact sequence

0— Iz (m) = E' = Iz (n—m) =0

which is the HN filtration of E’ with ¢(Z]) = ¢; — 1 and £(Z}) = (5. If
HY(E'") = 0 and E’ satisfies the conditions (a), (b) and (c), then, £’ have a
nonzero global section s. And, for a general point x € X and a general one
dimensional quotient E' — E’ ® k(z) — k(z) of the fiber of £ at x denoted
by ¢, we have p(s) # 0. Note that we can assume = ¢ Z;. Let E be the kernel
of ¢. Then, we have h’(E) = h%(E') — 1 and H'(E) = 0. And, we get the HN
filtration of F

0— fzgu{x}(m) — F — fzé(n — m) —0

because of the HN-filtration of £’ and the assumption = ¢ Z|. So, we get
condition (1) for general ¢; > 0.

Next, we prove the condition (2) under the condition (1). We consider the
conditions («) : 2m = n, (8) : ¢o = 1. And, we divide our proof into two cases:
(i). () or (B) is not true, (ii). both («) and (/3) are true.

Case (i) It is enough to prove the following claim.

Claim 2.4.2. Let k be a positive integer. We assume that £1 = 0. Then, we

have
h(E(—k)) + dim|kH| < h°(E).

We show Claim 2.4.2 induces the condition (2) before proving it. If the
claim is true, then a general £ € ///(Eilw)(v) with ¢; = 0 is a vector bundle
because the Cayley-Bacharach property (cf. [17, Thm 5.1.1]) holds for a pair
(Zy, Ox(n — 2m)) by the choice of m and ¢y, where Z5 is a general set of /5
points. And, the set H%(E) \ Upe | pen H'(E(—C)) is a non-empty open set
from Claim 2.4.2. So, a general section s of a general E € ///(EIHUQ)(U) with

¢y = 0 defines a torsion-free quotient E/sOx because the zero set Z(s) of s is
a finite set (cf. [40, Ch. 1, §5]).

In the case ¢; > 0, we have a vector bundle F’ fitting into the sequence
0— Ox(m) > E — Fz,(n—m) =0 (((Zy) =1y)

whose general section s determines a torsion-free quotient because of the case
[ =0.

In addition, E’ is generically globally generated. Note that we say that
E’ is generically generated if the evaluation map ev : H(E') ® Ox — FE'
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is surjective on an open set of X. Actually, from the condition (a) and (c),
Ox(m) and Zz,(n—m) is generically globally generated. So, a simple diagram
chase shows that E’ is generically global generated.

Let U be the subset of H(E’) of the sections defining torsion-free quo-
tients. Then, a natural C-linear homomorphism ev : H*(E') — H(E' ® k(x))
obtained from ev above is surjective and ev|y is dominant for general z € X
because E’ is generically globally generated. So, we can take general ¢; points
x1,- -+ ,xp on X and a general section s such that s ¢ Ox(m) ® k(z;) for all
¢ and s defines a torsion-free quotient. Then, we can take one-dimensional
quotients @; : B — E' ® k(x;) = k(z;)(1 <@ < ¢;) such that ¢;|gy (m) 7# 0 for
all 7 and @;(s) = 0 for all i. We consider the quotient ¢ : E' — @', k(z;)
obtained from ¢;. If let £ be the kernel of ¢, then E € E///(Il{)fw)(v) and a
general section s of E defines a torsion-free quotient.

Proof of Claim 2.4.2. We prove the claim by cases. In this paper, we only
consider the case

—m—=1)2
2m >n>m >0, €(Z2)>h0(ﬁ(n—m—1):(n+)[{2+27

m > 3, n—m > 3.

The other cases can be proved in the same way or more easily.

Because h?(O(n —m — 1) < €(Zy) < h°(O(n — m)), we have H®( Iz, (n —
m—k)) = 0 for all positive integer k and general Z. So, we have H*(E(—k)) =
H°(O(m — k)).

In this condition, we have H*(E(—k)) = x(O(m — k)) = MHZ + 2
and dim|kH| = h°(O(kH)) —1 = ¥ H? + 1. Note that h°(E) = x(E) =
mTQHZ + MHQ +4 — ((Z,). Then, we can calculate as follows.

hO(E) — {hO(E(—k)) + dim|[kH|} = ’;ﬂgz 4 (”—2m>2Hz
(m — k)? k2
— Ty H - H - U2,

In addition, we have £(Zy) < hO(6(n —m)) = @2 H2 1 9. So,
hO(E) — {hY(E(—k)) + dim|kH|} > H?k(m — k) —1 > 0(. k,m — k > 0).
O

Case (ii) Next, we suppose («) and (f) are true. In this case, note that
¢y = 0 because x(v1) > x(v2) and every sheaf £ € //l(ljfw)(v) is isomorphic to
Ox(m) ® F,(m) for some x € X. We take sections s1, s, € H°(0(m)) such
that Z(s1)NZ(sq) is a finite set, where Z(s;) is the zero set of s;(i = 1,2). If z €

Z(82), 51082 € HY(Ox(m)® S, (m)). Since s1P sy € Ox(m)®Ox(m) defines a
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torsion-free quotient Ox (m)&0x(m)/(s1Bs2)Ox, Ox(m)B.I,(m)/(s1552)Ox
is also torsion-free. O

2.4.2 About semistable components

We will use the following lemmas to prove the Lemma 2.4.6.

Lemma 2.4.3 ([63] Lemma 1.4 or [61] Lemma 2.1). Let n be an odd integer.
If the exact sequence

—1 1
O—>ﬁ<n2>—>E—><ﬂZ<n;>—>O

does not split, then E is a p-stable sheaf, where Zz is the ideal sheaf of a
finite subscheme Z.

Lemma 2.4.4 ([63] Proposition 0.5 and Section 3.3). Let v := (2,nH, ”25{2 -

N +2). We assume that v is primitive and “v # (2,nH, "252 —1) and n is

even”. Then, there exists a stable vector bundle with Mukai vector v.

Remark 2.4.5. In the Lemma 2.4.4, if n is odd, then any stable sheaf is p-stable
. However, if n is even, a stable sheaf is not necessarily p-stable.

Lemma 2.4.6. Let E be a general member of the stack #*(v). Then, the
conditions (1) and (2) are equal to the conditions x(E) > 0 and “H* # 2 or
v#(2,3H,5)".

Proof. If (1) and (2) satisfy, we have H'(E) = 0 and H°(E) # 0. Therefore,
we have y(F) > 0.

We will prove Lemma 2.4.6 only when n is an odd integer. We can also
prove this lemma in the same way when n is even. Note, for a general F, we
have H*(E) = 0 by semistability.

We assume x(v) > 0. Note we do not assume the latter of the conditions
(The case “ H*> =2 and v = (2,3H,5)” is excluded in Claim 2.4.7 below.).

When N > #H%LB with odd n  First, we assume that N > %HM—&
This is equivalent to the condition that the closure of the stacks of Harder-
Narasimhan filtrations whose general sheaf is an extension

1 —1
0— Iz, <7FL—2|_>—>E—>L¢Z2 (nQ>—>O

is contained in the closure of .#*(v). Then, we can show that some E in the
closure of .#*(v) have no higher cohomology in the same way as in Lemma
2.4.1. Moreover, we can prove a general E' have a global section which give a
torsion-free quotient.
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When #HQ +3 > N with odd n Next we assume that %Hz +3> N.
From Lemma 2.4.4 and Remark 2.4.5, there exists a p-stable vector bundle F

with Mukai vector v. We next consider E(—231). Let E' := E(—";') and

v :=v(E"). Then, E' fits into the following exact sequence
0—Ox > FE — 77(1) >0 (&)

, where Z is a finite subscheme of X. Indeed, we have hom(E'", Ox) =
ext?(Ox, E"Y) = h*(E") = h°(E') # 0 and hom(E', Ox) = ext?(Ox, E') =
h*(E") = 0 because x(E') > 0 and E’ is also u-stable. So, we have the above
exact sequence by using these. Let v := v(E') = (2, H, HTQ —U(Z) +2). Be-
cause any non-split extension of .#4(1) by Oy is a u-stable sheaf from Lemma
2.4.3, the unique irreducible component of WKO(Z)(H ) corresponds to .#%(v').
This means that a general sheaf in .#Z*(v') satisfies the conditions (1), (2) and
any sheaf in irreducible components of .#*(v') whose general member is not
semistable does not satisfy them.
Then, we see the following claim holds.

Claim 2.4.7. h'(97(2)) =0 for a general Z' € WZO(Z)(H) except for the case
“H* =0(Z) =2 7 . In the case “H* =((Z) =27, WZO(Z)(H) = WKO(Z)(ZH)
and h'(Iz(3)) =0 for a general Z' € Wy, (H).

If the claim holds, this induces condition (1) except for the case “H? =
2,v = (2,3H,5) " and condition (1) never hold in this exceptional case. Before
proving the claim, we show this.

First, note that “n = 3, H*> = {(Z) = 2" = v = (2,3H,5) and a general
F € .#%(v) fits into an exact sequence

0= 0x(l) > F— F,(2) =0

, where Z' € WY(H). Here, WY(H) = WJ(2H) from the claim and we have
h'(F7(2)) # 0 for any Z' € WP(H). Thus, h'(F) # 0 from the long exact
sequence of cohomology obtained from the above. This shows the condition
(1) never hold in the case “ H? = 2,v = (2,3H,5). On the other hand, except
for this case, a general F' € .#(v) fits into the following exact sequence

-1 1
0—>ﬁx<n2>—>F—>ﬂz/<n;>—>0

, where Z' € Wy, (H). Here, h'(52(2)) = 0 for a general Z' € Wy, (H)
and h'( Iz (k)) > h*(Fz (k + 1)) for all k > 0. This induces the condition (1)
holds in a general F' € .4%(v).

Proof of Claim 2.4.7. First, note that we have HTQ +3 > {(Z) because x(E') >
2 .

0. If £ +3=1¢(Z), then Hilb"?) (X)) = WEO(Z)(H). So we have h!'(#7(2)) =0

for a general Z' € Hilb“?)(X) because h°(Ox(2)) > ((Z).
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If H; +2 > ((Z), then Hilb" 9 (X) # Wiz (H). We only consider the case
HTQ +2 > {(Z) in the following. Let v” := (2,2H,2H? — {(Z) + 2). We divide
the rest of the proof into 4 steps.

1. We have .#*(v") = () unless “H? = ((Z) = 4" or “H* = ((Z) = 2" by
(63, Cor 0.3].
Moreover, there is not an irreducible component of .#(v") whose gen-
eral member is a HN-filtration satisfying the conditions (a), (b) and (c)

of Lemma 2.4.1 unless “H? = 2 and ¢(Z) = 3”. This is because a general
sheaf F' in such a component fits into

0— S (H)—F— H,(H)—0 (Y1,Ys: finite schemes)

and v" = v(F) = v(Hy, (H)) + v(Hy,(H)).
So, we have WZ(%Z)@H ) = 0 except for the three cases. Thus,
W (F2(2)) = 0 for a general Z' € Wy, (H) except for the three cases.

2. When “H? = ((Z) = 47, WKO(Z)(QH) may not be empty. If WEO(Z)(ZH)
is not empty, the unique irreducible component corresponds to . (v").
Moreover, we can calculate the dimensions of WZO(Z)(H ) and Wl?( 2 (2H)
by using Lemma 2.3.11 and the formula & and get dimWEO(Z)(H) =7
and dimWj , (2H) = 4. This means that Wy, (H) 2 Wy, (2H) and we
have the claim.

3. When “H? = ((Z) = 27, Wy, (2H) # ( because the unique point of
AM(") is Ox(H)®? (cf. Remark 2.4.8). We also have dimWy,, (H) =
dimWy 4 (2H) = 2. So, we have Wy, (H) = Wy, (2H). However,
Wiz (3H) = () as above.

4. In the same way as in Step 2, we get the claim when “H? = 2 and
0z)=13".

Therefore, we get h' (.2 (2)) = 0 for a general Z’ € Weo(z)(H) when H? # 2
or ((Z) #2, h'(I2(2)) # 0 for any Z' € Wy, (H) when H? = ((Z) =2 and
W (I (3)) = 0 for a general Z' € Wy, (H) when H? = ((Z) = 2. -

Remark 2.4.8. We will explain how we calculate dimWy, (H) and
dimWZO(Z)(ZH ) when “ H? = ((Z) = 4” here. Similarly, we can also do when
“H2=((Z) =2 and “H* = 2,((Z) = 3".

It is sufficient to calculate dim.Z*(v'), dim.Z*(v"), h°(E’) and h°(E")
from the formula #, where E” is a general member of .#Z%(v”). We can
calculate dim.Z*(v’) and dim.Z*(v") by using Lemma 2.3.11. We also do
hO(E’) by using the exact sequence &. Moreover, we can obtain h°(E”) by the
fact that the unique member of .Z%(v") is Ox(H)®? (in detail, see [37], [21]).
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Next,we prove the condition (2). It is enough to prove hY(E(—k)) +
dim|kH| < h°(E) as in the same way of the proof of Lemma 2.4.1 because
a general sheaf in .#%(v) is a vector bundle by Lemma 2.4.4. Note that we
have the following exact sequence for a general F,

O—>ﬁ’<n;1> —>E—>ﬂz<n;1> —0
, where Z is a finite subscheme of X and h'(57 (%)) = 0. So, for 2% >
k>0,
h'(E) = {h°(E(—k)) + dim|kH |}

> (102" + xS

2
0" )+ x(O("E — K) + dimlkH])
= k(" )= 14 B ()~ (T k) > 0

(In the case of k = 251, we use h0(Iz(242)) = %HZ—K(ZHQ and h%(Fz(1)) =
H? = UZ)+3)

Remark 2.4.9. (In the case n is even) When n is even, we can prove that a
general sheaf E' € .#(v) have a section defining a torsion-free quotient as in
the same way as in the proof above except v = (2,nH, ”252) or (2,nH, ”252 —
1). In these case, any sheaf of .#(v) is not vector bundle and the closure of
A*(v) dose not contain any stack of HN-filtrations. However, we can prove
the condition (1), (2) in the same way of the proof of Lemma 2.4.1. In the
former case, note that any semistable sheaf is isomorphic to a sheaf of the form
A, (ﬂ) ® S, (%) (x,y € X). In the latter case, note that a general quotient
7 (23 — @3 k(z;)(z; € X) and any non split extension 0 = Fy, 3 (2) —

2
E — J, (%) - 0(y; € X,j =1,2,3) is a semistable sheaf with the Mukai

vector v = (2,nH, "252 — 1) when n is even (cf. [63, Prop 3.4]).

]
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Chapter 3

Some examples of
noncommutative projective
Calabi-Yau schemes

3.1 Introduction

Calabi-Yau varieties are rich objects and play an important role in mathemat-
ics and physics. In noncommutative algebraic geometry, (skew) Calabi-Yau
algebras are often treated as noncommutative analogues of Calabi-Yau vari-
eties. Calabi-Yau algebras have a deep relationship with quiver algebras ([13],
[51]). For example, many known Calabi-Yau algebras are constructed by us-
ing quiver algebras. They are also used to characterize Artin-Schelter regular
algebras ([43], [42]). In particular, a connected graded algebra A over a field
k is Artin-Schelter regular if and only if A is skew Calabi-Yau.

On the other hand, a triangulated subcategory of the derived category of
a cubic fourfold in P5, which is obtained by some semiorthogonal decomposi-
tions, has the 2-shift functor [2] as the Serre functor. Moreover, the structure
of Hochschild (co)homology is the same as that of a projective K3 surface
([25]). However, some such categories are not obtained as the derived cate-
gories of coherent sheaves of projective K3 surfaces and called noncommutative
K3 surfaces.

Artin and Zhang constructed a framework of noncommutative projective
schemes in [3], which are defined from noncommutative graded algebras. In this
framework, we can think of Artin-Schelter regular algebras as noncommutative
analogues of projective spaces, which are called quantum projective spaces.
Our objective is to produce examples of noncommutative projective Calabi-
Yau schemes that are not obtained from commutative Calabi-Yau varieties. In
the future, it would be an interesting question to compare the derived category
of a noncommutative projective Calabi-Yau scheme created in the framework
of Artin-Zhang’s noncommutative projective schemes with a noncommutative
K3 surface obtained as a triangulated subcategory of the derived category of
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a cubic fourfold.

As the definition of noncommutative projective Calabi-Yau schemes, we
adopt the definition introduced by Kanazawa ([22]). His definition is a di-
rect generalization of the definition of commutative Calabi-Yau varieties to
noncommutative projective schemes. He also constructed the first examples
of noncommutative projective Calabi-Yau schemes that are not isomorphic
to commutative Calabi-Yau varieties as hypersurfaces of quantum projective
spaces. Recently, some examples constructed by Kanazawa play an important
role in noncommutative Donaldson-Thomas theory ([27], [28]).

In this chapter, we construct new examples of noncommutative projective
Calabi-Yau schemes by using noncommutative Segre products and weighted
hypersurfaces. There are many known examples of Calabi-Yau varieties in
algebraic geometry. Some of them are complete intersections in products of
projective spaces. Moreover, Reid gave a list of Calabi-Yau surfaces, which are
hypersurfaces in weighted projective spaces ([19, Table 1 in Section 13.3], [41,
Theorem 4.5]). Motivated by these two facts, we construct noncommutative
analogues of the two types of examples of Calabi-Yau varieties (Theorem 3.3.3,
Theorem 3.3.15) in Section 3.3.

In order to prove that a noncommutative projective scheme is Calabi-Yau,
we use the methods of Kanazawa. However, they are not sufficient because
the algebras we treat are more complicated than the ones he considered. In
order to construct noncommutative projective Calabi-Yau schemes as noncom-
mutative analogues of complete intersections in Segre products, we perform a
more detailed analysis of noncommutative projective schemes defined by Z2*-
graded algebras, which were studied by Van Rompay ([53]). A different ap-
proach to noncommutative Segre products is also studied in [15]. In order
to construct noncommutative projective Calabi-Yau schemes as noncommuta-
tive analogues of weighted hypersurfaces, we consider quotients of weighted
quantum polynomial rings. In commutative algebraic geometry, the cate-

gory Coh(Proj(k[xg, -+ ,x,])) of coherent sheaves on the projective spectrum
Proj(k[xo, - -+ ,x,]) of a weighted polynomial ring is not necessarily equivalent
to qgr(k[zo, - -+ , x,]), where qgr(k[zo, - - - , x,]) is the quotient category associ-
ated to k[xg, - - -, z,] constructed in [3]. In fact, qgr(k[zo, - - - , x,]) is equivalent

to the category of coherent sheaves on a weighted projective space constructed
as a Deligne-Mumford stack. Moreover, qgr(k[zo,--- ,z,]) is thought of as
a nonsingular model of Proj(k[xg,--- ,z,]) (see [46, Example 4.9]). We use
this idea to construct new noncommutative projective Calabi-Yau schemes. In
addition, it should be noted that local structures of noncommutative projec-
tive schemes of quotients of weighted quantum polynomial rings are somewhat
complicated. An analysis of the local structures was performed by Smith ([46]).
We show that the local structure obtained in [46] is described by the notion of
quasi-Veronese algebras introduced by Mori ([32]).

In Section 3.4, we compare our constructions from weighted hypersurfaces
in Section 3.3 with commutative Calabi-Yau varieties and the first exam-
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ples constructed in [22], focusing on noncommutative projective Calabi-Yau
schemes of dimensions 2. We show that some of our constructions in Section
3.3 are not isomorphic to any of the commutative Calabi-Yau varieties and the
first examples constructed in [22] (Proposition 3.4.9). When we consider mod-
uli spaces of point modules of noncommutative projective schemes obtained
from weighted hypersurfaces in Section 3.3, there is a problem, which is that
in general weighted quantum polynomial rings are not generated in degree 1.
So, the notion of point modules is not necessarily useful in this case. In this
paper, we use theories of closed points studied in [33], [47] and [48], etc. A
different approach to closed points of weighted quantum polynomial rings is
studied in [49]. The notion of point modules defined in [49] corresponds to
those of ordinary and thin points in [33]. To show that some of our construc-
tions are not isomorphic to the examples obtained in [22], we use Morita theory
of noncommutative schemes, which is established in [8] (see also [3, Section 6]).
In the theory, we need to calculate the centers of noncommutative rings. By
using these calculations, we can do a detailed analysis and some classifications
of noncommutative projective Calabi-Yau surfaces.

3.2 Preliminaries

Notation and Terminology 3.2.1. In this chapter, £ denotes an alge-
braically closed field of characteristic 0. We suppose N contains 0. Let A
be a k-algebra, M be an A-bimodule and ), ¢ be algebra automorphisms of
A. Then, we denote the associated A-bimodule by YM?, i.e. YM? = M as
k-modules and the new bimodule structure is given by a xm x b := ¥ (a)ma(b)
for all a,b € A and all m € M. Let C be a k-linear abelian category. We
denote the global dimension of C by gl.dim(C). An N-graded k-algebra A is
connected if Ay = k.

For any N-graded k-algebra A = @9;°, A;, we denote the category of graded
right A-modules (resp. finitely generated graded right A-modules) by Gr(A)
(resp. gr(A)). Let M € Gr(A) and A° be the opposite algebra of A. We
define the Matlis dual M* € Gr(A°) by M; := Homg(M_;, k) and the shift
M(n) € Gr(A) by M(n); == M;y, (i,n € Z). For M, N € Gr(A), we write
Homy (M, N) := @,,c, Homaya)(M, N(n)) € Gr(A). For M € Gr(A) and a
homogeneous element m € M, we denote the degree of m by deg(m). We
define the truncation Ms, := @,.,, M; € Gr(A) (n € Z). An element m € M
is called torsion if mAs, = 0 for n > 0. We say M is a torsion module if
any element of M is torsion. We denote the subcategory of torsion modules in
Gr(A) (resp. gr(A)) by Tor(A) (resp. tor(A)).

3.2.1 Noncommutaive schemes

Definition 3.2.2 ([3, Section 2]). Let A be a right noetherian N-graded k-
algebra. We define the quotient categories QGr(A) := Gr(A)/Tor(A) and
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qgr(A) := gr(A)/tor(A). We denote the projection functor by 7 and its right
adjoint functor by w. The general (resp. noetherian) projective scheme of A is
defined as Proj(A) := (QGr(A), 7(A)) (resp. proj(A) := (qgr(A),m(A))).

Definition 3.2.3 ([3, Section 2|, [47, Chapter 3]). A quasi-scheme over k is
a pair (C, Q) where C is a k-linear abelian category and O is an object in C.
A morphism from a quasi-scheme (C, Q) to another quasi-scheme (C’, Q') is
a pair (F, ) consisting of a k-linear right exact functor /' : C — C’ and an
isomorphism ¢ : F(O) = . We call (F,¢) is an isomorphism if F is an
equivalence.

When A is as in Definition 3.2.2, we think of proj(A) = (qgr(A4),m(A)) as
a quasi-scheme. For any (commutative) noetherian scheme X, (Coh(X), Ox)
is also a quasi-scheme. From this observation, we regard X as a quasi-scheme.

3.2.2 Dualizing complexes

Definition 3.2.4 ([52, Section 4], [58, Sectiond]). Let A, B be N-graded k-
algebras and m4 be A>;. We define the torsion functor I',,, : Gr(4A ®; B°) —
Gr(A®y B°) by I'yp, (M) :={m € M | mAs,, =0 for some n € N}. We write
anA = RT,,,.

Definition 3.2.5 ([52, Definition 6.1, 6.2], [58, Definition 3.3, 4.1] ). Let A
be a right and left noetherian connected N-graded k-algebra and A€ be the
enveloping algebra of A. Let R be an object of DP(Gr(A¢)). Then, R is called
a dualizing complex of A if (1) R has finite injective dimension over A and A°,
(2) The cohomologies of R are finitely generated as both A and A°-modules,
(3) The natural morphisms A — RHoma(R, R) and A — RHom (R, R) are
isomorphisms in D?(Gr(A¢)). Moreover, R is called balanced if RT',, , (R) ~ A*
and R, . (R) ~ A* in D(Gr(49)).

3.3 Calabi-Yau conditions

Definition 3.3.1 ([22, Section 2.2]). Let A be a connected right noetherian
N-graded k-algebra. Then, proj(A) is a projective Calabi-Yau n scheme if the
global dimension of qgr(A) is n and the Serre functor of the derived category
DP(qer(A)) is the n-shift functor [n).

Remark 3.3.2. Actually, we do not need the condition that the global dimension
of qgr(A) is n. If the Serre functor of the derived category DP(qgr(A)) is the
n-shift functor [n], then we can easily show that this condition holds. However,
when we prove the existence of the Serre functor of DP(qgr(A)), we essentially
need the condition that the global dimension of qgr(A) is n (cf. [9, Theorem
A4, Corollary A.5], Lemma 3.3.10).
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3.3.1 Z’-graded algebras and Segre products

In commutative algebraic geometry, a smooth complete intersection X C P™ x
P of bidegrees (n + 1,0) and (0,m + 1) provides a Calabi-Yau variety. We
also have a little more complicated example that gives a Calabi-Yau variety.
That is a smooth complete intersection of bidegrees (n,0) (resp. (n + 1,0))
and (1,n + 1) in P* x P* (resp. P"™! x P"). We construct noncommutative
analogues of these examples.

Let C be an N2-graded k-algebra. We denote the category of Z?-graded
right C-modules (resp. finitely generated Z2-graded right C-modules) by
BiGr(C) (resp. bigr(C)). Let M € BiGr(C). We denote by C° (resp.
C*°) the opposite (resp. enveloping) algebra of C. We define the Matlis dual
M* € BiGr(C°) by M}, := Homy(M_; _;, k) and the shift M (n,m) € BiGr(C)
by M(m,n);; == Mitm jin (m,n,i,j € Z). For M,N € BiGr(C), we write
Homeg (M, N) = @, ez Hompicr(c) (M, N(m,n)). For a bihomogeneous ele-
ment m € M, we denote the bidegree of m by bideg(m).

Let M € BiGr(C). We define the truncation Msy, >n = @5y 5, Mij €
BiGr(C) (n € Z). We say m € M is torsion if mCs, >, = 0 for n > 0. If
all m € M are torsion, then M is called a torsion C-module. We denote the
category of Z?-graded torsion C-modules by Tor(C'). We also define tor(C') to
be the intersection of bigr(C') and Tor(C). When we assume that C' is right
noetherian, we have the quotient categories QBiGr(C') := BiGr(C)/Tor(C)
and gbigr(C') := bigr(C')/tor(C) (cf. [53, Section 2]). We denote the projection
functor by 7 and its right adjoint functor by w. We can define the general
(resp. noetherian) projective scheme Proj(C') (resp. proj(C')) associated to
C and the notion of noncommutative projective Calabi-Yau schemes as in the
case of N-graded algebras.

Let D be an N2-graded algebra. We take the tensor product C' ®;, D° of C
and D° over k. We think of C®j; D° as an N*-graded algebra by (C®;D°); ; :=
D, 1ivijyrinmj Cinis @k Dy, ;. We define me,, = C>1>1 and the torsion
functor ', : BiGr(C' @), D°) — BiGr(C ®; D°) by T, (M) := {m €
M | mCsyp>n = 0 for some n € N}. We write me := €, ;», Ci; and define
another torsion functor Iy, : BiGr(C'®y D°) — BiGr(C ®y, D°) by Ly (M) =
{m € M | mC5, = 0 for some n € N}, where C>,, := @, 5, Ci; € BiGr(C).
See [42, Section 3] for details of ', .. We write H,,"nc++ = RiFmCJr and H}, =
R'T,,... The reason we define the functor L, , 1s that we can descrlbe the

Serre duality in D”(qbigr(C)) by using RI'mg,, (cf. Lemma 3.3.10). However,
it is not easy to calculate the functor RI',,,,  directly. The reason we define the
functor I'y,,, is that we can use the theory of Z-graded modules to calculate
Rl and we can reduce the calculation of RI'y, — to that of R, (cf.

Lemma 3.3.6, the proof of Theorem 3.3.3).

Theorem 3.3.3. Let A = k:(a:o,--- o) /(X2 — qjiz; a:])”, B =

ko, - ym)/ Wiy — diyiy;)iy and C = A @y B, where g, q}; € k* for
all i,5. We regard C as an N?-graded algebra wzth bideg(z;) = (1,0) and
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bideg(y;) = (0,1) for all i.

1. Let f = Y0 ja™ and g == Y,y We assume that (i) qi; =
Giiq5i = 4l =1 for all i, j, (ii) ¢}y = qj;q}; = ¢ =1 for all i, j.
Then, proj(C/(f,g)) is a mnoncommutatative projective Calabi-Yau
scheme of dimension (n +m — 2) if and only if [T;_y g and [T2, q;
are independent of j, respectively.

2. Suppose that m = n + 1 (resp. m = n) and q;; = 1 for all i,j. Let

f=>""a Yy and g == Z?jol Yt (resp. SO0 yrt). We assume that
@i = Q05 = 47 =1 for all i, j.

Then, proj(C/(f,g)) is a mnoncommutatative projective Calabi-Yau
scheme of dimension (2n — 1)(resp. (2n — 2)) if and only if [[;_, ¢
15 independent of j.

Notation 3.3.4. For simplicity, we denote the bidegrees of f, g in the theorem
by (do, dy), (eo, 1), respectively.

Remark 3.3.5. e f g are central elements in C' because of the choices of
{Qij}v {q;J}

e We have n+m—2 = dy+d;+eg+e;—4in (1). We have 2n—1(resp. 2n—
2) =do+d; + e+ e —4 also in (2).

e In (2) of the theorem, even if we do not assume ¢;; = 1, the condition
for f,g to be central in C' implies ¢;; = 1 for all 4, j after all.

e In the theorem, all equations appearing except for g of (2) are Fermat-
type equations.

To prove the theorem, we need to show some lemmas. Perhaps some ex-
perts may know the following lemmas. However, to the best of the author’s
knowledge, there are no references written on those lemmas, so the proofs are
given below. In addition, the following proofs do not depend on whether (1)
or (2) in the theorem is considered (except for Lemma 3.3.8).

Lemma 3.3.6. Let R = a(Rlw,,, (C/(f9)) and R =

T(RT e, ;0 (C/(f,9))%). Then, the functors — "R and — @"“R'[-1] between
D(QBIiGr(C/(f,g))) and itself are naturally isomorphic.

Proof. Let Iy, I be the ideals generated by {zo,- - , 2z}, {yo - ,ym}, respec-
tively. Then, we have mey(tg),, = I N Iy, meypg) = 11 + 12 and have the

following long exact sequence in BiGr(C/(f, g)¢)
= Hyo o (C/(fr9)) — Hi (C/(f,9)) ® Hy, (C/(f,9)) — Hfﬁc/(mH (C/(f,9) =

by using the Mayer-Vietoris sequence in the sense of [7, Chapter 3] , where
I'z,(j = 1,2) is defined not by using the degrees of I; but by using powers of
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I; (ie., I';(M) :== {m € M | mI} = 0 for some n}). Note that we can use
the Mayer-Vietoris sequence in our case because [y, I are generated by normal

elements and this implies that Iy, 5 satisfy Artin-Rees property. We also have
the exact triangle in D(BiGr(C/(f, 9)¢))

RTunc, ;. (C/(f9)) = RT1,(C/(f.9)) @ RT1,(C/(f.9)) = Rl ;) (C/(f.9).

Moreover, Hj (C/(f,g))* and Hj (C/(f,g))* are torsion modules for
Mc/(f.9)44 rom Sub-Lemma 3.3.7. So, the cohomologies of RI';, (C'/(f,g))* &
RI'L(C/(f,qg))* are torsion. From this result, the above triangle gives an iso-
morphism between R and R’[—1] after taking the dual and applying 7. Hence,

we get the claim.
m

Sub-Lemma 3.3.7. Let I,I, be as in the proof of Lemma 3.5.6.
H}l(C/(f, g))" and H}Q(C/(f, g))* are torsion modules for mcy (s, for any
7.

Proof. We only show that Hj (C/(f,g))* are torsion modules for mey(sg.,, -
We can show that Hj (C/(f,g))* are torsion in the same way.

First, we prove that Hj (C')* is torsion. We have I'y, =T’ pn+1. Moreover, if

Jy is the ideal generated by zp*!, ... ant!

rn

, then we have I'jni1 = I'j,. Note
that 25, -+ 271 are central elements in C' from the choice of {g;;}.

Let M € Gr(C) be injective. Then, we have a surjective localization
map M — M[x;("ﬂ)] for any i and T'j (M) is injective in Gr(C) be-
cause J; satisfies Artin-Rees property (cf. [55, Example 3.13], [10, Lemma
A1.4]). When M’ is injective in Gr(C*®), then M’ is injective in Gr(C'), where
Resc : Gr(C*¢) — Gr(C) is the restriction functor ([58, Lemma 2.1]). Thus, we
can calculate Resc(H? (C)) by using a Cech complex ¢'(zg ™, - -+, am+1; C) (cf.
[30, Chapter 2, 3], [10, Theorem A1.3]). Then, we have €' (z0™",--- 2", C) =
€ (xft, -+ "t A) ®, B. This induces that Resc(HY (C)) ~ Hi, (A) ®y B.
Because H}, (A)so = 0 ([22, Proposition 2.4]), HY (C)* ~ H} (C)* is torsion.

Finally, we consider the exact sequences of C-bimodules

0= C(—do, —dy) X C = C/(f) =0, (3.3.1.1)
0— C/(f)(—eo, —e1) S C/(f) = C/(f,g) = 0. (3.3.1.2)

Then, we take the long exact sequence for I';, and we get the claim since
Hj (C)* is torsion. O

Lemma 3.3.8. gl.dim(qbigr(C/(f,9))) = do + di + €o + €1 — 4.

Proof. We show the proposition only in (1) of the theorem. In (2) of
the theorem, the proposition can be shown in the same way (cf. Re-
mark 3.3.9).  We consider a bigraded (commutative) algebra D :=
k[so,--- , Sn,To, - 7tm]/(2?:05i72;10ti) with s; = I;Hrl,ti = yszrl and
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the projective spectrum biProj(D) in the sense of [18, Section 1]. Then,
C/(f,g) is a finite D-module.  So, qbigr(C/(f,g)) can be thought of
as the category of modules over a sheaf A of Oyipyojp)-algebras, where
A is the sheaf on biProj(D) which is locally defined by the algebra
(K[zo, -+ 0, Y05+ Yml/(f5 9) ey, ) 0,0) On each open affine scheme D (s;t;) ~
Spec((Ds,t; ) (0,0))- Hence, it is enough to prove that

gl.dim((k[zo, -+, Zn, Yo, -, Yml/(f, g)CCiyj)(0,0)) =do+di+e+e —4
=n-+m-—2.

We can complete the rest of the proof in the same way as in [22, Section 2.3].
We give its sketch. For simplicity, we prove the claim when i = j = 0. We
define a k-algebra E by

E = k[Sl7 aSnyTla"' 7Tm]/<1+25271+zn)
1=1 =0

with S; = s;/s0, T; = t;/to. We also define an E-algebra F' by

Xin - <QOiQiijO>Xina
Y;Y; — (Q(,)z‘q;jQ;'o)YjY;»

Fl_k<X17'“7Xn7}/17“'7Ym>/ n m
L+ X1y ym
=1 =1

i,J

with X; = z;/x0,Y; = vi/yo. The module structure of F' is given by the
identifications S; = X" T; = V"', Let F5 be the localization of F at a
maximal ideal

m = (Sl—al,"' 7Sn_an7Tl_b17”' 7Tm_bm)

of B with 1+ 3" ja; =1+>" b =0 (a;,b; € k). Then, it is enough to
prove that the global dimension of Fj is n 4+ m — 2 ([22, Lemma 2.6, 2.7]).
If all a;, b; are not 0, then F'//mF is a twisted group ring and hence semisim-

ple. Moreover, S1 —aq,--+,S, —an, 11 —by,---,T,, — b, is a regular sequence
in Fj. This induces the claim ([29, Theorem 7.3.7]).
On the other hand, assume that one of {aq,---,an, b1, -, by} is 0. For

example, assume a; = 0. We consider F//(X;). Then, we can show that the
global dimension of (F'/(X1))7 = n+m —3 because pdp(S) = pdp(x,)(S) +1
for any simple F-module S with Ann(S) = m ([29, Theorem 7.3.5]). If some
other a;, b; are 0, we repeat taking quotients and can reduce to considering the
global dimension of the algebra k[X,Y]/(X"™ +1,Y™ + 1), which is 0. [

Remark 3.3.9. To prove Lemma 3.3.8 in (2) of the theorem, consider the projec-
tive spectrum X := biProj(k[so, -+, Snsto, s tni1)/ (Sorey Sitis Sorrg i)
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(resp. biProj(k[so, - s Snsto, s tnl/ (Ooig Sitis 2 i t?))) and the sheaf A
of algebras on X associated to C'/(f, g).

Proof of Theorem 3.3.3. First, we calculate RI'y,. (, (C/(f,9))*. From [22,
Proposition 2.4] (or [42, Example 5.5]) and the proof of [42, Lemma 6.1], we
have

Rl (C) ~ R, (A)" @ Ry, (B)*
~ d)Al(—dg — 60) R T/’Bl(_dl - 61>[d0 + d1 +eg + 61], (3313)
where ¢ (resp. ) is the graded automorphism of A (resp. B) which maps

xj = [T gz (vesp. y; — TTi%o ¢jiy;). Then, we consider the distinguished
triangles

Ry (C(—do, —d1)) =% RT,ne(C) — R, ,, (C/(f)), (3.3.1.4)
RL e, (C/(f))(=€0, —€1)) = RTg.,, (C/(f)) — Rlmes(59)(C/ ([ 9))
(3.3.1.5)

obtained from the exact sequences (3.3.1.1) and (3.3.1.2) of C-bimodules.
Combining the formula (3.3.1.3) and the triangle (3.3.1.4), we have

Rch/(f)(O/(f))* = ¢®¢(A @ B/(f)) (—eo, —e1)[do + di + o + €1 — 1].
(3.3.1.6)

In addition, combining the triangle (3.3.1.5) and the formula (3.3.1.6), we have
Rl e 0 (C/(f9))" =~ (A @y B/(f,9) do +dy 4+ eg+e1 —2]. (3.3.1.7)

On the other hand, we have the Serre duality in DP(qbigr(C/(f,g))) from
Lemma 3.3.10. Thus, — ®" 7T(RI’W,JC/(f’g)++ (C/(f,9))")[—1] is the Serre func-
tor of DP(qbigr(C/(f,g))) because this functor induces an equivalence from
Lemma 3.3.6 and the formula (3.3.1.7). Finally, the Serre functor — @
T(Rlme, s, (C/(f,9))7)[=1] induces the [do + di + e + €1 — 4]-shift functor
if and only if [T;_ ¢i; and [[;" ¢;; are independent of j (cf. [22, Remark 2.5]).
This completes the proof.

[

The following lemma is well-known in the case of N-graded algebras (for
example, see [9], [59]).

Lemma 3.3.10 (Local Duality and Serre Duality for N2-graded algebras).
Let D be a connected right noetherian N?-graded k-algebra (connected means
Doo=k). Let E be a connected N2-graded k-algebra. We assume that FmD++
has finite cohomological dimension.
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1. Let @ = wom : BiGr(D) — BiGr(D). Let M € D(BiGr(D ®; E°)).
Then,

RT,,,  (M)* ~ RHomp (M, Ry, (D)), (a)

MDy 4

RQ(M)* ~ RHomp(M,RQ(D)") (b)

in D(BiGr(D° ®y E)), where we denote the natural extension of Q to a
functor between BiGr(D ®j E°) and itself by the same notation.

2. We assume that qbigr(D) has finite global dimension. Let M := (M),
N = n(N) (M,N € DP(bigr(D))). Let Rp := T(RTp, , (D)) €
D(qbigr(D®)). Then, N ®@“ Rp € DP(qbigr(D)) and

+

Home(qbigr(D)) (N7 M) = Home(qbigr(D)) (M’ (N ®L RD)[_H)/’
which is functorial in M and N'. Here, (=) denotes the k-dual.

Proof. Since R'Ty,,, (=) = limy, o0 Ext'(D/ D>y, >y, —) and D is right noethe-
rian, one can check that RiI‘mD++(—) commutes with direct limits as in
[57, Proposition 16.3.19]. In addition, if K is a complex of graded free
right D-modules and L is a complex of graded right D¢-modules, then
Loy (K ®p L) = K ®@p Ly, (L) (cf. [35, Lemma 6.10]). So, we can
apply the argument of [52, Theorem 5.1] (or [34, Theorem 2.1]) to prove (a)
of (1).

In order to prove (b) of (1), note that we have the canonical exact sequence
and the isomorphism (see also [6, Lemma 4.1.4, 4.1.5])

0= Tpp, (M) = M — Q(M) = lim Ext'(D/Dxsp>p, M) = 0,
n—oo -
i ~ Rt . .
R'Q(M) ~R™'T,, (M), (1<i,M € BiGr(D)).

So, from the previous paragraph, ) has finite cohomological dimension, RQ
commutes with direct limits. We also have Q(K ®p L) ~ K ®p Q(L), where
K, L are as above (cf. [36, Lemma 3.28]). Hence, we can also apply the
argument of [52, Theorem 5.1] (or [36, Theorem 3.29]) to prove (b) of (1).
We can prove (2) in the same way as in [9, Lemma A.1, Theorem A.4]
by using (b) of (1). Note that we have a natural equivalence DP(gbigr(D)) ~
DP(QBiGr(D)), where DP(QBiGr (D)) is the full subcategory of D*(QBiGr(D))
consisting of complexes with cohomology in gbigr(D) (]9, Lemma 2.2]).
[

As a corollary of Theorem 3.3.3, we construct examples of noncommutative
projective Calabi-Yau schemes by using Segre products. Let A, B, f and g be
as in Theorem 3.3.3.

Definition 3.3.11. 1. The Segre product Ao B of A and B is the N-graded
k-algebra with (Ao B); = A; ®y, B;.
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2. Let M € bigr(C) . We define a right graded A o B-module M as the
graded A o B-module with (Ma); = M; ;.

Lemma 3.3.12 ([53, Theorem 2.4]). We have the following natural isomor-
phism
qbigr(C) — qgr(A o B), (M) ——=7(Map).

In addition, the functor defined by — @405 C is the inverse of this equivalence.

Remark 3.3.13. Let J := (f, g) € bigr(C'). We similarly obtain an equivalence

abigr(C/J) ~ qgr(Ao B/Ja).
Combining Theorem 3.3.3 with Remark 3.3.13, we get the following.

Corollary 3.3.14. Let J := (f,g) € bigr(C). Then, proj(A o B/JA) is a
noncommutative projective Calabi-Yau scheme.

3.3.2 Weighted hypersurfaces

Reid produced the list of all commutative weighted Calabi-Yau hypersurfaces
of dimensions 2 (for example, see [19], [41]). In this section, we construct non-
commutative projective Calabi-Yau schemes from noncommutative weighted
projective hypersurfaces. Let A be a right noetherian N-graded k-algebra.
Then, the 7-th Veronese algebra A" is the N-graded k-algebra with AZ(-T) = A,
We consider the (commutative) weighted polynomial ring A = k[zo, - , 2]
with deg(x;) = d;. Then, Coh(Proj(A)) is in general not equivalent to qgr(A),
but to qgr(AC+Dlem(do.dn)y  However, we can think of qgr(A) as a reso-
lution of singularities of Coh(Proj(A)) (cf. [46, Example 4.9]). Moreover,
we have qgr(A) ~ Coh([(Spec(A)\{0})/G,,]) and [(Spec(A)\{0})/G,,] is a

smooth Deligne-Mumford stack whose coarse moduli space is Proj(A).

Theorem 3.3.15. Let (do,--- ,d,) € Z"3' and d == Y1 d; such that d
is divisible by d; for all i. Let C := k{xo,--- ,x,)/(z;x; — qjizix;);j, where
¢ji € k*,deg(z;) = d; for alli,j. Let f =", z where h; := d/d;.

We assume that q¢;; = ¢ijq;i = qlh; = qZ-j =1 for alli,j. Then, proj(C/(f))
is a noncommutative projective Calabi- Yau scheme of dimension (n—1) if and
only if there exists ¢ € k such that ¢% = 1T qij for all j.

Remark 3.3.16. e fis a central element in C' from the choice of {g;}.
e Theorem 3.3.15 is a generalization of [22, Theorem 1.1].

Lemma 3.3.17. The balanced dualizing complex of C/(f) is isomorphic to
2(C/(f)n], where ¢ is a graded automorphism of C which maps z;

| T
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Proof. Since C' is Artin-Schelter regular, C' is skew Calabi-Yau ([42, Lemma
1.2]). This implies that the balanced dualizing complex of C' is isomorphic
to ?C'(—d)[n + 1], where ¢ is the Nakayama automorphism of C. From [42,
Example 5.5], the automorphism ¢ is the map which maps z; — []}_, gjiz;-.
By using this result, we can obtain the claim in the same way as in the
proof of Theorem 3.3.3 after Remark 3.3.9. m

In general, C'/(f) is not generated in degree 0 and 1. This fact prevents us
from using the idea of the proof of Lemma 3.3.8 to calculate the global dimen-
sion of qgr(C/(f)). So, we need to find a right noetherian N-graded k-algebra
R which is generated in degree 0 and 1 and satisfies qgr(R) ~ qgr(C/(f)).
Quasi-Veronese algebras are effective in achieving this objective. We recall the
notion of quasi-Veronese algebras below. In detail, see [32, Section 3].

Definition 3.3.18 ([32, Section 3]). Let A be an N-graded k-algebra. The
I-th quasi-Veronese algebra A of A is a graded k-algebra defined by

Ay A o Al
A A e A
m._ m . li—1 I3 li+1-2
AT = @Ai T @ : : :
ieN ieN : : :
Ajicier Ay -0 Au

Remark 3.3.19. 1. We have Gr(A4) ~ Gr(AY) ([32, Lemma 3.9]). The
equivalence is obtained by the functor ¥ : Gr(A) — Gr(AY), which

is defined by (M) = @,cz (D)) Mi-)

2. When A is right noetherian, Al ~ Do<ijcn 1 AU — i)V € gr(AW),
where A is the [-th Veronese algebra of A and the A)-module structure
of Al is given by the natural inclusion A C Al (cf. the proof of [33,
Proposition 4.11]). Then, A" is also right noetherian since AY is right
noetherian. In this case, ¥ induces an equivalence between qgr(A) and

qgr(AY).
Lemma 3.3.20. Let A be an N-graded k-algebra which is generated by ho-
mogeneous elements yo,- - ,y, with deg(y;) > 0 as an Ag-algebra. Let

[ > max{deg(yo), - -- ,deg(yn)}. Then, AY is generated in degree 0 and 1.

Proof. For any i € N and any a,b € {0,1,--- ,1l— 1}, it is enough to show that
every homogeneous element m of the form

mo,0 N ™mo,p ce mo,i—1
1
: Ma,p € (AE]) 5 Alitp-a
_ U ~
m=| Mao ... Mag ... Mai-1 | €A, Ma.p = 0 when (a, §) # (a,b)

0 S avB S l -1
mi—1,0 mi—i,p mi—1,-1
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is generated in degree 0 and 1. Moreover, we can assume that m,;, =
1w, (i; €40, ,h},ny €N).

If mgp is decomposed into H?;o Yi, = H;Li o Vis H?;nzﬂ yi, (ny € N) such

that 1~ 0 < deg(TT}%, ) < 20 —a — 1. then we have [[%y0, € (Al =

Apye_q and H?;er Yi, € (Al[l]_l)qb = Aji—1)4b—c (0 < F¢ < 1—1). In this case,
we can show the claim by using induction on the degree of m. So, it is sufficient
to show that we have such a decomposition for all m. Indeed, we can find at
least one such decomposition from (2l —a —1) — (I —a)+ 1 = [ and the choice
of [. In detail, we have [ —a < deg(y;,) < 2l —a—1 or there exists ng € N such
that deg(YioYi, -+ ¥i,,) <l—aand l—a < deg(YioYi, *** Yiny Ying+1) < 20 —a—1
since 0 < deg(y;) <. O

Lemma 3.3.21. gl.dim(qgr(C/(f))) =n — 1.

Proof. We use the idea of the proof of Lemma 3.3.8. We consider an N-graded
k-algebra B := k[so,- -+ ,s,]/ (301, si) with s; = 2/". Then, A is right
noetherian and qgr(C/(f)) ~ qgr((C/(f))¥) from Remark 3.3.19. So, it is
enough to prove that gl.dim(qgr((C/(f)))) = n — 1. Because C/(f) is finite
over B, a B-submodule Z(C/(f))@ of C/(f) is finite over B. From [33, Propo-
sition 4.10, 4.11], (C/(f)) is finite over Z(C/(f))@. So, (C/(f)) is finite
over B. In addition, (C/(f)) is generated in degrees 0 and 1 from Lemma
3.3.20. So, qgr((C/(f))) is equivalent to the category of coherent modules
over a sheaf A of Op,qjp)-algebra, where A is the sheaf on the projective
spectrum Proj(B) which is locally defined by a tiled matrix algebra

Eio Eii - Eijga
E; 4 Eiop - FEigo
N; = ) ) )
Ei_ay1 Ei_q42 -+ Eig

on each D, (s;). Here, E; := (C/(f))[x;'] and E; is the degree j part of E;.
As in the proof of Lemma 3.3.8, it is enough to show that the global dimension
of N;isn—1 for all 7.

On the other hand, two graded algebras

Ry =E0EQ)® - ®E(d—-2)® Ej(d—-1),
Ry=E®E(()& & E(d —2) & E(d;, — 1)

are progenerators in Gr(E;). So, the category of right End,, (R;)-modules
and the category of right End,, (R2)-modules are equivalent because they are
equivalent to the category of graded right E;-modules (cf. [47, Lemma 4.8],
[46, Remarks after Proposition 4.5]). We also have End,, (R;) ~ N; and

E;io E;q o Big
E; 1 E;o o By, o
Endgr(Rg) >~ Mz = . . .
Ei _g+1 Ei_—q+2 -+ FEip
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So, it is sufficient to prove the global dimension of M; is n — 1 for each 1.

For simplicity, we assume ¢ = 0. When ¢ # 0, we can show the claim in the
same way. Let D = k[Sy, -+, 8,]/(1+ > 7_y5;) with S; = s;/s0. We show
that the global dimension of the D-algebra M; is n — 1. The module structure
of My is given by the identification S; = (x?j/xgo)]do € My, where I, is the
(dp x dp)-identity matrix. Let

m=(S1 —ay, -, —an) (a; € k)
be a maximal ideal of D with 14 77 a; = 0. It is sufficient to show that
gl.dim((Mp)m) = n — 1, where (M) is the localization of My at m (cf. the
second paragraph of the proof of Lemma 3.3.8). We divide the proof of this
claim into two cases.

Case (a) : all a; are not 0. Because Sy — ay,---,S, — a, is a regular
sequence in (My)s, we show that the global dimension of (My)m/m(Mo)m ~
My/mMy is 0 (cf. the third paragraph of the proof of Lemma 3.3.8).

First, the category of My/mMy-modules is equivalent to the category of
graded E{-modules, where

E} = Eo/(a" Jalo —ay, -+ a2l — a,)Fy.
This is a Morita equivalence obtained from the isomorphism End,, (Ej) =~

My/mMj (cf. the three previous paragraph).
Next, we see that Ej is strongly graded. Since

Ey = (Clag ') /(1 + (a1 /20°) + -+ + (23 /25°)),

we have

Eg = (Clag ') /(2" [a5° — an, -+ ay [ag° — an).
For any | € Z, if T := alalt - 2l € (Ey); (o € Z,11,-- -1, € N), then there
exist ki, -+, k, € N such that 2’ := xé_zki)ho_lox’flh“h s ghnhn=le e (1Y )

Because T 7' € k*, we get 1 € (E{),(E})_; and Ej is strongly graded.
Since Ej is strongly graded, we have Gr(Ej) ~ Mod((E{)o). Then, (E{)o
is a twisted group algebra, where a k-basis of (E{) is

n

Zejdjzoandogej <hj (vj:1,2,--' ,n)}

€0 ,.61 .62 e /
{xo zitwy? - at € (Epo
j=0

In particular, (E{)o is semisimple. Hence, the graded global dimension of Ej
is 0 and gl.dim(M,/mMy) = 0.
Case (b) : some of a; are 0. For example, we assume a; = 0. Then,

(zM /zbo)I4, is an annihilator of any simple Mg-module N. On the other
hand, we have a unique integer r; such that 0 < deg(zi/xy') < dy — 1. If
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deg(xy/xyt) = 0, then J = xy/xq' I, annihilates N. Otherwise, the matrix

zfag
annihilates N because "n; € N such that J™ = (2" /zl) I, (the reduction of
N; to M; is used here). Thus, it is enough to prove that the global dimension
of (Mo/JMy)z = n—2 (cf. the fourth paragraph of the proof of Lemma 3.3.8).
Note that we have

Fop Fo o Fogo—1
Fo, 1 Foo o Fygy—2
Fo—dg+1 Fo—do+2 -+ Foo
where
Fo = Ey/x1Ey >~ k(zo, T2, -, xn) /(T2 — ¢z, xgo ol 4. -+x2")m- [25]
and Fp ; is the degree j part of Fy.
If any of ag, - ,a, is not 0, we can reduce to the case (a) from (3.3.2.1).

If some of as,--- ,a, are 0, repeat the above process until we can reduce to
the case (a). O

Proof of Theorem 3.3.15. gl.dim(qgr(C'/(f))) is finite. So, the balanced dual-
izing complex ?(C/(f))}[n] of C/(f) induces the Serre functor of qgr(C/(f))
from [9, Theorem A.4]. We complete the proof as in the proof of Theorem
3.3.3. u

3.4 Comparison and closed points

In this section, we calculate closed points of noncommutative projective Calabi-
Yau schemes of dimensions 2 obtained in Section 3.3.2 and compare our exam-
ples with commutative Calabi-Yau varieties and the first examples constructed
in [22]. In particular, we show that a noncommutative projective Calabi-Yau
scheme in Section 3.3.2 gives essentially a new example of noncommutative
projective Calabi-Yau schemes.

3.4.1 Closed points of noncommutative weighted hyper-
surfaces

Example 3.4.1. Any weight (dp,d;,ds,ds) of noncommutative projec-
tive Calabi-Yau schemes of dimensions 2 in Theorem 3.3.15 such that
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ged(dy, dy, da, d3) = 1 is one of the following (obtained by using a computer):

<d0>d17d27d3) :(17171a1)7(1717173) (1717272) (1717274)7<1717476)7
(1,2,2,5),(1,2,3,6),(1,2,6,9), (1,3,4,4), (1,3,8,12),
(1,4,5,10), (1,6,14,21), (2,3,3,4), (2,3, 10, 15).

From now, we focus on the closed points of noncommutatative projective
Calabi-Yau schemes of dimensions 2 in Theorem 3.3.15 whose weights are
of type (1,1,a,b). We recall the notion of closed points of noncommutative
projective schemes.

For simplicity, we often call an N-graded k-algebra of the form
k(zo, -+, zm) /(22 — pjizizi)ij (pi € k*,m € N) with deg(z;) > 0 and
pjipij = 1 a weighted quantum polynomial ring. (pj;;) is called the quantum
parameter.

Definition 3.4.2 ([33, Section 3.1]). Let A be a finitely generated right
noetherian connected N-graded k-algebra. A closed point of proj(A) is an ob-
ject of qgr(A) represented by a 1-critical module of A. We denote by |proj(A)|
the set of closed points of proj(A). For the definition of 1-critical modules, see
[33, Definition 3.1].

Remark 3.4.3 ([33, Section 3.1]). If A is a quotient of a weighted quantum
polynomial ring, then every closed point of proj(A) is one of the following:

1. An ordinary point, which is represented by a finitely generated 1-critical
module of multiplicity 1.

2. A fat point, which is represented by a finitely generated 1-critical module
of multiplicity > 1.

3. A thin point, which is represented by a finitely generated 1-critical mod-
ule of multiplicity < 1.

For the definition of multiplicities, see [33, Definition 3.10]. In addition, if A is
generated in degree 1, the notion of ordinary points and that of point modules
are the same, and there are no thin points.

Let C = k(xo, 21,29, 23)/(x;x; — qjiwixj);; whose weight is of type
(do,dl,dg,dg) = (1,1,a,b) (0 < a < b) We assume that qijq5i = Qi = 1
for all 4,5. Since dy = 1, Clxy'] is strongly graded. So, from [33, Theorem
4.20], we have

[proj(C)] = [spec(Clag o)l || Iproi(C/ (x0))],
where we denote by |spec(C[zg']o)| the set of simple modules of Clzg']o. In

this equality, the 1 (resp. n > 1)-dimensional simple modules of spec(C[z;']o)
correspond to ordinary (resp. fat) points in proj(C'). Similarly, we have

[proj(C)| = [spec(Clag o)l || lspec(C/ (zo) iy o)l || [proj(C/ (o, x0)I-

42



We have an isomorphism Clzg'le — k(X1 Xo, X3)/(X;X; — 05 XiX;)i
which sends a:lxgl,xgxa“ and $3Iab to X1, Xo and X3, respectively. Here,
qj; = qg;lqjiqf({ (i,5 # 0). In the same way, C/(z¢)[z]']o is also isomorphic to
k(Y, Ys)/(YsYs — p3aYaY3), where psy := qi35005;.-

Let Cy = k(xg, ¥y, 7%, 73) [ (vhx] — qjxix’); 5, where deg(x;) = 1, qp =
¢jo = 1 for all 4, j. Let Cy := k(y1, Y2, ys)/(Y;¥i — Pji¥i¥; )i, where deg(y;) = 1,
p1; = pj1 = 1 for all 4, 5. Then, we can consider the point scheme of proj(Ch)
(resp. proj(Csy)), which is isomorphic to the set of ordinary points |proj(Ci)|oera
(resp. |proj(Cs)lora) as sets. Thus, we regard |proj(Ch)|orq (resp. |proj(Cs)lora)
as the point scheme of proj(Cy) (resp. proj(Cy)).

Let |[spec(Clzg']o)l1 (resp.  |spec(C/(xo)[x7']0)|1) be the set of 1-
dimensional simple modules of Clzy']y (resp. C/(wo)[x7']o). Because
Cilzy ™o =~ Clzglle and Gyl o =~ C/(zo)[z7 o, we can think of
lspec(Clzgt]o)|1 (resp. |spec(C/(zo)[z1 o)]1) as a locally closed subscheme
of [proj(Ch)|ora (resp. |proj(Cs)|ora) from [33, Theorem 4.20].

Lemma 3.4.4. 1. If ¢}; # 1 for alli,j # 0, |spec(Clzy']o)l1 is a union of
three affine lines.

2. Ifpsy # 1, |spec(C/(xo)[x1 o)1 is @ union of two affine lines. Otherwise,
[spec(C/ (o) [y o)l = A%,

Proof. (2) is well-known (for example, see [47, Section 4.3]). Regarding (1),
under the assumption of the lemma, proj(C}) belongs to case (3) or case (4)
in [54, Corollary 5.1]. This shows that |spec(Cy[zy ']o)|: is isomorphic to
Uiy Z2(X, X5) C A% = Spec(k[X], X}, X}]) (cf. [54, Proposition 4.2] or [5,
Theorem 1]). O

Remark 3.4.5. We consider the weights (1,1, a, b) and the quantum parameters
which give noncommutative projective Calabi-Yau schemes of dimensions 2 in
Theorem 3.3.15. Then, we can check that if p3; # 1, then ¢, # 1 for all 4, j # 0
by using a computer. Moreover, if p3s = 1, then ¢}, = 1 for all 4, j # 0. In this
case, |spec(Clzy o)1 =~ A®.

We consider C'/(zg, x1) = k{xg, x3) /(X309 —q322223). Then, it is known that
a weighted quantum polynomial ring of 2 variables is a twisted algebra of a
commutative weighted polynomial ring k[z,y] with deg(z) = a > 0,deg(y) =
b > 0 (for example, see [49, Example 4.1] or [64, Example 3.6]). So, it is
enough to consider the closed points of proj(k[z,y]). We want to study the
closed points of proj(k[x,y]) in the case of (a,b) = (2,2),(2,4) or (4,6). Note
that when (a,b) = (1,1) or (1, 3), they are classified in [33, Theorem 3.16]. We
treat a more general setting below.

Lemma 3.4.6. Let R = k[z,y| be a commutative weighted polynomial ring
with deg(xz) = a > 0,deg(y) = b > 0. Let g := ged(a,b),d’ = a/g and
b :=b/g. Then, every closed point of proj(R) is one of the following:
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1. 7R/(x)(—i), i=0,--- ,b— 1.
2. mR/(y)(—=j), 7=0,-+ ,a—1.

3. 7R/(BzY — ay®)(—k), where (o, 3) € P"\{(0,1),(1,0)} and k =
0, g—1.

Moreover, all of them are not isomorphic in proj(R).

Proof. The proof is almost the same as the proof of [33, Lemma 3.15, Theorem
3.16]. We give the sketch of the proof.

Firstly, every closed point of proj(R) is represented by a cyclic criti-
cal Cohen-Macaulay module of depth 1. Then, M € gr(R) satisfies these
conditions and is generated in degree 0 if and only if M is isomorphic to
one of R/(z),R/(y) or R/(Bz" — ay”) (a,B € k*). Since being cyclic
critical Cohen-Macaulay of depth 1 is invariant under shifting, any closed
point is represented by some shifts of one of the above modules (that is,
R/(x)(=1), R/(y)(=1), R/ (Bz" — ay®) (1), | € Z).

Finally, we classify the isomorphic classes of these modules in proj(R). We
have no isomorphisms between the three types of closed points by considering
their Hilbert polynomials and multiplicities. Then, we have 7R/(fzY —ay®) ~
TR/ (BzY — ay®)(—gl), ("I € Z,"(a, B) € P'\{(1,0),(0,1)}). We also have
mR/(Bx" — ay”) ~ wR/(B'x¥ — o'y”) if and only if (a,B) = («/,F) in
P\{(1,0), (0,1)}. In addition, we can show that TR/(z) ~ 7R/(x)(—1i) (resp.
mR/(y) ~ nR/(y)(—j)) if and only if ¢ = 0 (mod b) (resp. j = 0 (mod a)).

From these discussions, we get the claim. O

3.4.2 Closed points of noncommutatative projective
Calabi-Yau schemes and a result about compar-
ison

We can study ordinary and thin points of noncommutative projective Calabi-
Yau schemes of dimensions 2 in Theorem 3.3.15 by using the above investi-
gations. We give examples of noncommutative projective Calabi-Yau schemes
whose moduli of ordinary closed points are different from those in [22, Propo-
sition 3.4] and commutative Calabi-Yau varieties.

Example 3.4.7. We consider the weight (1, 1,2,2) and the quantum param-
eter

11 1 o?
)= |1 w? 1  —1+iV3
A=Y/ =11 w 1 1] 77
w 1 1 1
Then, we have
1 w? w
q/:(q;ﬂ: w 1 W], gagsgs =W
W ow 1
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From Lemma 3.4.4 and Lemma 3.4.6, the set of ordinary and thin points

Ipr0j(C/(f))lord & thin = [spec(C/(f)[xg Jo) |1 || Ispec(C/(f,z0) 1 o)y
|_| |proj(C/(f7 o, 331))|

is 24 points. To be more precise, we have |spec(C/(f)[zg']o)i =
Uiy Z(Xi, X510 + XP + X3 + X§) < A% [spec(C/(f, x0)[z1 o)k
U1 20V 1+ Y3+ Y§) and [proj(C/(f,0,21))| = {3pts} U {3pts}.
This calculation shows that for a fixed weight, if the set of ordinary and
thin points of proj(C'/(f)) is finite, then the cardinality is independent of the
quantum parameters.

From the method in Example 3.4.7, Remark 3.4.5 and a direct computation,
we have the following.

Proposition 3.4.8. For a weight (1,1,a,b) in Ezample 3.4.1 and a quantum
parameter q which gives a noncommutative projective Calabi-Yau scheme, if
the set of ordinary and thin points of proj(C'/(f)) is finite, then the cardinality
15 always 24.

The following proposition shows that some of noncommutative projective
Calabi-Yau schemes of dimensions 2 in Theorem 3.3.15 are essentially new
examples.

Proposition 3.4.9. There exists a noncommutative projective Calabi-Yau
scheme of dimension 2 which is obtained in Theorem 3.3.15 and not isomor-
phic to either commutative Calabi-Yau surfaces or noncommutative projective
Calabi-Yau schemes of dimensions 2 obtained in [22].

Proof. We divide the proof into four steps.

Step 1. We choose the weight (1,1, a,b) and the quantum parameter q as in
Example 3.4.7. Then, the number of ordinary and thin points of proj(C/(f))
is finite. So, proj(C/f) is not isomorphic to any commutative Calabi-Yau
surfaces.

Step 2. We prove that proj(C/(f)) is not isomorphic to any noncommuta-
tive projective Calabi-Yau schemes of dimensions 2 in [22]. To prove this, we
use the theory established in [8]. First, note that we can think of qgr(C/(f))
as the category of coherent modules of a sheaf A of algebras on the projective
spectrum Proj(k[so, s1, S, S3]/(s0 + s1 + 2 + s3)) (cf. the proof of Lemma
3.3.21). We define a sheaf Z 4 to be the sheaf whose sections are

DU, Z4) ={s €T(U,A) | s|y € Z(T(V, A)),"V C U : open}

for all open subsets U (cf. [8, Proposition 2.11]). In particular, if U is affine,
LU, Z4) = Z(I'(U, A)). Then, we show that Spec(Z(I'(D,(s;),.A))) has 4
singular points when ¢ = 0, 1 and a 1-dimensional singular locus when ¢ = 2, 3.
In the following, we verify this claim for ¢ = 0, 2. Similarly, the claim is proved
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for i = 1,3. In the following, we write Z; as Z(I'(D(s;),.A)) for any i. We
also use the notations in the proof of Lemma 3.3.21.

When ¢ = 0, any m € Zy is of the form m = (% uge) € Ny, (e €
Eoo, 11, 2 € k) from the definition of A. We have

Eoo ~ (X1, Xo, X3)(X;X; — ¢, X X5, 1+ X7 + X5 4+ X3), 5,

which is obtained from the identifications X; = z1x U X, = Lok 2 and X =
xgxaz. Here, the q;-i are as in Example 3.4.7. So, we have

Z(Eoo) = kY. Z, WU/ (1 +Y? + Z + WY ZW = \U?) (A1 € k%),

which is obtained from the identifications Y = (zy25")3, Z = (20252)%, W =
(w3752)% and U = (2125 ") (7275 2) (2325 2). On the other hand, we define the
inclusion ¢ : Z(Eyy) — Ny in which Y, Z, W are mapped naturally and U
to (¥ . 9,). It is easy to see that ¢(Z(Epp)) C Zo. Because the choice of 14
determines p; in the above form of m, the map ¢ induces Zy >~ Z(Ey ). Thus,
one can show that Spec(Z) has 4 singular points by using the Jacobi criterion.

When ¢ = 2, any m € Z, is of the form m = (#}* uge) € Ny, (e €
Es o, i1, 2 € k) from the definition of A. We also have

XX — 45 Xi Xj, “
E270 = k<X07X17X27X3> 6 6 3 2 ()\2 €k )7

which is obtained from the identifications X, = 22z, X, = 221, Xy =
Tor17, " and X3 = 2325 ', Here, the q;; are defined by the matrix

1 w w w
2 2
ny | w 1 w w
(qu) w w? 1 1
Wwow 11
So, we have
X+Y+1+W,

Z(Eyo) ~ k[X,Y, W, T, V]/(XY U XYW MVQ) (Mg s € B%),

which is obtained from the identifications X = (z2z;")3Y = (z225')3, W =
(23251)%, U = (wor125")? and V = (zozi25 ') (2325 "). On the other hand,
we define the inclusion ¢ : Z(FEy9) — Nz in which X, Y, W, U are mapped
naturally and V' to (] 8,). It is easy to see that ¢(Z(Eqg)) C Zo. Because
the choice of p; determines uo in the above form of m, the map ¢ induces
Zy ~ Z(Esp). Thus, one can show that Spec(Z;) has a 1-dimensional singular
locus by using the Jacobi criterion.

Step 3. We consider the weight (1,1,1,1) and take a quantum parameter
which gives a noncommutative projective Calabi-Yau scheme proj(C’/(f'))
whose point scheme is finite. qgr(C’/(f’)) is thought of as the category
of coherent modules of a sheaf B of algebras on the projective spectrum
Pl"Oj(k’[to, tl, tz, tg]/(to + tl + tQ + tg))

The number of the choices of quantum parameters (g;;) which satisfy the
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conditions of Theorem 3.3.15 and give a noncommutative projective Calabi-
Yau scheme whose moduli space of point modules is finite is 20 up to permutat-
ing variables (we get the list below by using a computer and hand calculations):

% % 1 11 % % 11 11 1 -1 111 -1
-1 - —1 1 1 1 —-11 1 1—% —1
L. 1-11 -1 72' 14 1 —3 73‘ 1 -1 1 1 74' 1 ¢ 1 = )
1-1-11 1 -7 4 1 -1 1 1 1 14— 1
1 1 1 ¢ 1 1 = 11 1 —3 111 —3
1 1 -1 —3 1 —i—1 11 —-1:¢ 11— 1
5. 1 -1 1 —1 76' i1 1 77' 1-11 4 78' 11 -1 J>
—% 1 1 1 1 —1 1 1 i —t —i 1 i1 -1 1
. . 1 .

1 —i 1 -1 i i 1od i i 1 4 —i
1 1 —i ~11 i i —i 1 =i —i 1 —i —i

170 7 )18 4 5 )19 0 S S ),2000 St )
iododi 1 —i —i -1 1 —i—i i 1 ii—i 1

When we choose one (g;;) of the above 20 quantum parameters, then for
any [, we have

T(Dy(tr), B) ~ k(Y1,Ys,Y3) /(YY) — ¢, Y;Yi, Vi + Y5 + Y5 + 1)1<j<s,

J
where (q;;) is represented by one of the following matrices (we can verify this
with direct calculations):

1 -1 -1 1 —i 4
(a). (1 1 1) , (). (z 1 z) .
-1 -1 1 -1 1 1

We write Z] := Z(I'(D(t;), B)). When (g;;) is type (a), Spec(Z;) has 6 sin-
gular points because Z] is generated by Y2 Y2, Y and Y1Y,Y3 as a k-algebra.
When (q;;) is type (b), Spec(Z]) has 3 singular points because Z; is generated
by Vi1, V3!, Y3t and Y1Y,Y; as a k-algebra. Moreover, for any (g;;) in the above
table, if B is type (a) (resp. (b)) on D, (t;) for some [, it is also type (a) (resp.
(b)) on D, (t;) for any other .

Step 4. If qgr(C/(f)) is equivalent to qgr(C’/(f’)) then, we must have an
isomorphism of schemes between Spec(Z4) and Spec(Zg) by [8, Theorem 4.4]
(cf. [3, Section 6]). Since Spec(Z4) has infinitely many singular points, but,
Spec(Zg) has finitely many singular points, such a situation does not happen.
Hence, we complete the proof. O
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